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Chapter 1

Introduction

The Standard Model of particle physics summarizes all we know about the
fundamental forces of electromagnetism, as well as the weak and strong
interactions (but not gravity). It has been tested in great detail up to ener-
gies in the hundred GeV range and has passed all these tests very well. The
Standard Model is a relativistic quantum field theory that incorporates the
basic principles of quantum mechanics and special relativity. Like quantum
electrodynamics (QED) the Standard Model is a gauge theory, however,
with the non-Abelian gauge group SU(3). ® SU(2)r ® U(1)y instead of
the simple Abelian U(1).,, gauge group of QED. The gauge bosons are the
photons mediating the electromagnetic interactions, the W- and Z-bosons
mediating the weak interactions, as well as the gluons mediating the strong
interactions. Gauge theories can exist in several phases: in the Coulomb
phase with massless gauge bosons (like in QED), in the Higgs phase with
spontaneously broken gauge symmetry and with massive gauge bosons (e.g.
the W- and Z-bosons), and in the confinement phase, in which the gauge
bosons do not appear in the spectrum (like the gluons in quantum chromo-
dynamics (QCD)). All these different phases are indeed realized in Nature
and hence in the Standard Model that describes it.

In particle physics symmetries play a central role. One distinguishes
global and local symmetries. Global symmetries are usually only approxi-
mate. Exact symmetries, on the other hand, are locally realized, and require
the existence of a gauge field. Our world is not quite as symmetric as the
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theories we use to describe it. This is because many symmetries are broken.
The simplest form of symmetry breaking is explicit breaking which is due to
non-invariant symmetry breaking terms in the classical Lagrangian of the
theory. On the other hand, the quantization of the theory may also lead to
explicit symmetry breaking, even if the classical Lagrangian is invariant. In
that case one has an anomaly which is due to an explicit symmetry breaking
in the measure of the Feynman path integral. Only global symmetries can
be explicitly broken (either in the Lagrangian or via an anomaly). Theories
with explicitly broken gauge symmetries, on the other hand, are inconsis-
tent (perturbatively and even non-perturbatively non-renormalizable). For
example, in the Standard Model all gauge anomalies are canceled due to
the properly arranged fermion content of each generation.

Another interesting form of symmetry breaking is spontaneous sym-
metry breaking which is a dynamical effect. When a continuous global
symmetry breaks spontaneously, massless Goldstone bosons appear in the
spectrum. If there is, in addition, a weak explicit symmetry breaking, the
Goldstone bosons pick up a small mass. This is the case for the pions,
which arise as a consequence of the spontaneous breaking of the approximate
global chiral symmetry in QCD. When a gauge symmetry is spontaneously
broken one encounters the so-called Higgs mechanism which gives mass to
the gauge bosons. This gives rise to an additional helicity state. This state
has the quantum numbers of a Goldstone boson that would arise if the
symmetry were global. One says that the gauge boson eats the Goldstone
boson and thus becomes massive.

The fermions in the Standard Model are either leptons or quarks. Lep-
tons participate only in the electromagnetic and weak gauge interactions,
while quarks also participate in the strong interactions. Quarks and lep-
tons also pick up their masses through the Higgs mechanism. The values of
these masses are free parameters of the Standard Model that are presently
not understood on the basis of a more fundamental theory. There are six
quarks: up, down, strange, charm, bottom, and top, and six leptons: the
electron, muon, tau, as well as their corresponding neutrinos. The weak
interaction eigenstates are mixed to form the mass eigenstates. The quark
mixing Cabbibo-Kobayashi-Maskawa (CKM) matrix contains several more
free parameters of the Standard Model. There is convincing experimental
evidence for non-zero neutrino masses. This implies that there are not only
additional free mass parameters for the electron-, muon-, and tau-neutrinos,



but an entire lepton mixing matrix. Altogether, the fermion sector of the
Standard Model has so many free parameters that it is hard to believe that
there should not be a more fundamental theory that will be able to explain
the values of these parameters.

There is a very interesting parameter in the Standard Model — the CP
violating QCD #-vacuum angle — which is consistent with zero in the real
world. The strong CP problem is to understand why this is the case. The
f-angle is related to the topology of the gluon field which manifests itself
e.g. in so-called instanton field configurations. The Standard Model can be
extended by the introduction of a second Higgs field which gives rise to an
additional U(1)pg symmetry as first suggested by Peccei and Quinn, and
it naturally leads to # = 0. The spontaneous breaking of the Peccei-Quinn
symmetry leads to an almost massless Goldstone boson — the axion. If this
particle would be found in experimental searches, it could be a first concrete
hint to the physics beyond the Standard Model.

Non-trivial topology also arises for the electroweak gauge field. This
leads to an anomaly in the fermion number — or more precisely in the
U(1)p4r global symmetry of baryon plus lepton number. In particular,
baryon number itself is not strictly conserved in the Standard Model. This
has been discussed as a possible explanation of the baryon asymmetry in the
universe — the fact that there is more matter than anti-matter. It is more
likely that baryon number violating processes beyond the Standard Model
are responsible for the baryon asymmetry. For example, in the SU(5) grand
unified theory (GUT) baryon number violating processes appear naturally
at extremely high energies close to the GUT scale. Although the U(1)p.
symmetry is explicitly broken by an anomaly, the global U(1)g_; symmetry
remains intact both in the Standard Model and in the SU(5) GUT, at least if
the neutrinos were massless. This would, in fact, be quite strange (an exact
symmetry should be local, not global) and we now know that neutrinos are
indeed massive. A grand unified theory that naturally incorporates massive
neutrinos is based on the symmetry group SO(10). In this model B — L
is also violated and all exact symmetries are locally realized. In addition,
the so-called see-saw mechanism gives a natural explanation for very small
neutrino masses.

Despite these successes of grand unified theories, they suffer from the hi-
erarchy problem — the puzzle how to stabilize the electroweak scale against
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the much higher GUT scale. This may be achieved using supersymmetric
theories which would lead us to questions beyond the scope of this course.
Another attempt to avoid the hierarchy problem is realized in technicolor
models which have their own problems and are hence no longer popular.
Still, they are interesting from a theoretical point of view and will therefore

also be discussed.

In this course we will not put much emphasis on the rich and successful
detailed phenomenology resulting from the Standard Model. Of course,
this is very interesting as well, but would be the subject for another course.
Instead, we will concentrate on the general structure and the symmetries of
the Standard Model and some theories that go beyond it.



Part 1

FUNDAMENTAL
CONCEPTS
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Chapter 2

Concepts of Quantum Field
Theory and the Standard
Model

These lectures are an introduction to the Standard Model of elementary par-
ticle physics — the relativistic quantum field theory that summarizes all we
know today about the fundamental structure of matter, forces, and symme-
tries. The Standard Model is a gauge theory that describes the strong, weak,
and electromagnetic interactions of Higgs particles, leptons, and quarks me-
diated by gluons, W- and Z-bosons, and photons. In addition, it describes
the direct (not gauge-boson-mediated) self-couplings of the Higgs field as
well as the Yukawa couplings of the Higgs field to leptons and quarks. In
this Chapter we discuss fundamental concepts and basic principles of field
theory in order to pave the way for a systematic exposition of the subject in
the rest of the lectures. In particular, we emphasize the fundamental roles
of locality, symmetries, and hierarchies of energy scales. We also provide
an overview of the historical development of particle physics and quantum
field theory.

13
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2.1 Point Particles versus Fields at the Clas-
sical Level

Theoretical physics in the modern sense was initiated by Sir Isaac New-
ton who published his “Philiosophiae Naturalis Principia Mathematica” in
1687. This spectacular eruption of genius provides us with the description of
classical point particle mechanics, in terms of ordinary differential equations
for the position vectors Z,(t) of the individual particles (a € {1,2,..., N})
as functions of time t. Classical mechanics is local in time, because New-
ton’s equation contains infinitesimal time-derivatives d7,(t)/dt*, but no fi-
nite time-differences t — t’. On the other hand, Newtonian mechanics is
non-local in space, because the finite distances |¥, — &| between differ-
ent particles determine instantaneous forces, including Newtonian gravity.
Hence, in classical mechanics there are fundamental differences between
space and time. In point particle theories the fundamental degrees of free-
dom, which are the particle positions Z,(t), are mobile: they move around
in space. As a consequence, at almost all points space is empty, i.e. nothing
is happening there, except if a point particle occupies that position.

The fundamental degrees of freedom of a field theory, namely the field
values ®(Z, t) are immobile, because they are attached to a given space point
Z at all times t. In this case, it is the field value ® — and not the position
Z — which changes as a function of time. In a field theory, space plays a
very different role than in point particle mechanics. In particular, it is not
empty, because field degrees of freedom exist at all points Z at all times t.
Fluid dynamics is an example of a nonrelativistic classical field theory in
which the mass density enters as a scalar field ®(7,¢). The classical field
equations are partial differential equations (involving both space- and time-
derivatives of ®(Z,t)) which determine the evolution of the fields. Hence,
in contrast to point particle theories, field theories are local in both space
and time.

The most fundamental classical field theory is James Clark Maxwell’s
electrodynamics of electric and magnetic fields E(Z,t) and B(Z,t), which
was published in 1864. In fact, this theory (in quantized form) is an inte-
gral part of the Standard Model. Although this was not known at the time,
Maxwell’s electrodynamics is a relativistic classical field theory, which is in-
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variant against space-time translations and rotations forming the Poincaré
symmetry group. Newton’s point particle mechanics, on the other hand,
is invariant under Galileian instead of Lorentz boosts. Thus, it is nonrel-
ativistic and hence inconsistent with the relativistic space-time underlying
Maxwell’s electrodynamics.

Albert Einstein’s special theory of relativity from 1905 modified Newton’s
point particle mechanics in such a way that it becomes Poincaré invariant.
Indeed, in the framework of Einstein’s special relativity, charged point parti-
cles can interact with classical electromagnetic fields in a Poincaré invariant
manner. On the other hand, relativistic point particles cannot interact di-
rectly with each other, and thus necessarily remain free in the absence of
a mediating electromagnetic field. This follows from Heinrich Leutwyler’s
non-interaction theorem for relativistic systems of N point particles [?],
which extended an earlier study of the N = 2 case [?]. Indeed, in the rela-
tivistic Standard Model quantum field theory the point particle concept is
completely abandoned and all “particles” are in fact just field excitations,
which Frank Wilczek sometimes calls “wavicles”. This is a very useful dis-
tinction which allows us to avoid confusions that might otherwise arise quite
easily. In particular, while a Newtonian point particle has a completely well-
defined position Z,, a wavicle does not.

2.2 Particles versus Waves in Quantum The-
ory

Quantum mechanics (as formulated by Werner Heisenberg in 1927 and by
Erwin Schrédinger in 1927) applies the basic principles of quantum theory
— namely unitarity which implies the conservation of probability — to New-
ton’s point particles. As a consequence, the particle positions &, (which are
still conceptually completely well-defined) are then affected by quantum un-
certainty. This is described in terms of a wave function W(Zy, 7o, ..., Ty, t),
which obeys the nonrelativistic Schrodinger equation — a partial differential
equation containing derivatives with respect to time as well as with respect
to the N particle positions Z,. It is important to note that (unlike ®(Z,t))
U(Zy, @y, ...,2ZN,t) is not a field in space-time, but just a time-dependent
complex function over the N-particle configuration space (1, Zs,...,Zx).
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A time-dependent state in a quantum field theory, on the other hand, can be
described by a complex-valued wave functional W[® (&), t], which depends on
the field configuration ®(Z), and obeys a functional Schrodinger equation.

When one discusses quantum mechanical double-slit experiments, one
says that the resulting interference pattern is a manifestation of the wave
properties of quantum particles. This does not mean that such a particle
is a quantized wave excitation of a field. It is just a point particle with a
conceptually completely well defined position, which is, however, affected by
quantum uncertainty. In particular, as long as the position of the particle is
not measured, it can go through both slits simultaneously, until it hits the
detection screen which registers its (unambiguously defined) position. Only
after repeating this single-particle experiment a large number of times, the
detected positions of the individual particles give rise to an emerging inter-
ference pattern. In the context of quantum mechanics, particle-wave duality
just means that point particles are described by a quantum mechanical wave
function W (&, 7o, ..., TN, t).

When a classical electromagnetic wave is diffracted at a double slit, it
shows an interference pattern for very different reasons. As a field exci-
tation, the wave exists simultaneously at all points in a region of space.
In fact, unlike a point particle, it does not even have a well-defined posi-
tion. In contrast to the experiment with quantum mechanical point par-
ticles, the interference pattern arises immediately as soon as the classical
wave reaches the detection screen. When one repeats this experiment at
the quantum level with individual photons, the interference pattern again
emerges only after the experiment has been repeated a large number of
times. The “particle” character of photons is usually emphasized in the
context of the Compton effect. However, while we may be used to think-
ing of an electron as a point particle with position Z, (perhaps affected by
quantum uncertainty), we should definitely not think about a photon in a
similar way. As a quantized wave excitation of the electromagnetic field, a
photon does not even have a well-defined position in space. What do we
then mean when we talk about the photon as a “particle”? Unfortunately,
in our casual language the term “particle” is associated with the idea of
a point-like object, which is not what a photon is like. Frank Wilczek’s
term “wavicle” serves its purpose when it prevents us from thinking of a
photon as a tiny billiard ball. At the end, only mathematics provides an
appropriate and accurate description of “particles” like the photon. In the
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mathematics of quantum field theory, particle-wave duality reduces to the
fact that “particles” actually are “wavicles”, i.e. quantized wave excitations
of fields.

When Paul Adrien Maurice Dirac discovered his relativistic equation for
the electron in 1928, the 4-component Dirac spinor was initially interpreted
as the wave function of an electron or positron with spin up or down. How-
ever, due to electron-positron pair creation, it turned out that the Dirac
equation does not have a consistent single-particle interpretation. In fact,
the Dirac spinor is not a wave function at all, but a fermionic field whose
quantized wave excitations manifest themselves as electrons and positrons.
In other words, not only photons but all elementary “particles” are, in
fact, wavicles. When the Dirac field is coupled to the electromagnetic field
one arrives at Quantum Electrodynamics (QED), whose construction was
pioneered by Freeman Dyson, Richard Feynman, Julian Schwinger, and Sin-
Itiro Tomonaga. QED is an integral part of the Standard Model in which all
elementary “particles”, including quarks, leptons, and Higgs particles, are
quantized wave excitations of the corresponding quark, lepton, and Higgs
fields. Unlike point particles, quark, lepton, and Higgs fields can interact
directly in a relativistic manner, even without the mediation by gauge fields.

Although in the Standard Model all “particles” are, in fact, wavicles,
one often reads that quarks or electrons are “point-like” objects. What can
this possibly mean for a wavicle that does not even have a well-defined po-
sition in space? Again, this is a deficiency of our casual language, which is
properly resolved by the unambiguous mathematics of quantum field the-
ory. What the above statement actually means is that even the highest
energy experiments have, at least until now, not revealed any substructure
of quarks or electrons, i.e. they seem truly elementary. The same is not
true for protons or neutrons, which actually consist of quarks and gluons.
Interestingly, while being “point-like” in the above sense, an electron is at
the same time infinitely extended. This is because electrons are charged
“particles” which are surrounded by a Coulomb field that extends to infin-
ity. In reality, this field is usually screened by other positive charges in the
vicinity of the electron.

This discussion should have convinced the reader that particle physics
is not at all concerned with point particles. Perhaps it should better be
called “wavicle physics”. However, as long as we are aware that our ca-
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sual language is not sufficiently precise in this respect, the nomenclature is
secondary. In the mathematics of quantum field theory, all “particles” are
indeed quantized waves.

2.3 Classical and Quantum Gauge Fields

Although it also contains non-gauge-field-mediated couplings between quark,
lepton, and Higgs fields, in the Standard Model gauge fields play a very
important role, because they mediate the fundamental strong, weak, and
electromagnetic interactions. While the classical Maxwell equations can be
expressed entirely in terms of the electromagnetic field strengths E and B ,
which form the field strength tensor F,, = 0,4, — 0,A,, in relativistic
quantum field theory gauge fields are described by the vector potential A,,.
Even in the nonrelativistic quantum mechanics of a charged point particle,
an external magnetic field B =V x A enters the Schrédinger equation via
the vector potential A, which forms a covariant derivative together with the
momentum operator. In particular, the Aharonov-Bohm effect is naturally
expressed through a line integral of the vector potential. While the field
strength F),, is gauge invariant and thus physical, the vector potential can
be gauge transformed to A}, = A, + 0,¢, where ¢(7,) is an arbitrary local
gauge transformation function of space and time. When we work with vec-
tor potentials, we use redundant gauge variant variables to describe gauge
invariant physical observables. While this is a matter of choice in classical
theories, it seems unavoidable in quantum theories. In particular, in the
quantum mechanics of a charged point particle, the complex phase ambi-
guity of the wave function turns into a local gauge freedom. Similarly, in
quantum field theory the complex phase of a Dirac spinor is gauge variant,
but it can be combined with the gauge variant vector potential to form the
gauge invariant QED Lagrangian. Gauge invariance is a local symmetry
which must be maintained exactly in order to guarantee that no unphysical
effects can arise due to the redundant gauge variant variables.

Since a local gauge symmetry just reflects a redundancy in our theoreti-
cal description of the gauge invariant physics, it has different physical conse-
quences than a global symmetry. Both for gauge and for global symmetries,
the Hamiltonian of the theory is invariant under symmetry operations. In
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case of a global symmetry (at least in the absence of spontaneous symmetry
breaking), this implies that physical states belong to (in general nontriv-
ial) irreducible representations of the symmetry group. As a consequence,
there are degeneracies in the spectrum whenever an irreducible representa-
tion is more than 1-dimensional. In case of a gauge symmetry, on the other
hand, all physical states are gauge invariant, i.e. they belong to a trivial
1-dimensional representation of the local gauge group. Hence, gauge sym-
metries do not give rise to degeneracies in the spectrum of physical states.
Indeed the gauge variant eigenstates of the gauge invariant Hamiltonian
are exiled from the physical Hilbert space, by imposing the Gauss law as a
constraint on physical states.

2.4 Ultraviolet Divergences, Regularization,
and Renormalization

Field theories have a fixed number of fundamental field degrees of freedom
attached to each point in space. In continuous space, the total number of
field degrees of freedom is thus uncountably large. While this is no problem
in classical field theory, where the solutions of the field equations are smooth
functions of space and time, quantum fields undergo violent fluctuations
which give rise to ultraviolet divergences. In order to obtain meaningful
finite answers for physical quantities, quantum fields must be regularized
by introducing an ultraviolet cut-off. This is necessary because, most likely,
quantum fields in continuous space are ultimately not the correct degrees
of freedom that Nature is built from at ultra-short distances of the order of
the Planck length Ipjanec = 1072° m. The corresponding energy scale is the
Planck scale Mpianac &~ 10'¢ TeV, at which gravity, which is extremely weak
at low energies, becomes strongly coupled. Although string theory provides
a promising framework for its formulation, an established non-perturbative
theory of quantum gravity, which is valid all the way up to the Planck scale,
currently does not exist. Fortunately, we need not know the ultimate high-
energy theory of everything before we can address the physics in the TeV
energy regime that is accessible to present day experiments, in which the
Standard Model has been tested with great scrutiny. Whether there are
strings, some tiny wheels turning around at the Planck scale, or some other



20CHAPTER 2. CONCEPTS OF QUANTUM FIELD THEORY AND THE STANDARD MODI

truly fundamental degrees of freedom, the currently accessible low-energy
physics is insensitive to those details.

In order to mimic the effects of the unknown ultimate ultra-short dis-
tance degrees of freedom, one can introduce an ultraviolet cut-off in many
different ways. It is, however, important that the cut-off procedure does not
violate any gauge symmetries, because otherwise unphysical redundant vari-
ables would contaminate physical results. In perturbation theory, the most
efficient way to introduce a gauge invariant cut-off is dimensional reqular-
1zation, 1.e. analytic continuation in the space-time dimension away from 4.
Beyond perturbation theory, the lattice reqularization, in which space-time is
replaced by a 4-dimensional hyper-cubic grid of discrete lattice points, pro-
vides a natural cut-off that again allows us to maintain gauge invariance. In
this case, the lattice spacing a, i.e. the distance between nearest-neighbor
lattice points, acts as an ultraviolet cut-off. Unlike in continuous space-
time, in lattice field theory the number of field degrees of freedom becomes
countable, which removes the divergences in physical observables. Still, in
order to obtain meaningful physical results, one must take the continuum
limit @ — 0. This is achieved by tuning the coupling constants in the La-
grangian in such a way that the long-distance continuum physics becomes
insensitive to the lattice spacing. This process is known as renormalization.

2.5 The Standard Model: Renormalizabil-
ity, Triviality,
and Incorporation of Gravity

The gauge, Higgs, lepton, and quark fields of the Standard Model all have
specific gauge transformation properties. They also transform appropri-
ately under the space-time transformations of the Poincaré group. The
Lagrangian of the Standard Model comprises all terms that are gauge as
well as Poincaré invariant combinations of fields. It is important to note
that the Standard Model is renormalizable, i.e. a finite number of terms
in the Lagrangian is sufficient to remove the ultraviolet divergences. In
particular, terms with coupling constants of negative mass dimension are
irrelevant and need not be included in the Standard Model. Its renormaliz-
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ability implies that the Standard Model could, at least in principle, be valid
up to arbitrarily high energy scales. However, there is a caveat: the issue
of “triviality”. There is overwhelming evidence, but no rigorous proof, that
the Higgs sector of the Standard Model becomes non-interacting (and thus
trivial) when one removes the cut-off all the way to infinity.

While renormalizability implies that the Standard Model physics is in-
sensitive to the ultraviolet cut-off, it is not necessarily physically meaningful
to send the cut-off to infinity. In particular, one would expect that, at some
energy scale, either near or high above the TeV scale accessible to current
experiments, new physics beyond the Standard Model could be discovered.
In that case, the scale A at which new physics arises would provide a physical
cut-off for the Standard Model, which would no longer provide an accurate
description of the physics above that energy scale. The Standard Model
would then still remain a consistent low-energy effective field theory. How-
ever, as one reaches higher and higher energies approaching A, more and
more non-renormalizable terms with negative mass dimension (suppressed
by inverse powers of A) would have to be added to the effective Lagrangian.

Even in the absence of new physics close to currently accessible en-
ergy scales, the triviality of the Standard Model is a rather academic issue,
because the Planck scale already provides a finite (yet extremely high) en-
ergy scale at which the Standard Model must necessarily be replaced by a
more complete theory that should include non-perturbative quantum grav-
ity. While gravity is usually not considered as belonging to the Standard
Model, it can be incorporated perturbatively as a low-energy effective the-
ory, provided that Poincaré invariance is maintained as an exact symmetry.
This is necessary because in Einstein’s theory of gravity, 7.e. in general rela-
tivity, global Poincaré invariance is promoted to a (necessarily exact) gauge
symmetry. In contrast to some claims in the literature, it is not true that
gravity resists quantization in the context of quantum field theory. While
Einstein gravity is not renormalizable, i.e. at higher and higher energies
more and more terms enter the Lagrangian, it can be consistently quan-
tized as a low-energy effective field theory. This theory is expected to break
down at the Planck scale, where gravity becomes strongly coupled.
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2.6 Fundamental Standard Model Parame-
ters

The Standard Model Lagrangian contains a large number of free parame-
ters, whose values can only be determined by comparison with experiments.
Remarkably, in the minimal version of the Standard Model there is only one
dimensionful parameter, which determines the vacuum value v = 246 GeV
of the Higgs field as well as the Higgs boson mass. The masses of the heavy
W= and Z° gauge bosons, which mediate the weak interaction, are given
by My = gv and M, = \/g? + ¢’*v, where g and ¢’ are the dimension-
less gauge coupling constants associated with the Standard Model gauge
groups SU(2), and U(1)y, respectively. The strong interactions between
quarks and gluons are described by Quantum Chromodynamics (QCD) —
an SU(3). color gauge theory — which is another integral part of the Stan-
dard Model. Since scale invariance is broken by quantum effects, by dimen-
sional transmutation the dimensionless SU(3). gauge coupling g; is traded
for the dimensionful QCD scale Aqep = 0.260(40) GeV. Strongly inter-
acting particles, including protons, neutrons, and other hadrons, receive
the dominant portion of their masses from the strong interaction energy of
quarks and gluons, which is proportional to Agcp, and only a small fraction
of their masses is due to the non-zero quark masses. The masses of quarks,
mq = Y4v, and of leptons, m; = y;v, are products of v with the dimensionless
Yukawa couplings y, and y;. Quarks and leptons arise in three generations
with the same quantum numbers, but with different masses. The mixing
angles between the quark or lepton fields of the different generations are
additional fundamental Standard Model parameters, whose values can only
be determined experimentally.

In the original minimal version of the Standard Model the neutrinos were
massless particles, because only left-handed neutrino fields were considered.
Since the discovery of neutrino oscillations, it is clear that (at least some)
neutrinos must have a non-zero mass. This naturally suggests to extend
the minimal Standard Model by adding right-handed neutrino fields. In
this way further dimensionful parameters, the Majorana masses M,, of
the right-handed neutrinos, enter the Standard Model Lagrangian. A mass
mixing mechanism — also known as the see-saw mechanism — leads to small
neutrino masses, provided that M, > v. The parameters M, , set the scale



2.7. HIERARCHIES OF SCALES AND APPROXIMATE GLOBAL SYMMETRIES23

A at which new physics beyond the minimal Standard Model arises. The
low-energy effects of this new physics — in particular, the non-zero neutrino
masses — can also be described correctly by adding non-renormalizable
terms to the minimal Standard Model Lagrangian, which are suppressed by
the inverse of the scale A = M,,,.

In view of the large number (of about 25) free parameters, one may ex-
pect that there could be an even more fundamental structure beyond the
Standard Model that would allow us to understand the origin of its free pa-
rameters. Ultimately, the Standard Model will definitely break down at the
Planck scale, when non-perturbative quantum gravity comes into play. The
minimal Standard Model has already been extended by new physics associ-
ated with the Majorana neutrino mass scale M, ,, and there is no reason to
believe that no further extensions will be necessary before we reach Mpjapcx-
The extensions might include techni-color theories, supersymmetric theo-
ries, grand unified theories (GUT), or other structures that have been a
subject of intense theoretical investigation. At the time of the writing of
these notes, there is no conclusive experimental evidence for physics beyond
the Standard Model. There is evidence for dark matter, which might be of
supersymmetric origin, but could also simply be related to right-handed
Majorana neutrinos. The idea of cosmic inflation suggests that there could
be an inflaton field. Then there is evidence for dark energy — i.e. vac-
uum energy — which might arise as dynamical quintessence or as a static
cosmological constant A.. The latter is just a free low-energy parameter of
Einstein gravity, another being Newton’s constant GG, which determines the
Planck scale Mppanac = /fic/G. When we include perturbative quantum
gravity as well as right-handed neutrino fields in the Standard Model, we
can currently not exclude that it might be valid all the way up to the Planck
scale.

2.7 Hierarchies of Scales and Approximate
Global Symmetries

In the minimal Standard Model extended by perturbative quantum gravity
we encounter four dimensionful parameters: the Planck scale, Mpjana =
10* GeV, derived from Newton’s constant, which determines the strength
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of gravity, the vacuum expectation value v ~ 10717 Mpjane of the Higgs field,
the QCD scale Aqep & 1072 Mppanek, and the cosmological constant AV~
1073 Mpianec. Why are these scales so vastly different, or, in other words,
what is the origin of these hierarchies of energy scales? Since, according
to our present understanding, these scales are free parameters, answering
these questions requires to go beyond the Standard Model or perturbative
quantum gravity. Staying within the framework of these theories, one can
at least ask whether the hierarchies may arise naturally. At first glance,
it may seem unnatural that the QCD scale is so much smaller than the
Planck scale. However, QCD’s property of asymptotic freedom provides an
explanation for this hierarchy, because, without unnatural fine-tuning of the
strong coupling constant g, Aqcp is exponentially suppressed with respect
to the ultraviolet cut-off, which we may identify with Mpjancx.

The same is not true for the hierarchy between the electroweak scale and
the Planck scale. The puzzle to understand why v < Mpianec is known as
the hierarchy problem, which has no natural solution within the Standard
Model because the self-coupling of the Higgs field is not asymptotically free.
Potential solutions of the hierarchy problem may be associated with new
physics beyond the Standard Model, such as, for example, supersymmetric
or techni-color models. Despite intensive investigations, at the time of the
writing of these notes there is no experimental evidence for these ideas.
In a non-perturbative context supersymmetry may, in fact, be unnatural,
because the construction of the symmetry itself may require fine-tuning.

The fact that A. < Mpanek confronts us with the cosmological con-
stant problem — the most severe hierarchy problem in all of physics. If the
correct theory of non-perturbative quantum gravity would have a property
like asymptotic freedom, one may speculate that the cosmological constant
problem might find a natural explanation. Alternatively, one may invoke
the anthropic principle. One then relates the value of A, to the fact of our
own existence. Alternative Universes with a larger negative or positive cos-
mological constant would either collapse or expand very quickly. In these
cases, it seems unlikely that intelligent life could evolve. The idea of eternal
cosmic inflation actually provides us with an incredible number of different
Universes, forming a very large Multiverse. If the Multiverse indeed exists,
which is a matter of speculation, we can only evolve in a pocket Universe
with hospitable hierarchies of energy scales. The anthropic principle should,
however, be invoked only as a last resort, when all alternative explanations
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fail. In particular, the somewhat cheap anthropic-principle-based explana-
tions of various hierarchies should not prevent us from thinking hard about
everything that can possibly be understood without invoking this principle.

The Standard Model provides us with even more hierarchy puzzles.
While the dimensionless Yukawa coupling y; of the heavy top quark is of
order 1, such that the mass of the top quark m; = y,v = 174 GeV is near the
electroweak scale v, the Yukawa couplings of the light up and down quarks
are much smaller, v, yq ~ 107°, such that m,, mg; < Aqcp. The hierarchy
between the masses of the light quarks and the QCD scale gives rise to
an approximate global SU(2), x SU(2)g chiral symmetry. Its SU(2).—g
isospin subgroup manifests itself in the hadron spectrum and “explains” why
proton and neutron have almost the same mass. However, this is a proper
explanation only if we take the hierarchy m,,ms < Aqcp for granted.
However, since we don’t understand the origin of the experimental values of
the quark masses, we should admit that the approximate isospin symmetry
and thus the almost degenerate proton and neutron masses appear just as
an “accident”. As intelligent beings, we recognize the symmetry (although
we may not understand its origin) and utilize it to simplify our theoretical
investigations.

2.8 Local and Global Symmetries

As we have discussed in Section 2.3, local symmetries — i.e. gauge symme-
tries — must be exact in order to prevent unphysical effects of the redun-
dant gauge variables. This includes Poincaré symmetry, which is promoted
to a gauge symmetry in the context of general relativity. Gauge invari-
ance is very restrictive and, in combination with renormalizability, implies
large predictive power, with only one free parameter — the gauge coupling
constant associated with the corresponding gauge group. Other non-gauge-
mediated interactions, as, for example, the Yukawa couplings between Higgs
and quark or lepton fields, give rise to a much larger number of free param-
eters and thus restrict the predictive power of the theory.

In contrast to gauge symmetries, global symmetries such as isospin are
in general only approximate and result from an (often not understood) hi-
erarchy of energy scales. For example, the discrete symmetries of charge
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conjugation C and parity P are broken by the weak but not by the electro-
magnetic and strong interactions. Due to the hierarchy Aqcp < v, which
“explains” the weakness of the W- and Z-boson-mediated interactions (but
whose origin is again not understood), C- or P-violating processes are rela-
tively rare. In the Standard Model the origin of C- and P-violation is the
chiral nature of the theory — the fact that left- and right-handed quark or
lepton fields transform differently under SU(2), x U(1)y gauge transfor-
mations. This is characteristic of a chiral gauge theory. While interactions
between gauge and matter fields may break C and P, they leave the com-
bined symmetry CP intact.

In the Standard Model, CP-violating processes arise only due to mixing
between the three generations of quarks and leptons, and they are hence
even rarer. It is an open question whether these sources of CP violation
are sufficiently strong to explain the observed baryon asymmetry between
matter and anti-matter in the Universe. It is still a puzzle — known as the
strong CP problem — why the self-interactions of the gluons respect CP
symmetry, i.e. why the experimental value of the QCD vacuum angle 6 is
compatible with zero. A potential explanation beyond the Standard Model
(which still awaits experimental confirmation) is related to an approximate
U(1)pq Peccei-Quinn symmetry, which would be associated with a new light
particle — the axion.

Remarkably, as a result of the CPT theorem, the combination CPT of
CP with time-reversal T is an exact symmetry of any relativistic field theory.
In fact, the CPT symmetry is indirectly protected by the necessarily exact
Poincaré symmetry, which acts as the gauge symmetry of general relativity.

Exact global symmetries other than CPT are, however, suspicious. In
fact, they should either be gauged or explicitly broken. In the minimal
version of the Standard Model without right-handed neutrino fields, the
difference between baryon and lepton number B — L is an exact global
symmetry. In the SO(10) GUT extension of the Standard Model, U(1)p_,
is indeed gauged and appears as a subgroup of the SO(10) gauge group. In
the extended Standard Model with additional right-handed neutrino fields
only, on the other hand, the global U(1)p_y symmetry is explicitly broken
by Majorana mass terms. Fermion number conservation modulo 2 then still
remains as an exact global symmetry. However, just as CPT, this symmetry
automatically follows from Poincaré invariance.
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2.9 Explicit versus Spontaneous Symmetry
Breaking

As we just discussed, gauge symmetries must be exact, while global sym-
metries are in general only approximate. A simple source of explicit global
symmetry breaking are non-invariant terms in the Lagrangian. A typical
example is the SU(2), x SU(2)g chiral symmetry of QCD, which is ex-
plicitly broken by the non-zero Yukawa couplings between the light up and
down quarks and the Higgs field.

QCD with massless up and down quarks, on the other hand, has an exact
chiral symmetry. Interestingly, this symmetry does not manifest itself di-
rectly in the QCD spectrum, because it is spontaneously broken. This means
that, despite the fact that the Hamiltonian of massless QCD is invariant
against SU(2)r, x SU(2) g chiral symmetry transformations, its ground state
is not. In fact, there is a continuous family of degenerate vacuum states of
massless QCD, which are related to each other by chiral transformations. In
the process of spontaneous symmetry breaking, one of these ground states is
selected spontaneously. This state is still invariant against transformations
in the unbroken SU(2).—g isospin subgroup of SU(2), x SU(2)g. Small
fluctuations around the spontaneously chosen vacuum state cost energy in
proportion to the magnitude of their momentum, and thus manifest them-
selves as massless particles — known as Goldstone bosons. As a consequence
of spontaneous chiral symmetry breaking, which reduces SU(2), x SU(2)r
to its unbroken SU(2)—g isospin subgroup, there are three massless Gold-
stone bosons — the charged and neutral pions 7%, 7°, and 7. In the real
world with non-zero up and down quark masses, chiral symmetry is not
only spontaneously but, in addition, also explicitly broken. As a result,
the pions turn into light (but no longer massless) pseudo-Goldstone bosons,
whose squared masses are proportional to the product of the quark masses
and the chiral order parameter, which is proportional to A%CD.

The Higgs sector of the Standard Model also has an SU(2), x SU(2)g
symmetry. However, unlike in QCD, its SU(2);, x U(1)y subgroup is gauged
and must hence be an exact symmetry. Since a gauge symmetry just reflects
a redundancy in our theoretical description, it cannot break spontaneously
in the same way as a global symmetry. When one gauges a spontaneously
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broken global symmetry, one induces the Higgs mechanism in which the
gauge field picks up a mass. The previously massless Goldstone degrees
of freedom are then incorporated as longitudinal degrees of freedom of the
massive gauge bosons. One says that the gauge bosons “eat” the Goldstone
bosons and become massive. This is indeed how the electroweak gauge
bosons W* and Z° pick up their masses. Techni-color extensions of the
Standard Model mimic QCD at the electroweak scale. The W* and Z°
then become massive because they “eat” the massless techni-pions II* and
I1°. This would indeed solve the hierarchy problem v < Mpjanex, because
the techni-chiral order parameter, which replaces v, is proportional to Arc
(the techni-color analog of Aqcp) which is naturally much smaller than
Mpianac due to asymptotic freedom.

2.10 Anomalies in Local and Global Symme-
tries

A more subtle form of explicit symmetry breaking does not manifest it-
self in the Lagrangian, because it affects only the quantum but not the
classical theory. Whenever quantum effects destroy a symmetry that is ex-
act at the classical level, one speaks of an anomaly. Theories affected by
gauge anomalies are mathematically and physically inconsistent, because
unphysical redundant gauge variables then contaminate physical observ-
ables via quantum effects. Gauge anomalies must therefore be canceled.
Gauge anomaly cancellation imposes severe constraints on chiral gauge the-
ories including the Standard Model. For example, as a consequence of the
cancellation of Witten’s so-called global anomaly, which would destroy the
SU(2)r gauge symmetry of the Standard model, the number of quark col-
ors N, (which is 3 in the real world) must be an odd number. In addition,
anomaly cancellation has important consequences for electric charge quan-
tization.

In contrast to gauge anomalies, anomalies in global symmetries need not
be canceled but lead to observable consequences. An important example is
scale invariance. In the absence of quark mass terms, the QCD Lagrangian
has only one parameter — the dimensionless gauge coupling gs. Hence,
the Lagrangian of massless QCD is exactly scale invariant. This global
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symmetry is affected by an anomaly, because the quantization of the theory
requires the introduction of a dimensionful cut-off — for example, the lattice
spacing a in the lattice regularization. Remarkably, even when the cut-off is
removed in the continuum limit @ — 0, the dimensionful scale Aqgcp emerges
via the process of dimensional transmutation.

Another anomaly affects the flavor-singlet axial U(1)4 symmetry of
massless QCD. This quantum effect gives a large mass to the 1’ meson.
Only in the large N, limit, in which the U(1)4 anomaly is suppressed, the
n" meson would become a massless Goldstone boson. Yet another anomaly
affects the discrete global G-parity symmetry of QCD, which conserves the
number of pions modulo 2. Remarkably, via electromagnetic interactions a
single neutral pion can decay into two photons. This quantum effect changes
the number of pions from one to zero and thus breaks G-parity anomalously.
In contrast to many textbooks, we will point out that in a gauge-anomaly-
free Standard Model with N, quark colors, the width of the neutral pion,
associated with the decay into two photons, is not proportional to N? but
actually N.-independent.

2.11 Euclidean Quantum Field Theory ver-
sus Classical Statistical Mechanics

The quantization of field theories, in particular, gauge theories, is a subtle
mathematical problem. The functional integral approach (i.e. Feynman’s
path integral applied to quantum field theory) offers a very attractive al-
ternative to canonical quantization. When real Minkowski time is analyt-
ically continued to purely imaginary Euclidean time, the functional inte-
gral becomes mathematically particularly well-behaved. As an extra bonus,
Euclidean quantum field theory, in particular, when it is regularized on
a 4-dimensional Euclidean space-time lattice, is analogous to a system of
classical statistical mechanics. The Euclidean fields then correspond to gen-
eralized spin variables and the classical Hamilton function is analogous to
the Euclidean lattice action of the quantum field theory. The temperature
T, which controls the thermal fluctuations in classical statistical mechanics,
is analogous to A, which controls the strength of quantum fluctuations. A
spin correlation function is analogous to a Euclidean 2-point function, whose



30CHAPTER 2. CONCEPTS OF QUANTUM FIELD THEORY AND THE STANDARD MODI

decay determines a correlation length £ = 1/M, where M is a particle mass.

The analogy between classical statistical mechanics and Euclidean field
theory has far-reaching consequences, because the theory of critical phenom-
ena can then be applied to field theory. In particular, a critical point, where
a correlation length diverges in units of the lattice spacing, i.e. {/a — 0,
corresponds to the continuum limit of a Euclidean lattice field theory in
which Ma — 0. The insensitivity of the low-energy physics to the details
of the regularization of quantum field theory follows from universality. Rel-
evant, marginal, and irrelevant couplings follow from considerations of the
renormalization group. Furthermore, Monte Carlo methods, which were
originally developed for classical statistical mechanics, can be applied to
lattice QCD in order to quantitatively address non-perturbative problems,
which arise due to the strong interaction between quarks and gluons.
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Chapter 3

From Cooper Pairs to Higgs
Bosons

In this chapter we introduce the scalar sector of the Standard Model. Even
without gauge fields or fermions (leptons and quarks), there is interesting
physics of Higgs bosons alone. In the Higgs sector of the Standard Model
a global SU(2), x SU(2)r ~ O(4) symmetry breaks spontaneously down
to the subgroup SU(2)p—r ~ O(3).! According to the Goldstone theorem,
this gives rise to three massless Nambu-Goldstone bosons. Once electroweak
gauge fields are included (which will be done in the next chapter), the gauge
bosons W and Z become massive due to the Higgs mechanism. The photon,
on the other hand, remains massless, as a consequence of the unbroken
U(1)em gauge symmetry of electromagnetism.

The analogies between the Higgs mechanism and the physics of super-
conductors have been pointed out, e.g., by Philip Anderson. In particular,
the scalar field describing the Cooper pairs of electrons in a superconductor
is a condensed matter analogue of the Higgs field in particle physics. When
Cooper pairs condense, even the U(1)., symmetry breaks spontaneously
and, consequently, the photon then also becomes massive. However, in this
chapter we do not yet include gauge fields. Instead we concentrate on the
dynamics of the scalar fields alone.

IThe symbol ~ denotes a local isomorphism between two manifolds, which may still
differ in their global topology.
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Experiments before the LHC had excluded a Higgs particle lighter than
110 GeV. Precision tests of the Standard Model had favored a Higgs mass
slightly above this limit, and indeed LHC experiments have found the Higgs
particle at a mass of 126 GeV. Theoretically, obtaining an elementary Higgs
particle with a renormalized mass much smaller than the Planck scale re-
quires an unnatural fine-tuning of the bare mass. This is known as the
gauge hierarchy problem. A similar problem does not arise for the com-
posite Cooper pairs in condensed matter physics. Hence, one may wonder
whether the physical Higgs particle is also composite. This scenario has
been suggested by theoretical approaches beyond the Standard Model, in
particular by technicolor models.

Another feature of the scalar sector of the Standard Model is its triviality.
If one insists on removing the cut-off in the scalar quantum field theory
describing the Higgs sector of the Standard Model, the theory becomes
non-interacting. As a result, the Standard Model can only be a low-energy
effective field theory, which is expected to break down at sufficiently high
energy scales.

3.1 A Charged Scalar Field for Cooper Pairs

The prototype of a gauge theory is Quantum Electrodynamics (QED), the
theory of the electromagnetic interaction between charged particles (e.g.
electrons and positrons) via photon exchange. Here we consider electrically
charged scalar particles (without spin). For example, we can think of the
Cooper pairs in a superconductor. In ordinary superconductors, at tem-
peratures of a few Kelvin (K), the Coulomb repulsion between electrons is
overcome by an attractive interaction mediated by phonon-exchange (i.e.
by couplings to the vibrations of the crystal lattice of ions). The resulting
Cooper pairs form in the s-wave channel and have spin 0.2 Hence, at energy
scales well below the binding energy of a Cooper pair (i.e. below the energy
gap of the superconductor), they can effectively be described by a scalar
field.

2The mechanism for binding Cooper pairs in high-temperature superconductors,
which also have spin 0 but form in the d-wave channel, is not yet understood.
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Since we do not yet couple the scalar particle to a gauge field, strictly
speaking, the analogous condensed matter systems are superfluids (with a
spontaneously broken global U(1) symmetry) rather than superconductors
(with a spontaneously broken U(1)en, gauge symmetry of electromagnetism).
In superfluid *He, the relevant atomic objects are bosons, consisting of
an a-particle (two protons and two neutrons forming the atomic nucleus)
as well as two electrons. When these bosons condense at temperatures
around 2 K, the global U(1) symmetry that describes the conserved boson
number breaks spontancously. Superfluid *He, on the other hand, consists
of fermions: a helium nucleus with two protons but only one neutron, and
two electrons. Before the fermionic *He atoms can Bose condense, they
must form bosonic bound states which we also denote as Cooper pairs.
This happens at very low temperatures around 2 mK. The Cooper pairs
of superfluid 3He form a spin triplet in the p-wave channel. Unlike in a
superconductor, the Cooper pairs in superfluid *He are electrically neutral.
Hence their Bose condensation leads to the spontaneous breaking of the
global U(1) symmetry corresponding to particle number conservation, but
not of the local U(1)e, symmetry of electromagnetism.

A charged scalar particle is described by a complex field ®(z) € C. In
fact, it takes two real degrees of freedom to describe both, a scalar and an
anti-scalar. As we have discussed before, a quantum field theory can be
defined by a Euclidean path integral over all field configurations

Z:/DCID exp (=S[®]) . (3.1.1)

Here

S[®] = / d'z £(®,0,) (3.1.2)

is the Euclidean action of the field ®(x) = ¢1(z) + ip2(z) (¢i(x) € R), with
the Lagrangian

1 1 1
ﬁ(@) auq)) = §8M(I)*8M(I) + V((D) = §au¢lau¢1 + Eau¢28u¢2 + V(¢17 ¢2) :
(3.1.3)
A simple form for the potential is that of the A®*-model,

m2

A
V(®) = [0 + 0", |0 =" = ¢ + ¢} . (3.1.4)
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In the free case, A = 0, the classical Euclidean field equations take the form

L oL
e = = = (0,0, —m*)® =0. 3.1.5
15,8 0D (00y —m?) ( )
This is the 2-component Euclidean Klein-Gordon equation for a free charged
scalar field. The Lagrangian of egs. (3.1.3) and (3.1.4) has a global symme-
try: it is invariant under U(1) transformations

' (x) = exp(iep)P(x) & ' (z)" = exp(—iep)®(x)*, (3.1.6)

where ¢ € R is a phase. Once the U(1) symmetry is gauged, the parameter
e will be identified as the electric charge of the field ®.

We assume the coupling constant A to be strictly positive to make sure
that the potential is bounded from below. One can, however, choose m? < 0.
The following discussion of spontaneous symmetry breaking is essentially
classical and does not necessarily reveal the true nature of the quantum
ground state. We distinguish two cases:

e For m? > 0 the potential has a single minimum at ® = 0. The classi-
cal solution of lowest energy (the classical vacuum) is simply the constant
field ®(z) = 0. This vacuum configuration is invariant against the U(1)
transformations of eq. (3.1.6). Hence, in this case, the U(1) symmetry is
unbroken.

e For m? < 0, the trivial configuration ®(x) = 0 is unstable because
it corresponds to a (local) maximum of the potential. The condition for a
minimum now reads

ov 9 A

——=m’®+ S|PPP=0 = PP =
55 = ™ 2+ 51l ||

In this case the vacuum is no longer unique. Instead, there is a whole class
of degenerate vacua

6m?

X (3.1.7)

6m2
O(z) = v exp(ia) , v= —% : (3.1.8)
parametrized by an angle o € [0,27). The quantity v is the vacuum ex-
pectation value of the field . Let us choose the vacuum state with a = 0.
Of course, such a choice breaks the U(1) symmetry. Hence, in this case the
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global symmetry is spontaneously broken. In particular, there is not even a
non-trivial subgroup of the U(1) symmetry that leaves the vacuum configu-
ration invariant. Hence, the U(1) symmetry is spontaneously broken down
to the trivial subgroup {1}. Expanding around the spontaneously selected
minimum of the potential, one obtains

Oz)=v+o(z)+in(z) = P(z)"=v+o(z)—in(z),
[@(@)]° = [v+ o (@) +7(2)”,
0,@(z) = 0yo(x) +i0,m(x) , 0,P(x)" = dyo(x) —i0,m(x) .  (3.1.9)

We now want to express the Lagrangian in terms of the new, real-valued
fields o and 7, which describe fluctuations around the vacuum configuration
®(x) = v that we selected. We capture the low-energy physics — i.e. the
dominant contributions to the path integral — by expanding up to second
order in o(x) and 7(z),

1 1 1
5(%@*8“@ = §3u03u0+§5ﬂ3ﬂ

m? m? A
V(®) = 7(U+0)2+7W2+Z[(U—}-U)Q—i—ﬁﬂ?
m22 2 m22m22)\4 2 2 2 9
~ 71} +m va—k?a —|—77T —1—5(1) + 4030 + 60v%c —|—2v7r)
oL A G
= 5(m +2U o +c. (3.1.10)

Here c is an irrelevant additive constant. We interpret the term proportional
to 02 as a mass term for the o-field. The corresponding o-particle has a

mass squared

A A
m2 =m? + 51;2 = §v2 =-2m>>0. (3.1.11)

Since there is no term proportional to 72, the corresponding m-particle is
massless (i.e. m; = 0). This massless particle is a Nambu-Goldstone boson.
Its presence is characteristic for the spontaneous breaking of a global, con-
tinuous symmetry. The Goldstone theorem, which determines the number
of Nambu-Goldstone bosons (one in case of a spontaneously broken U(1)
symmetry), will be discussed in Section 3.3. Once the U(1) symmetry is
gauged, which will be done in Chapter 4, the Nambu-Goldstone boson turns
into the longitudinal polarization state of the gauge boson, which then be-
comes massive. For example, in a superconductor the spontaneously broken
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symmetry is the U(1)en gauge symmetry of electromagnetism. In that case,
the photon becomes massive.

3.2 The Higgs Doublet

We now leave the condensed matter analogue behind and proceed to the
Higgs sector of the Standard Model. Again a scalar field ® plays a central
role. However, the field ® now has two complex components, it is a complez
doublet. We deal with the Higgs field 3

_( 2" (x) + 0
O(z) = ( 0 (z) ) ., O (z), P'(x) e C. (3.2.1)

We follow the structure of the previous section and first discuss a model
with only a global symmetry,

1
L£(®,0,0) = éaﬂqﬂa#qurwq»),
m2 2 A 4 2 t +* 5+ 0
V(®) = —|of+ 5o, [0 =0l =TT + @ (3.2.2)

This Lagrangian is invariant under a class of SU(2) transformations, which
we denote as SU(2)y,

O'(z) = LO(x), LeSUQ)L. (3.2.3)

We recall that SU(2) is the group of unitary 2 x 2 matrices with determinant
L,
L'=L"=L", detL=1. (3.2.4)

A general SU(2) matrix L can be written in terms of complex numbers z;
and z; with det L = |z1]*> + |22]* = 1,

z9 21 —Z2 21

3The subscripts + and 0 will later turn out to correspond to electric charges.
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This representation shows that the space of SU(2) matrices is isomorphic
to the 3-dimensional sphere S®. The global SU(2)y, invariance of the La-
grangian follows from

@' (2)* = @'(2)'®' () = [L&(2)]'Ld(x)
0,9 (2)'0,9' () = 9,®(x) LT LD, (x) =

= ®(2)'LTLd(z) = |®(2)]?
0,9 (2)'9,® () . (3.2.6)

In addition to the SU(2);, symmetry, there is the so-called U(1)y hyper-
charge symmetry which acts as

®'(x) = exp (—1%¢) O(x) . (3.2.7)

Just like the SU(2)y, symmetry, for the moment, we treat the U(1)y hyper-
charge as a global symmetry. Once these symmetries will be gauged, i.e.
made local, the constant ¢’ will be identified as the gauge coupling strength
of the U(1)y gauge field. Interestingly, the global symmetry is actually even
larger than the group SU(2);, x U(1)y identified so far: the action is indeed
invariant under an extended group SU(2)p x SU(2)gr, with U(1)y being
an Abelian subgroup of SU(2)g. In order to make the additional SU(2)g
symmetry manifest, we introduce another notation for the same Higgs field
by re-writing it as a matrix,

(@) o)
B (1) = ( () 3] ) . (3.2.8)

We see that the matrix field @ belongs to SU(2), up to a scale factor
(provided @ is non-zero). In this notation, the Lagrangian (3.2.2) takes the
form

1 A (1 ?
L(®,0,®) = 7 Tr [0, ®'0,P] —i—ITr [@T®] + i (QTr [<I>T<I>]> , (3.2.9)
which is manifestly invariant under the global transformations

®(z) = L®(x)R', LecSUQ2)L, ReSU2)R. (3.2.10)

The SU(2)g symmetry is known as the custodial symmetry. By writing

Jr <_i%w> ’ (3.2.11)
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we can now identify U(1)y as a subgroup of SU(2)g.

As a further alternative we introduce the 4-component vector notation

b(x) = (61(2), P2(), B3(2), Pa(2))
O (z) = ¢o(z) +1¢1(z) , (x) = ¢4(x)—i¢3(x),
®(z) = ¢s(2)1+1i [¢1(z)0" + da(2)0” + ¢3(x)0®] . (3.2.12)

Here o', 02, and o® are the Pauli matrices. In vector notation, the La-

grangian takes the form

1 — — 2—» — )\
£(¢,8u¢)=5(9u¢-8u¢+m7¢-¢ 4—<¢> qb) . (3.2.13)

This Lagrangian is manifestly O(4)-invariant under orthogonal rotations of
the 4-component vector gg This is precisely in agreement with the local iso-
morphism SU(2);, x SU(2)r =~ O(4). We also see now from two perspectives
that the global symmetry group has in total six generators.

As before, we distinguish between the symmetric and the broken phase.

e At the classical level, for m? > 0 there is a unique vacuum field
configuration

B(z) = ( 8 ) . (3.2.14)
In this case, the SU(2), x SU(2)r =~ O(4) symmetry is unbroken.

e For m? < 0 the vacuum is degenerate and we make the choice

@(x):<2) , vz\/—T%ZeR+, (3.2.15)

®(z) =vl, ¢(z)=1(0,0,0,v). (3.2.16)

which implies

This vacuum configuration is not invariant under general SU(2);, x SU(2)g
transformations. However, it is invariant under such transformations that
obey L = R, which belong to the so-called vector subgroup SU(2)p—r
Hence, in this case the SU(2);, x SU(2)r ~ O(4) symmetry is spontaneously
broken down to the diagonal subgroup SU(2)p—r ~ O(3) which remains
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unbroken. The U(1)en symmetry of electromagnetism will later be identified
as a subgroup of SU(2)p_g.

Let us again expand around the vacuum configuration,

@(m):( mi(z) +im(z) ) (3.2.17)

v+ o(z) +ims(x)

To second order in the fluctuation fields o and 7 = (7, 72, m3) We obtain

1 1 1
Ea#qﬂa#q) = 5040040 + 0,7 - O

2 A
V@) = S [w+o)+7+ 5 [wto)+ 7%
2 A
~ m7 [112 + 2v0 + 0? + 7?2] + 1 [114 + 4030 + 6v%0? + 21)27?2}
1 A
= 3 (m2 + 5#) o +c, (3.2.18)

where ¢ is again an irrelevant additive constant. Once more we find a
massive o-particle with
A Ao

mZ =m?+ Evz =3v (3.2.19)

and in this case three massless Nambu-Goldstone bosons, 71,7, and ms.
The massive o-particle — a quantized fluctuation of the o field — is known
as the Higgs particle. While the Higgs particle is a singlet, the three Nambu-
Goldstone bosons transform as a triplet under the unbroken SU(2)p-gr =~
O(3) symmetry.

3.3 The Goldstone Theorem

In this chapter we have encountered a number of Nambu-Goldstone bosons.
Let us now take a more general point of view and discuss the Goldstone
theorem, which predicts the number of these massless particles for a general
pattern of spontaneous breakdown of a continuous global symmetry.

As a prototype model, we consider an N-component real scalar field

-

¢ = (b1, ¢2,-..,0n) (3.3.1)
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-

with a potential V' (¢) that is invariant under transformations of a symmetry
group GG. We further assume that this group has ng generators T¢, with
a € {1,2,...,ng}, which are anti-symmetric N x N matrices. A general,
infinitesimal symmetry transformation of the field takes the form

¢ = exp(waT)o ~ (1 + w, T (3.3.2)

for small angles w,. Let us assume that the potential has a set of degenerate
vacua. We pick one spontaneously, 5 = ¢, and ask about the masses of
fluctuations around this vacuum. First of all, since ¢ is a minimum of the
potential, we know that

1%
=0, ie{l,2,....N}. 3.3.3
50r, { } (3.3.3)

The matrix of second derivatives of the potential defines the masses,
0?V
Mij = — .
06:063 |5

The eigenvalues of the matrix M are the squared masses of the physical
particle fluctuations around the vacuum v.

(3.3.4)

Let us now assume the vacuum to be invariant under the transfor-
mations in a subgroup H of G, H C G, which is generated by T° with
be{l,2,...,ng} and ny < ng, i.e.

A+wI"i=7 = Tv=0. (3.3.5)
Invariance of the potential under the transformation group G implies for

any vector ¢
- 0V

0= V(@)= V(@) = 5o @l ¢ (3.3.6)

We differentiate this equation with respect to ¢, and evaluate it at 5= U,

0—82—V WL v; + — w g = M (T*%); =0. (3.3.7)
3¢k3gbz 5:17 atij Yj aqbz d_;:ﬁ at kg ki 3 . ..

Here we have used eq. (3.3.3). For the unbroken subgroup H, i.e. for a < ny,
this is trivially satisfied because T = 0, according to eq. (3.3.5). For
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the remaining generators with a € {ng + 1,ng + 2,...,ng}, however, the
equation implies that T°¢ is an eigenvector of the matrix M with eigenvalue
zero. Hence the difference ng — ny is the degeneracy of the eigenvalue 0,
i.e. the dimension of the manifold of vacuum states. Therefore, there are
ng —nyg massless modes in a vacuum ¢. Upon quantization, in a relativistic
quantum field theory in more than two space-time dimensions, these modes
turn into ng — ny massless Nambu-Goldstone bosons.

For example, when Cooper pairs condense, the symmetry G = U(1) that
breaks spontaneously down to the trivial subgroup H = {1} gives rise to
ng —ng = 1 —0 = 1 Nambu-Goldstone bosons. In the Higgs sector of
the Standard Model, the symmetry G = SU(2);, x SU(2)r =~ O(4) breaks
spontaneously to the subgroup H = SU(2),—g ~ O(3). Hence, in this case
there are ng —ny = 6 — 3 = 3 Nambu-Goldstone bosons. In general, when
a symmetry G = O(N) breaks to H = O(N — 1) the number of broken

generators is

ng—nH:%N(N—l)—%(N—l)(N—Q):N—l, (3.3.8)

such that there are N — 1 Nambu-Goldstone bosons.

In non-relativistic theories the number of massless modes does not neces-
sarily coincide with the number of Nambu-Goldstone bosons. For example,
a quantum ferromagnet with a global symmetry G = O(3) that is sponta-
neously broken down to the subgroup H = O(2) has ng —nyg =3 —-1=2
massless modes, but only one Nambu-Goldstone particle — a magnetic spin-
wave or magnon. Ferromagnetic magnons have a non-relativistic dispersion
relation F oc |[p|>.* This results from the fact that the order parameter of
the ferromagnet — the uniform magnetization, 7.e. the total spin — is a
conserved quantity. Quantum antiferromagnets also have an O(3) symme-
try that is spontaneously broken down to O(2). However, other than in a
ferromagnet, the staggered magnetization order parameter of an antiferro-
magnet is not a conserved quantity. As a consequence, antiferromagnetic
magnons have a relativistic dispersion relation, F o |p], and in this case
there are indeed two massless Nambu-Goldstone bosons.

4Despite the fact that these particles are massless, they do not obey the relativistic
dispersion relation E « |7].
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3.4 The Mermin-Wagner Theorem

It should be noted that Nambu-Goldstone bosons can only exist in more
than two space-time dimensions. In the context of condensed matter physics
David Mermin and Herbert Wagner, as well as Pierre Hohenberg were first
to prove that the spontaneous breakdown of a continuous global symmetry
cannot occur in two space-time dimensions. In the context of relativistic
quantum field theories a corresponding theorem was proved by Sidney Cole-
man. The Mermin-Wagner theorem states that in two space-time dimen-
sions an order parameter corresponding to a continuous global symmetry
necessarily has a vanishing vacuum expectation value. Therefore massless
Nambu-Goldstone bosons — which appear as a consequence of spontaneous
symmetry breaking — cannot exist is this case. This behavior is due to
infrared quantum fluctuations, which are particularly strong in lower di-
mensions. In more than two space-time dimensions, quantum fluctuations
are more restricted because the field variables (e.g. on a lattice) are then
coupled to a larger number of neighboring sites. The Mermin-Wagner the-
orem even applies to theories in (2 4+ 1) dimensions, at least at non-zero
temperature 7" > 0. In that case, the extent = 1/T of the Euclidean
time dimension is finite, and thus there are only two infinitely extended
dimensions. Consequently, in (2 + 1) dimensions a continuous global sym-
metry can break spontaneously only at zero temperature T = 0. As first
discussed by Sudip Chakravarty, Bertrand Halperin, and David Nelson, and
studied in great detail by Peter Hasenfratz and Ferenc Niedermayer, due to
non-perturbative effects, at small non-zero temperatures T' > 0 the Nambu-
Goldstone modes of a (2 + 1)-dimensional antiferromagnet obtain a finite
correlation length, which is exponentially large in the inverse temperature,
and thus diverges in the 7" — 0 limit.

It should be noted that the Mermin-Wagner theorem does not exclude
the existence of massless bosons in two dimensions, it just states that such
particles cannot result from spontaneous symmetry breaking. For exam-
ple, as first understood by Vadim Berezinskii, and independently by John
Kosterlitz and David Thouless, at sufficiently low (but still non-zero) tem-
peratures the 2-dimensional XY-model contains a massless boson. This
boson exists, despite the fact that the Abelian continuous global O(2) sym-
metry of the model is not spontaneously broken. In the XY-model, the low-
and the high-temperature phase are separated by a so-called Berezinskii-
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Kosterlitz-Thouless phase transition. Massless bosons can even arise in
2-dimensional systems with a non-Abelian O(3) symmetry. For example,
as was first derived by Hans Bethe, (1 + 1)-dimensional antiferromagnetic
quantum spin chains with spin % are gap-less. Duncan Haldane has pointed
out that the low-energy effective field theory, which describes spin chains
with half-integer spin, is a 2-dimensional O(3)-model with non-trivial vac-
uum angle # = 7.5 As was understood in detail by Ian Affleck, this system
is a conformal field theory which contains massless bosons, despite the fact
that the O(3) symmetry is not spontaneously broken. Quantum spin chains
with integer spins, on the other hand, correspond to 6 = 0. These systems
have a gap and thus do not contain massless particles

The Mermin-Wagner theorem does not exclude either the spontaneous
breakdown of a discrete symmetry in two dimensions. For example, at
sufficiently low (but again non-zero) temperature the 2-dimensional Ising
model has a spontaneously broken discrete Z(2) symmetry. Just as contin-
uous symmetries cannot break spontaneously in two dimensions, discrete
symmetries cannot break in one dimension. In a single space-time dimen-
sion there is just time and quantum field theory thus reduces to quantum
mechanics of a finite number of degrees of freedom. Since spontaneous
symmetry breaking is a collective phenomenon that necessarily involves an
infinite number of degrees of freedom, it cannot arise in quantum mechanics
(except for discrete symmetries at zero temperature).

3.5 Low-Energy Effective Field Theory

Since they are massless, Nambu-Goldstone bosons dominate the low-energy
physics of any system with a spontaneously broken continuous global sym-
metry in more than two space-time dimensions. There is a general effective
Lagrangian technique that describes the low-energy dynamics of the Nambu-
Goldstone bosons. This approach was pioneered by Steven Weinberg and
extended to a systematic method by Jiirg Gasser and Heinrich Leutwyler
for the pions — which represent the Nambu-Goldstone bosons of the spon-
taneously broken chiral symmetry of QCD. Hence, this method is known as

®In the framework of QCD, the vacuum angle § will be discussed in detail in Chapter
10.
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chiral perturbation theory. It is, however, generally applicable to any system
of Nambu-Goldstone bosons.

We will now illustrate this technique for the Nambu-Goldstone bosons
that arise in the Higgs sector of the Standard Model (before gauging the
symmetry). As we have seen, the global symmetry of the Higgs sector is
G = SU(2)L, x SU(2)r ~ O(4), which then breaks spontaneously down to a
single H = SU(2)1,=r ~ O(3) symmetry. Generally, in a low-energy effective
theory the Nambu-Goldstone bosons are described by fields in the coset
space G/H — the manifold of the group G with points being identified if
they are connected by a symmetry transformation in the unbroken subgroup
H. We saw that the dimension of the coset space, ng — ngy, corresponds
to the number of Nambu-Goldstone bosons. In the Higgs sector of the
Standard Model, this coset space is

G/H = SU2)., x SU(2)r/SU(2)1_r = SU(2) | (3.5.1)

or equivalently G/H = O(4)/O(3) = S3. Hence, the three Nambu-Goldstone
bosons can be described by a matrix-valued field U(z) € SU(2). It should
be noted that the SU(2) group manifold is isomorphic to a 3-dimensional
sphere S3. One may think of the field U(x) as the “angular” degree of
freedom of the Higgs field matrix of eq. (3.2.8), i.e.

0(,\* +

2w)= (G0 W) ) = R@Ive). P = @t PP
(3.5.2)
Indeed, we have seen that the “radial” fluctuations of the magnitude |®|?
give rise to the massive Higgs particle, while the angular fluctuations along
the vacuum manifold give rise to three massless Nambu-Goldstone bosons.
From the SU(2), x SU(2)g transformation rule of the Higgs field ®(z), eq.

(4.3.2), one obtains
U(x) = LU(x)R", LeSU2), ReSUQ2)x. (3.5.3)

The effective field theory is formulated as a systematic low-energy expan-
sion. The low-energy physics of the Nambu-Goldstone bosons is dominated
by those terms in the effective Lagrangian that contain a small number of
derivatives. In Fourier space, a spatial derivative corresponds to a momen-
tum and a temporal derivative corresponds to an energy. Hence, multiple-
derivative terms are suppressed at low energies. All terms of the effective
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Lagrangian must be invariant under all symmetries of the underlying mi-
croscopic system — in this case, of the Higgs sector of the Standard Model.
In particular, the effective Lagrangian must be invariant under Lorentz
transformations, and under the SU(2);, x SU(2)g transformations of eq.
(3.5.3). The effective Lagrangian is constructed, order by order, by writing
down all terms that are consistent with the symmetries. In the systematic
derivative expansion, one starts with terms containing no derivatives. For
example, the term Tr[UTU] is both Lorentz-invariant and SU(2)y, x SU(2)r-
invariant. However, since U € SU(2) implies UTU = 1, this term is just a
trivial constant. Indeed, there are no non-trivial terms without derivatives.
Furthermore, there are no terms with just a single derivative, because its
uncontracted Lorentz index would violate Lorentz invariance. The leading
term of the effective Lagrangian therefore has two derivatives and is given
by

2
L£(0,U) = FZTr [0,U0,U] + ... (3.5.4)

Higher order terms with four or six derivatives (represented by the dots)
contribute less at low energies. Each term appears with a coefficient (F? in
eq. (3.5.4)). These coefficients are called low-energy constants. They enter
the effective theory as free parameters whose values cannot be deduced from
symmetry considerations. Hence a theoretical prediction for them must
be based on the underlying, fundamental theory. Comparing eq. (3.5.4)
with eq. (3.2.9), using eq. (3.5.2), and setting |®|* to its vacuum value v?
one obtains a classical estimate of the low-energy parameter F' = v. This
estimate gives the correct order of magnitude but should not be taken too
seriously. In order to properly identify the correct value of F' based on
the parameters of the Standard Model, one must take quantum effects into
account.

The Higgs sector of the Standard Model — expressed as an N-component
A¢*-model (with N = 4) — is known as a linear o-model. 1t is characterized
by the Lagrangian

1o = m2 =y A, =
£(6.0,0) = 30,6 0,0+ 1o + Fldl*

I U N T A
= 3 ¢'au¢+ﬂ(’¢| +T> +ec
1. - D N 2
- 5 ¢-8M¢+I<|¢|2—v2) Y, (3.5.5)
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where c is an irrelevant constant. In the limit A — oo, the action diverges

unless |¢(x)| = v. Introducing the N-component unit-vector field §(x) =
é(x) /v (with |§(x)| = 1 at any z), we arrive at the non-linear o-model,’

’02

L£(0,5) = Eﬁuﬁ 0,5 . (3.5.6)
The non-linear constraint, |s(x)| = 1, can be implemented in the measure
of the path integral . Identifying

U(z) = sa(x)1+1 [si(z)o" + s2(2)0” + s3(z)0”) (3.5.7)

for N = 4, eq. (3.5.6) has just the structure of £(9,U) in eq. (3.5.4). Hence,
the low-energy effective theory for the Higgs sector is in fact a non-linear
o-model.

It is also interesting to anticipate that the very same effective Lagrangian
describes the low-energy dynamics of the pions in QCD with two mass-
less quarks. Only the value of the coupling constant F', which then cor-
responds to the pion decay constant, is different. The structure of the
effective Lagrangian £(0,U) solely depends on the symmetry and how it
breaks spontaneously. Indeed, the chiral symmetry of two flavor QCD is
again SU(2), x SU(2)r, which breaks spontaneously to SU(2)p-r.

Finally, we remark that the effective Lagrangian technique is still ap-
plicable if the spontaneous symmetry breaking is supplemented by a small
amount of explicit breaking. If one adds a symmetry breaking term to the
underlying microscopic Lagrangian, the Nambu-Goldstone bosons pick up
a small mass. In that case, also the effective Lagrangian £(d,U) contains
symmetry breaking terms. It is then expanded in powers of the momenta
and of the symmetry breaking parameter, according to some suitable count-
ing rule. In the description of a classical ferromagnet, an explicit symmetry
breaking term could represent a small external magnetic field. In two flavor
QCD it corresponds to the small but finite quark masses of the flavors u
and d, which then result in a small, non-zero mass for the pions (the pion is
the lightest quark and gluon bound state). Chiral perturbation theory will
be discussed further in Chapter ?7.

SFor the special case N = 1, 4.e. for a one-component scalar field on the lattice, this
limit leads to the Ising model.
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3.6 The Hierarchy Problem

Since )\ is dimensionless”, the parameter m? is the only dimensionful param-
eter in the Higgs sector of the Standard Model. We saw that this parameter
determines the vacuum expectation value of the Higgs field

6m?

v = o (3.6.1)
which sets the energy scale for the breaking of the SU(2);, x SU(2)g sym-
metry. In fact, even after gauge and fermion fields have been added to the
Standard Model, there will still only be this single dimensionful parameter.
At the classical level, one could simply take the point of view that v is
a truly fundamental energy scale in units of which all other dimensionful
physical quantities can be expressed. The experimental value v ~ 245 GeV
has been derived from the observed masses of the W- and Z-bosons.

At the quantum level, however, the situation is more complicated. Quan-
tum field theories must be regularized and renormalized. Indeed, the ultra-
violet cut-off A represents another energy scale that enters the quantum
theory through the process of regularization. When one renormalizes the
theory, one attempts to move the cut-off to infinity, keeping the physical
masses and thus v fixed. As we will discuss in the next section, this is prob-
lematic in the Standard Model, because the Higgs sector is “trivial”, i.e. it
becomes a non-interacting theory in the A — oo limit.

We know already that the Standard Model cannot be the “Theory of
Everything” because it does not include gravity. The natural energy scale
of gravity is the Planck scale

1
Mpiance = NE ~ 10" GeV , (3.6.2)
where G is Newton’s constant. Even if we would assume (most likely quite
unrealistically) that the Standard Model describes the physics correctly all
the way up to the Planck scale, it would necessarily have to break down at

that scale. In this sense, we can think of Mpj.na as an ultimate ultra-violet
cut-off of the Standard Model.

"Note that in d space-time dimensions the self-coupling constant A has the dimension
Mass? 4. Hence, d = 4 is a special case with respect to its dimension.
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Once we have appreciated the existence of the two fundamental scales v
of the Standard Model and Mpjap,c of gravity with

Y ~107Y, (3.6.3)

M, Planck

we are confronted with the hierarchy problem:

Why is the ratio of the electroweak scale and the Planck scale so small?‘

Although it does not extend over 120 orders of magnitude, this hierarchy
problem represents a similar puzzle as the cosmological constant problem .
One wonders whether there may be a dynamical mechanism that makes v
naturally very much smaller than Mpanc or any other relevant ultra-violet
cut-off scale A.

Let us discuss the hierarchy problem in the context of the lattice reg-
ularized scalar field theory. Nature must have found a concrete way to
regularize the Higgs physics at ultra-short distances. Due to renormaliz-
ability and universality, only the symmetries, but not the details of this
regularization should matter at low energies. For simplicity, we will use
the regularization on a space-time lattice with spacing a as an admittedly
oversimplified model of Nature at ultra-short distances. In other words, in
this context we identify the lattice cut-off A = 1/a with the Planck scale
Mpianek- In the lattice regularization, the scalar field theory is characterized
by the partition function

2 =T1 [ b exol-s51d) (36.4)

with the Euclidean lattice action given by
T AT
Sgl¢] = % a |3 Eﬂ ( - ) +Vige)| - (3.6.5)

Here gzgx is the scalar field at the lattice point z, and ji is a vector of length
a along the p-direction. The first term is the finite difference analogue of
the continuum expression %ngb - 0,¢ and the potential

- 2 A
V(6:) = 518l + S8l (3.6.6)
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is the same as in the continuum theory. Just as the continuum theory
(which is defined perturbatively), the lattice theory exists in two phases, one
with and one without spontaneous symmetry breaking. The two phases are
separated by a phase transition line m2(\). For m? < m2()\) the model is in
the broken phase with three massless Nambu-Goldstone bosons, while for
m? > m?2(\) it is in the massive symmetric phase. As intensive Monte Carlo
simulations have shown, the phase transition is of second order. This implies
that the correlation length in units of the lattice spacing a, &, /a = 1/(ma),
corresponding to the inverse Higgs particle mass, diverges at the phase

transition line. The Higgs mass (and thus the vacuum value v of the scalar
field) behaves as

My 5

Mo = —= ~ Im? —m2(\)]” . (3.6.7)
Here v is a critical exponent which takes the mean field theory value 1/2.
If we want to identify the lattice cut-off A with the Planck scale Mpnac we
must realize the hierarchy m, /Mpianex ~ 10715, To achieve this, for a given
value of A, one has to fine-tune the bare parameter m? to the critical value

m?2()\) to many digits accuracy. This appears very unnatural. Explaining

the hierarchy between the electroweak and the Planck scale without a need

for fine-tuning is the challenge of the hierarchy problem.

For gauge fields a similar hierarchy problem does not exist. For example,
the photon is naturally massless as a consequence of the unbroken gauge
symmetry in the Coulomb phase of QED. Gluons, which are confined in-
side hadrons, also naturally exist at low energy scales, as a consequence
of the property of asymptotic freedom of QCD. From a perturbative point
of view, there is no hierarchy problem for fermions either, because fermion
mass terms are forbidden by chiral symmetry. However, when considered
beyond perturbation theory, fermions do suffer from a severe hierarchy prob-
lem. In particular, when regularized naively on a 4-dimensional space-time
lattice, fermions suffer from species doubling. When the fermion doublers
are removed by breaking chiral symmetry explicitly, without unnatural fine-
tuning of the bare fermion mass, the renormalized mass flows to the cut-off
scale. Remarkably, the non-perturbative hierarchy problem of fermions has
been solved very elegantly by formulating the theory with an additional
spatial dimension of finite extent. In five dimensions fermions may get lo-
calized on a 4-dimensional domain wall. Indeed, domain wall fermions are
naturally light without any fine-tuning. Domain wall fermions provide a
(4 + 1)-dimensional particle physics analogue of the chiral edge states of a
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(2 4 1)-dimensional quantum Hall sample.

There have been attempts to solve the hierarchy problem of the Higgs
sector of the Standard Model by postulating supersymmetry — a symmetry
between bosons and fermions. In supersymmetric extensions of the Stan-
dard Model, each known particle has a superpartner. For example, the
electron has a scalar superpartner — the so-called selectron — and the
photon has a fermionic superpartner — the photino. Similarly, the Higgs
particle has a fermionic Higgsino partner. By supersymmetry the Higgs
mass (and thus the scale v) is then tied to the Higgsino mass, which is pro-
tected from running to the cut-off scale by chiral symmetry. Hence, with
supersymmetry, elementary scalar particles (such as the Higgs particle) can
be light without unnatural fine-tuning. At present supersymmetry is under-
stood mostly perturbatively. Beyond perturbation theory, in particular on
a lattice, it is highly non-trivial to construct supersymmetric theories. Since
supersymmetry is intimately related to infinitesimal space-time translations,
it is not surprising that discretizing space-time breaks supersymmetry ex-
plicitly. Indeed, obtaining supersymmetry in lattice theories often requires
an unnatural fine-tuning of bare mass parameters, such that the hierarchy
problem would remain unsolved.

Moreover, until now no superpartners have been observed. Hence, we do
not know whether supersymmetry is realized in Nature. While the status
of supersymmetry is yet unclear, ultimately the LHC will decide whether
supersymmetry exists at the TeV scale. If supersymmetry is realized in
Nature, it must be explicitly or spontaneously broken, otherwise superpart-
ners should be degenerate with the known particles and should have long
been detected. Since supersymmetry itself is not well understood beyond
perturbation theory, it does not fit well into the concepts of this book. The
same is true for other ideas for solving the hierarchy problem, e.g., using
extra dimensions.

An interesting non-perturbative approach to the hierarchy problem, which
does fit well into the concepts of this book, is technicolor. In analogy to
Cooper-pair condensation, in technicolor models the electroweak symme-
try is spontaneously broken by the condensation of fermion pairs. Just as
quarks are bound by strong color forces, the so-called techni-fermions are
bound by very strong technicolor forces. In technicolor models the Higgs
particle is a composite of two techni-fermions. While technicolor has its
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own problems, it remains to be seen whether the LHC will find evidence for
this intriguing idea.

3.7 Triviality of the Standard Model

As we have seen, the Higgs sector of the Standard Model is a 4-component
A¢*-model. The Lagrangian contains the dimensionful parameter m?, as
well as the dimensionless scalar self-coupling A. These parameters determine

the vacuum expectation value

6 2
v = —% (3.7.1)

of the scalar field, as well as the Higgs mass

me = V—2m? = \/é v (3.7.2)

Hence, a heavy Higgs particle requires a strongly coupled scalar field (with a
large value of A). We have obtained these results essentially by considering
the model just at the level of classical field theory. When the theory is
quantized using perturbation theory, the bare parameters are renormalized,
but remain free parameters. Thus the Higgs mass m,, still appears arbitrary.

However, when a A¢*-model is fully quantized beyond perturbation the-
ory, a new feature arises. In the lattice regularization there is overwhelming
evidence (albeit no rigorous proof) that the A¢*-model — and hence the
Standard Model — is t¢rivial in d > 4. This means that the renormalized
self-coupling A\ goes to zero if one insists on sending the ultra-violet cut-off
to infinity. In other words, the continuum limit a — 0 of a lattice A¢*-model
is just a free field theory. How can we then use it to define the Standard
Model as an interacting field theory beyond perturbation theory?

Indeed, one should not insist on completely removing the ultra-violet cut-
off. This means that the Standard Model cannot possibly make sense at
arbitrarily high energies (beyond the finite cut-off). Hence, it must be con-
sidered a low-energy effective theory, which must necessarily be replaced by
something more fundamental at sufficiently high energies. In other words,
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the Standard Model could not even in principle be the “Theory of Every-
thing”. This is actually a remarkable property of the Standard Model: it
kindly informs us about its own limitations and tells us that it will even-
tually break down. Non-trivial theories (like QCD), on the other hand,
remain interacting even when the cut-off is removed completely. These the-
ories could, in principle, be valid at arbitrarily high energy scales.

The triviality of the Standard Model leads to an estimate for an upper
bound on the Higgs mass. A heavy Higgs boson corresponds to a large
value of A. On the other hand, we just pointed out that we get a free
theory, A = 0, when we remove the cut-off completely. Only when we leave
the cut-off finite, we can get a heavy Higgs particle. However, the theory
would clearly not make sense if it led to a Higgs mass similar to — or even
larger than the ultra-violet cut-off. In the lattice regularization this puts an
upper limit on the Higgs mass of around 600 GeV. Although this limit is not
universal (it depends on the details of the regularization that one chooses),
the triviality bound suggests that the (standard) Higgs particle should have
a mass below about 600 GeV — or that the Standard Model is replaced
by some new physics at that energy scale. Before the LHC, a systematic
experimental search for the Higgs particle was performed up to around 110
GeV. Based on experimental data which were influenced by virtual Higgs
effects, one expected to find the Higgs particle at energies between about
110 and 200 GeV. Indeed the LHC has found the Higgs partice at a mass
of 126 GeV.

A (non-perturbatively renormalized) Higgs mass of m, =~ 100 GeV trans-
lates into a cut-off A ~ 103 GeV. This is far above the Planck scale (of
about 10 GeV), i.e. in a regime where physics is not understood at all.
Hence a finite cut-off in this range is completely unproblematical. However,
if we would move up to a Higgs mass of m, ~ 600 GeV, we would find the
corresponding cut-off at about 6 TeV, i.e. at A =~ 10m,. An even heavier
Higgs particle would come too close to the cut-off scale to make any sense.
Therefore 600 GeV appears as a reasonable magnitude for the theoretical
upper bound. We note again that the upper bound is not universal, e.g. it
depends on the short-distance details of the lattice action. In practice, using
different regularizations that seem reasonable, this ambiguity has about a
10 % effect on the upper bound.
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3.8 Electroweak Symmetry Restauration at
High Temperature

Since the hot big bang, the Universe has undergone a dramatic evolution.
The big bang itself represents a mathematical singularity in the solutions
of classical general relativity, indicating our incomplete understanding of
gravity. In the moment of the big bang, the energy density of the Universe
was at the Planck scale where quantum effects of gravity are strong, and
one would expect that the classical singularity is eliminated by quantum
fluctuations of the space-time metric. Since we presently don’t have an
established theory of quantum gravity, we can only speculate about the
time at and immediately after the big bang. However, since the Universe
is expanding and thus cooling down, it soon reaches the energy scales of
the Standard Model. Indeed, only about 1071* sec after the big bang, the
Universe has cooled down to temperatures in the TeV range, and its further
evolution can then be understood based on the Standard Model combined
with classical general relativity.

To a good approximation, the early Universe undergoes an adiabatic
expansion (i.e. the total entropy is conserved), in which it remains in ther-
mal equilibrium. When the Universe had a temperature of about 1 TeV,
it contained an extremely hot gas of quarks, leptons, gauge bosons, Higgs
particles, and perhaps other yet undetected particles, e.g. those forming the
dark matter component of the Universe. At temperatures T' > v = 246
GeV thermal fluctuations are so violent that the very early Universe was in
an unbroken, symmetric phase. Just as the spontaneous magnetization of
a ferromagnet is destroyed at high temperatures, the spontaneous order of
the Higgs field cannot be maintained in the presence of strong thermal fluc-
tuations. One often says that the SU(2);, x SU(2)r symmetry is restored
in the early Universe. Of course, it would be more precise to say that it
was not yet spontaneously broken. The high-temperature SU(2), x SU(2)g
symmetric phase that was realized in the early Universe should not be con-
fused with the unbroken vacuum state (with v = 0) that would exist at zero
temperature for m? > 0. As the Universe expands an cools, it eventually
ends up in the broken symmetry vacuum (with v # 0) that we live in today.

It is interesting to ask how the expectation value v(T") of the Higgs field
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depends on the temperature T'. In particular, one expects a phase transition
at some critical temperature T,.. For temperatures 7" > T, the early Universe
is in the symmetric phase with v(7") = 0. When it expands and cools it goes
through the phase transition and enters the broken phase in which v(T") # 0.
The order of this so-called electroweak phase transition has an impact on
the dynamics of the early Universe. In particular, a strong first order phase
transition would have drastic consequences. Just like boiling water forms
expanding bubbles of steam inside the liquid phase, a first order electroweak
phase transition would also proceed via bubble nucleation. In this case,
bubbles of broken phase would form inside the early symmetric phase. Since
the bubble wall costs a finite amount of surface energy, the formation of
these bubbles would be delayed by supercooling. Once the Universe has
cooled sufficiently, bubbles of broken phase would suddenly nucleate and
expand quickly, soon filling all of the Universe. The dynamics of a first order
phase transition takes the system out of thermal equilibrium. As discussed
by Andrei Sakharov in 1967, besides C and CP violation and the existence
of baryon number violating processes, deviation from thermal equilibrium is
a necessary prerequisite for dynamically generating the baryon asymmetry
— the observed surplus of matter over anti-matter. As we will discuss in
later chapters, the Standard Model indeed violates both C and CP as well
as baryon number (at least at sufficiently high temperatures). In order to
decide whether Standard Model physics alone might be able to explain the
origin of the baryon asymmetry, it is thus vital to understand the nature of
the electroweak phase transition.

3.9 Extended Model with Two Higgs Dou-
blets

This section discusses physics beyond the Standard Model and may be
skipped in a first reading.

Although the Higgs particle has been identified at the LHC at a mass
of 126 GeV, the Higgs sector, which holds the key to the understanding of
electroweak SU(2);, x SU(2)r symmetry breaking, is still the experimen-
tally least well tested aspect of the Standard Model. The LHC has already
produced the Higgs particle. Hopefully, it will also reveal exciting physics
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beyond the Standard Model, perhaps including supersymmetry, technicolor,
or additional spatial dimensions.

Some theories beyond the Standard Model have an extended Higgs sec-
tor. For example, the minimal supersymmetric extension of the Standard
Model (the so-called MSSM) contains two Higgs doublets. Also the Peccei-
Quinn solution of the strong CP problem, which will be addressed in Chap-
ter 11, relies on an extension of the Standard Model with two Higgs doublets.
At present, it is not at all clear how many Higgs particles there are, and
whether they are elementary or composite. All we know for sure is that
there is a source of electroweak symmetry breaking. Without experimental
guidance, it seems impossible to deduce the correct structure of the Higgs
sector. The Standard Model assumes a minimal Higgs sector with just a
single Higgs doublet.

In this section we consider an extension of the Standard Model by adding
a second Higgs doublet ®. We parameterize the two complex Higgs doublets

_( *F(x) = )
O(z) = ( o ) . B(a) = ( B-(o) ) . (3.9.1)

Under the SU(2);, symmetry they transform as
' (z) = Ld(z), P'(z)=Ld(z), (3.9.2)

and under U(1)y as

/ » / »
' (x) = exp (—i%gp) O(z), P'(x)=-exp (i%gp) O (z) . (3.9.3)
In addition to these symmetries, the extension of the Standard Model that
we consider here has an additional U(1)pq symmetry — a so-called Peccei-
Quinn symmetry — which acts as

&' () = exp (i) B(x) , P'(x) = exp (ia) D(z) . (3.9.4)

The corresponding Lagrangian of the two Higgs doublet model takes the
form

~ ~ 1 1 ~, ~ ~
L£(®,0,®,8,0,®) = Eauclﬂaué + 58@*8,@ +V(®,®) . (3.9.5)
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There is no need to consider kinetic terms that mix the two scalar fields. If
such terms were present, one could eliminate them by a field redefinition.
However, in the potential V' (®, ®) mixing terms may be present. The most
general renormalizable potential invariant under SU(2)r, U(1)y, as well as
U(1)pq is given by

~ m? A m? ~ o~ Ko
V(D D) = — |2+ =D + — D> + = |D* + = |DTD|?
(D, @) = | + 0| + B + T|P[* 4 J|BTD[
D)2 = o7 P 4 d%P° | 0> = ¥ 4 DD . (3.9.6)

In contrast to the Standard Model, the extended model does not have an
additional SU(2)r symmetry.

For k > 0 the classical vacuum configurations obey ®'d = 0. For
m? < 0, m? < 0, one possible choice is

<1>(x)2<2), b= —67’”2, 5(@:(5), o —6%2.

(3.9.7)
This vacuum configuration is not invariant under either SU(2)y,, U(1)y, or
U(1)pq. However, it is invariant against the U(1)eyn subgroup of SU(2)y, x
U(1)y, which acts as

V)= (T 0o T = () () O
(3.9.8)

and will soon be identified as the symmetry of electromagnetism. Hence,
the symmetry group G = SU(2);, x U(1)y x U(1)pq is spontaneously broken
down to the subgroup H = U(1)ey. According to the Goldstone theorem,
in this case, there are ng —ny = 3+ 1+ 1 —1 = 4 Nambu-Goldstone
bosons. The additional fourth Nambu-Goldstone boson, which results from
the spontaneous breakdown of the U(1)pq Peccei-Quinn symmetry, is known
as the azion.

Let us again expand around the vacuum configuration by writing

d(z) = ( ﬁ%?ﬂﬁ) ) o) = ( 5‘;?(%);?;(%) )(3:9.9)
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Up to quadratic order in the fluctuations, the potential then takes the form

~ m? A
V(®,P) = 7[(U+0)2+7r%+7r§+7rg}+Z[(U+U)2+7rf+7rg+7r§}2

m* N2 | =2 =2 2 A ~ 2 | =2 =2 ~2]2

+ 7[(U+0) +7r1+7r2+7r3}+a[(v+0) + 7} + 75 + 73]
R . ~ o~ .~ . ~ o~

+ 5\(7T1—17r2)(v+a—17r3)+(v+0—17T3)(—7Tl+1772)|2
1 A 1y Ay~

~ §(m2+§v2>02+§<m2+§v>02
K, o 9 VT — U UMy — VT

+ (247 — )+ A== | +¢, (39.10
o) | () + () (3910

where ¢ is once again an irrelevant constant. Indeed, there are four massive
modes, i.e. four Higgs particles, o, g, and

?)/7'('1 — 'U%l 571'2 — ’U%Q

P1 = W o P2 = ﬁ ) (3.9.11)
with the corresponding mass squares
2 Ao 2 X~2 2 2 2 | ~2
My = v, mp =0t m, =m, = k(v:+07), (3.9.12)
as well as four massless Nambu-Goldstone modes 73, 73, and
¢ = UMy + v _ UTy + UTy (3.9.13)

V2402 2 RS
The modes o, 0, 73, and 73 are neutral, whereas the modes p; +ips and (; £+

i¢y are charged under the unbroken subgroup H = U(1)en of the symmetry
G = SU(Q)L X U(l)y X U(l)pQ

Finally, let us construct the leading terms in the low-energy effective
theory for the two Higgs doublet model. Following the general scheme, the
fields describing the Nambu-Goldstone bosons parameterize the coset space
G/H =SUQ2), xU(1)y xU(1)pq/U(1)em = SU(2) x U(1), and hence take
the form U(x) € SU(2) and exp(if#(x)) € U(1). The leading terms of the
effective Lagrangian are given by

F? F?
L©OuV,0,0) = —Tr [0,V10,V] + KTr [auvfauvo3}+Taueaue
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F? F?
= 5 [0,V10,V] + 5 060,0 . (3.9.14)

The term proportional to K seems to explicitly break the SU(2)g symmetry
down to U(1)y. However, this term simply vanishes. Consequently, despite
the fact that there is no SU(2)g symmetry in the two Higgs doublet model,
at leading order the Lagrangian of the corresponding low-energy effective
theory still has an SU(2)g custodial symmetry. At higher order, on the other
hand, SU(2)g breaking terms do arise. Hence, the custodial symmetry is an
accidental global symmetry. It arises only because no symmetry breaking
terms exist in the leading low-energy Lagrangian.

The two Higgs doublet extension of the Standard Model was introduced
by Roberto Peccei and Helen Quinn in 1977, in an attempt to solve the
so-called strong CP-problem, which we will investigate in more detail in
Chapter 11. In 1978 Steven Weinberg and Frank Wilczek realized indepen-
dently that the spontaneous breakdown of the U(1)pq symmetry gives rise
to a Nambu-Goldstone boson — the axion. Experimental axion searches
have thus far been unsuccessful. Hence, it is still unclear whether the two
Higgs doublet extension of the Standard Model is realized in Nature.



Chapter 4

From Superconductivity to
Electroweak Gauge Bosons

In this chapter we introduce gauge fields mediating the electromagnetic
and weak interactions. The weak interactions are responsible, for exam-
ple, for the processes of radioactive decays. When electroweak gauge fields
are included, the SU(2);, symmetry — as well as the U(1)y subgroup of
SU(2)r — turn into local symmetries. The electroweak SU(2);, x U(1)y
gauge symmetry breaks spontaneously down to U(1)e, — the gauge group
of electromagnetism. Due to the Higgs mechanism the W and Z gauge
bosons become massive. The additional logitudinal polarization states of
the three massive vector bosons, W', W~, and Z are provided by three
Nambu-Goldstone modes. One says that “the gauge bosons eat the Nambu-
Goldstone bosons” and thus pick up a mass. The photon, on the other hand,
remains massless as a consequence of the unbroken U(1)e, gauge symme-
try of electromagnetism. The full gauge symmetry of the Standard Model
is SU(3). x SU(2)r, x U(1)y, where the color gauge group SU(3). is as-
sociated with the strong interaction between quarks which is mediated by
gluons. Since Higgs fields are color-neutral, before quarks are added, the
gluons do not interact with Higgs bosons, W- and Z-bosons, or photons.
We will add the gluons only later when we discuss the strong interaction.

To illustrate the basic ideas behind the Higgs mechanism, we first turn
to a simpler model motivated by the condensed matter physics of supercon-

61
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ductors — namely electrodynamics with a charged scalar field representing
Cooper pairs. When Cooper pairs condense inside a superconductor, the
U(1)em gauge symmetry of electromagnetism undergoes the Higgs mecha-
nism and the photon becomes massive.

4.1 Scalar Quantum Electrodynamics

We want to promote the global U(1) symmetry discussed in Section 5.1 to a
local one. This is a substantial enlargement of symmetry, since we proceed
from one single symmetry parameter to one parameter at each space-time
point. What we demand is a U(1) invariance of the form

' (z) = exp(iep(z))P(z) , (4.1.1)
where () is now a space-time dependent transformation parameter (which
we assume to be differentiable). The potential is invariant already, V(®') =
V(®). The kinetic term, on the other hand, is not invariant as it stands,
because

0,9'(z) = exp(iep(x)) [0,P(x) + ied,p(x)P(x)] . (4.1.2)
In order to render it locally invariant, we must modify the derivative. To
this end, we introduce a gauge field A, (x) and build a “covariant derivative”

D, ®(z) = [0, —ieA, ()] (z) ,

D, ®*(x) = [0, + ieA,(x)] D*(z) . (4.1.3)
It should be noted that the covariant derivative D,, takes different forms
depending on the transformation properties of the field it acts on. For
example, when D, acts on the complex conjugated field ®* the gauge field

contribution in it also gets complex conjugated. The gauge field transforms
such that the term 0, in the covariant derivative is eliminated,

A(x) = Au(z) + Oup(z) =
D,®'(z) = [0~ ieA)(x)] '(x) = exp(iep(x))D,P(2)
D,®"(z) = exp(—iep(x))D,P*(z) . (4.1.4)
Hence the operator D, is indeed gauge covariant. It can therefore be used

to formulate a gauge invariant Lagrangian

1
£(®,0,9,A,) = ;D" D& + V(@) . (4.1.5)
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The parameter e represents the electric charge of the scalar field, i.e. the
strength of its coupling to A,. The anti-scalar, represented by the field ®*,
has the opposite charge —e.

Up to now, the gauge field A, appeared only as an external field. We
have not yet introduced a kinetic term for it. From classical electrodynamics

we indeed know such a term. We construct the field strength tensor
Fou(r)=0,A,(x) — 0,A,(z) , (4.1.6)

which is the obvious gauge invariant quantity to be built from first deriva-
tives of A, (),

Fl () = 0uALr) = 0,40(1) = uAu(x) + ,0,0(x) — O, Au(x) — D,Byp(x)

= F(x). (4.1.7)
The Lagrangian of the free electromagnetic field reads
1 1
L(OuAY) = L Fuw P =5 > FuFu . (4.1.8)

pu>v

In the classical limit this Lagrangian leads to the inhomogeneous Maxwell
equations!

aquu =0 s (419)

while the homogeneous Maxwell equations are automatically implied by the
use of the 4-vector potential A,,.

Thus the total Lagrangian of scalar QED takes the form

1 1
L£(®.0,®,4,,0,A,) = ;D8 D@ + V() + 1 FuF | (41.10)

2
It is not allowed to add an explicit mass term %AMA#, because such a term
would violate gauge invariance.

As in the case of the global U(1) symmetry, we distinguish two cases:

e For m? > 0 the symmetry is unbroken, and we have a Coulomb phase
with scalar particles of charge e and massless photons. In such a phase the

'In the general case this represents a current OuFuy = ju, which — due to the anti-
symmetry of F),, — obeys the continuity equation 9, j, = 0.
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electric charge is a conserved quantity. Indeed, in the vacuum of QED (and
even of the full Standard Model) the U(1)ey, symmetry of electrodynamics
is realized in a Coulomb phase.

e Again, the broken phase (which corresponds to m? < 0 at the clas-
sical level) is particularly interesting. Inside a superconductor, the U(1)en
symmetry is spontaneously broken as a consequence of Cooper pair con-
densation. Since Cooper pairs are charged (they carry the charge —2e of
two electrons), their condensation implies that the vacuum itself contains
an undetermined number of charges. As a consequence, electric charge is no
longer locally conserved.? Once again, there are degenerate vacuum config-
urations, but they are now related by gauge transformations, as we see from
Egs. (4.1.1) and (4.1.4). Therefore they represent the same physical state.
As a result, in contrast to systems with a spontaneously broken global sym-
metry, in a gauge theory “spontaneous symmetry breaking” does not lead
to vacuum degeneracy. Strictly speaking, gauge symmetries cannot break
spontaneously. In fact, they are not even symmetries of the physical world
but merely redundancies in our theoretical description. Still, it is common
practice to speak of “spontaneous gauge symmetry breaking”. As we just
did, in order to remind the reader of the subtleties related to this notion,
also later we will always put “spontaneous gauge symmetry breaking” in
inverted commas.

To take a closer look at this phase, it is helpful to fix the gauge, so
that we obtain a reference point for an expansion. We choose the “unitary
gauge”

Re®(z) =¢1(z) >0, ImP(x) = ¢a(z) =0. (4.1.11)

Let us again investigate the fluctuations around the vacuum configuration
¢1(x) = v. Due to gauge fixing, in this case we only deal with physical
fluctuations, i.e.

O(x)=v+o(x), (4.1.12)
and thus there is no T-excitation. To O(c?) we obtain
2 A
V(D) = %@ +o) + (v +0)’

20f course, any real superconductor is a finite piece of material embedded in the
Coulomb phase of the QED vacuum. Hence, the total charge of the whole superconductor
still remains conserved.
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2 2

~ m?vz +m*vo + %02 + E(U4 + 40’0 + 6v°0?)
1 A A,
= §(m2 + 51}2)02 +c= 6U202 +c. (4.1.13)

There is again a o-particle with the same mass as in the case of the sponta-
neously broken global symmetry. However, the massless Nambu-Goldstone
boson 7 has disappeared, since — as we mentioned above — the degeneracy
of vacua is not physical any more.

What happened to the 7w degree of freedom? Let us consider the covari-
ant kinetic term and expand it to second order in o and A,

1 1
SDL D = S (O +ieA) v+ )] (B —ied,) (v + o)
= 1 0,0 +1eA v +ieA,0)(0,0 —ieA v —ieA, 0
9 \“n B B B B iz
1 1
N 50u00,0 + éeQUZANAM : (4.1.14)

Amazingly, we have obtained a massive photon with

y=ev]. (4.1.15)

Therefore the missing degree of freedom (which was formerly identified as
the 7 particle) has turned into an additional longitudinal polarization state
of the photon.

This mechanism of mass generation is known as the Higgs mechanism.
It is based on the “spontaneous breakdown” of a gauge symmetry. A phase
in which the gauge symmetry is “spontaneously broken”, so that the gauge
bosons are massive, is called a Higgs phase. While the QED vacuum is in
a Coulomb phase, inside a superconductor the U(1)., gauge symmetry is
“spontaneously broken”, and the photon becomes massive. This mass can
be measured, because it is related to the penetration depth of magnetic
fields in the superconductor. This penetration falls off exponentially in
proportion to exp(—m,r). One then identifies 1/m., as the range of the
electromagnetic interaction. In the Coulomb phase, on the other hand, the
electromagnetic interaction has an infinite range.
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4.2 The Higgs Mechanism in the Electroweak
Theory

Let us now turn to the electroweak gauge interactions in the Standard
Model. Here we must promote the SU(2);, symmetry as well as the U(1)y
subgroup of SU(2)gr to local symmetries. To begin with, we turn SU(2),
into a gauge symmetry, ¢.e. we demand invariance of the Lagrangian against
the gauge transformation

' (z) = L(z) ®(z) . (4.2.1)
The potential V(®) is already invariant, but the kinetic term is not, because

2,9'(z) = L(2)0,®(x)+ 0,L(z)P(x)
= L(z) [0,®(z) + L(z)'0,L(z)®(z)] . (4.2.2)

As before, we want to compensate the additional term. For this purpose,
we introduce a gauge field W, (z) and construct a covariant derivative of
the form

D, ®(x) = [0, + W,(z)] ®(z) . (4.2.3)

The gauge field W, is a complex 2 x 2 matrix. In the kinetic term, the
above covariant derivative is multiplied by

D,®(z)" = 8,®(x)" + ©(2)'Wi(z) = 0,0(z)" — ®(x)TW, (4.2.4)

In the last step, we have taken W, to be anti-Hermitian, W/I =-W,. In
this way we make sure that the kinetic term in the Lagrangian is real. In this
form, W, is also a natural generalization of the term ieA,, which entered
the covariant derivative in the gauging of a single complex scalar field (in
the previous Section). Hence this gauge field can be written as

a

W,(z) = igwg(x)% . a=1,2,3, (4.2.5)

where ¢® are the Pauli matrices given in eq. (??) (which are Hermitian),
and the factor 1/2 is a convention. The parameter g is the gauge coupling
constant; it characterises the strength of the coupling between the Higgs
field and the gauge field W,,.
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For the behavior of the new matrix-valued gauge field under a gauge
transformation we make the ansatz

Wi (z) = L(z) [Wy(z) + 8] L(z)" . (4.2.6)
The virtue of this ansatz is that it leads to the simple relation

D,%'(x)

[ +W( )] ' (x)
L(x) [0,®(x) + L(2)'0,L(z)®(x)

+ Wa(x)L(2)'L(2)®(x) + 9, L(z)' L(2)D(x)]
= L(@) [0, + Wu(x)] ®(x) = L(2)D,®(z) . (427)
Similarly we obtain
D, (z)' = D,®(x) L(2)" . (4.2.8)

Thus we arrive at the desired gauge invariant Lagrangian
1
L(®,0,0,W,) = §DMcI>TDM<I> + V(D) . (4.2.9)

So far the gauge field is external. We still have to add its own kinetic term.
The field strength tensor of a non-Abelian gauge field is given by

W, =DW,—-DW,=0W,—-0W,+ W, W,], (4.2.10)

and it transforms as
W, () = L(z)W,,(z)L(z)" . (4.2.11)
We see that it is natural to add the commutator term to W, since it
transforms in the same way as the other terms. Moreover, it is consistent
to use the covariant derivative also for the formulation of the field strength.
Hence we may consider this as the general form of a field strength. The
case of a U(1) gauge field that we discussed before in eq.(4.1.6) was just the
special situation where the commutator vanishes. The presence of a com-
mutator term in W, has important consequences: in contrast to Abelian

gauge fields, non-Abelian gauge fields are charged themselves; hence they
interact among each other, even without other charged fields present.
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In analogy to the Abelian gauge theory, eq. (4.1.8), we write

1 1
LWy) = 17 Wewe =——TeW,W,, , (4.2.12)

pv 'Y py 242

which is indeed gauge invariant, and W, (z) = igW¢,(2)% . The structure
of non-Abelian gauge fields was first described in an unpublished letter of
Wolfgang Pauli to Abraham Pais in 1953. The first paper introducing SU(2)
gauge theories is the ground-breaking work of Chen-Ning Yang and Richard
Mills in 1954.

Thus far, we have limited the gauging to the SU(2), transformations,
and therefore to transformations with the determinant 1. Now we want to
gauge the extra U(1) transformations related to the determinant. The group
of these transformations is again U(1)y. The Higgs field then transforms as

/

' (z) = exp ( - 1%90@))@(1;) . (4.2.13)

Here ¢’ is a new coupling constant — the weak hypercharge (and the factor
—1 is purely conventional as in eq.(4.2.5)). As we discussed in Section 5.2,
the U(1)y symmetry is actually a subgroup of SU(2)r with

R(z) = ( exp(—ige()) 0 ) ) . (4.2.14)

0 exp(ifp
It should be emphasized again that only the U(1)y subgroup and not the
whole SU(2)g symmetry is gauged. Gauging solely the U(1)y subgroup
implies an explicit breaking of the global SU(2)g symmetry. Therefore we
are not going to consider the remaining two generators of SU(2)g. The
U(1)y gauge field transforms as

B (x) = Bu(x) + 0up(x) . (4.2.15)
This new gauge field contributes an additional term to the covariant deriva-
tive,

/

D) = (0,4 Wi(o) + 5 Bylo)| 00

8

= [Gu—i—iWS(:c)%a-i-i%/Bu(I)} (g&;) , (4.2.16)
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which is anti-Hermitian as well. We use again the Abelian gauge invariant
field strength
B,Lw - a,uBz/ - ayB;L ) (4217)

to add another pure gauge term, and we arrive at the total Lagrangian

1 1 1
E(q), W,ua BP«) = §D#@TD“(I) + V(q)) - Z—QQTr(WWWW) + ZB/“,BMZ,

(4.2.18)
Let us consider the symmetry breaking case m? < 0, again in the unitary
gauge

B(x) = < 5 ) ,veER, . (4.2.19)

The vacuum state (4.2.19) is invariant under U(1) gauge transformations of
the type

(z) = ( eXp(ig‘P(”) ! > O(z) | (4.2.20)

which have a U(1)y hypercharge part, along with a diagonal SU(2)y, part,

exp(iep) 0\ [ exp(iep/2) 0 exp(iep/2) 0
( 0 1 > N ( 0 exp(iep/2) ) ( 0 exp(—iep/2) ) '
(4.2.21)
Hence the choice of the vacuum state does not “break” the SU(2);, x U(1)y
symmetry completely. Instead, there is a remaining U(1) symmetry, which
we denote as U(1)em, because we will soon identify it with the electromag-
netic gauge group. Since that symmetry remains unbroken, despite the
Higgs mechanism, there will be one massless gauge boson — the photon.
All other gauge bosons “eat up” a Nambu-Goldstone boson and become
massive. To see this, we consider again the fluctuations in the unitary

o B(x) = ( . +(37<x> ) . (4.2.22)

Expanding in powers of the real field o(x), we obtain

2

1 1 o .q 0
1L 1 _ . a .
5D D, = 2 ‘(8M+IQWM—2 +i BH) ( o )

_1 (v+0)° N o' g 0
= 5(9“08“04— — (0,1) [(QWM? +§Bu gW,— + EB“ ] ]
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1 1
— 5(%08#0 + g(v + 0)? 92Wl}W; + ngViWi

+(gW, = g'B.)(gW,;; — g'By)| - (4.2.23)

In addition, we have the usual potential term

m? A
V(P) = 7(1} +0)*+ Z(U +o)t=—-m?oc*+... (4.2.24)

hence there is once more a Higgs particle with

m2 = —2m?* . (4.2.25)

o3
Moreover, there are two W-bosons of mass

1
mw = Sgu . (4.2.26)

Furthermore, we introduce the linear combination?®

Z, =t 2" (4.2.27)

which represents the Z-boson with the mass

1
my = 5\/92 +g%v. (4.2.28)
The remaining orthonormal linear combination
_ gWi+gB,
B /g% + g7

remains massless and describes the photon.

A (4.2.29)

We introduce the Weinberg angle (or weak mixing angle) Oy to write
down these linear combinations as

A cosfy sinf B
)= oW W nol, (4.2.30)
Zy —sinfyw cos bw |
3In the space spanned by the basis vectors WE’ and B, we observe in eq. (4.2.23) the
doublet (g, —g’), which we still normalise.
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such that
g g .
———— =cosbfy , ———— =sinfby, (4.2.31)
92 + g/2 /92 + g12
and therefore
m
W 9~ cosby . (4.2.32)

The W- and Z-bosons have indeed been discovered in the UA1 and UA2
high energy experiments at the Super Proton Synchrotron (SPS) accelerator
at CERN in 1983. The experimental values for the masses are

myw >~ 80.399(23) GeV, myz ~91.1876(21) GeV =  sin’ fy ~ 0.23116(13) .
(4.2.33)

There are a number of ways to measure sin? fy in high energy experiments,

and the results based on different methods agree with the value obtained

from the ratio my,/my within the errors. This is a nice confirmation of

the consistency of the Standard Model. On the down-side, Oy is one of the

parameters which are completely free in the Standard Model — a prediction

for its value would require a superior theory.*

The coupling constant of the photon is the charge e. On the other hand,
the corresponding covariant derivative of the scalar field reads

1 2 3 /
. . 10 . 20 . 30 .g (I)Jr
DMCI) = [8M+19Wu7+1gWM?—I—1gWu7+1§Bu} ( (I)(] )
2
1

o! o
Oy + ing? + ing;

L gW3 +¢'B, 0 } b,
2 0 —gW3 + ngN CI)O

1 2
= [(% + igWﬁ% + igWi%

92_9/2 Z gg/ A
+ il 2Ve*+e? nt N 0 ] ( < ) i
0 VI +9%2, o

4The same holds for the individual values of my and my.
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We can now read off the electric charge as

/
e— 99 (4.2.35)

We see that indeed only ®, couples to the electromagnetic field A,. It has
charge e, while @ is neutral (as we anticipated in footnote 3 of Chapter 5).
At the same time, we see that the Z-boson is electrically neutral, hence it
is often denoted as Z°.> The role of the WW-bosons in this respect will be
illuminated in the next Chapter, when we introduce electroweak couplings
between fermions.

4.3 Accidental Custodial Symmetry

Let us again consider the matrix representation of the Higgs field

(@) o)

which would transforms as
®'(r) = L(:c)<I>(az:)R(at)T , L(z)e SU(2),, R(x)eSU2)r (4.3.2)

under SU(2);, x SU(2)r gauge transformations. As we have seen in Setion
6.2, only the U(1)y subgroup of SU(2)g is gauged in the Standard Model.
Still, one could also imagine to turn the full SU(2)r symmetry into a gauge
symmetry. In that case, the corresponding covariant derivative would take
the form

D,®(x) =0,®(x) + W,(x)®(z) — (2) X, () . (4.3.3)

Here X, (z) = ig’X4(2)% is a hypothetical non-Abelian gauge field that
transforms as

X, (2) = R(z) [X,, + 0] R(z)T (4.3.4)

under SU(2)r gauge transformations. Since only the U(1)y subgroup of
SU(2)g is gauged in the Standard Model, the hypothetical non-Abelian

SFlipping the sign of either g or g’ changes the sign of the electric charge e of ®.
However, such sign flips do not affect the coupling of the Higgs field to Z,,, which suggests
that the Z-boson is electrically neutral.
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gauge field X, is then reduced to the Abelian Standard Model gauge field
By, i.e.

s
3

X, (z) = ig’Bu(x)% . (4.3.5)

Before the U(1)y subgroup of SU(2)g is gauged (or equivalently when
one puts ¢’ = 0), SU(2)g is an exact global symmetry, known as the custo-
dial symmetry. Once U(1)y is gauged, the custodial symmetry is explicitly
violated and thus turns into an approximate global symmetry.

Gauge theories contain redundant unphysical degrees of freedom which
do not affect the physics due to gauge invariance. Hence, in order to main-
tain only the physically relevant degrees of freedom, gauge symmetries must
not be broken explicitly. Global symmetries, on the other hand, are usually
only approximate and arise due to some hierarchy of energies scales, whose
origin may or may not be understood. Let us now ask whether we under-
stand the origin of the approximate custodial symmetry. In particular, we
can ask whether there may be other sources of custodial symmetry breaking
besides the weak U(1)y gauge interactions. While such symmetry breaking
terms can always be constructed using sufficiently many derivatives or field
values, here we limit ourselves to perturbatively renormalizable interactions,
which are the ones that dominate the physics at low energies. Since

O'P = PP = |97 + [ (4.3.6)

is proportional to the unit-matrix, one cannot construct any SU(2); X
U(1)y-invariant terms without derivatives that explicitly break the custo-
dial SU(2)gr symmetry. For example, the terms Tr [<I>T<I>03} and Tr [(I)T(I)(I)T(I)O'S]

simply vanish, and
Tr [®' @@ ®5%] = 2 (|0 + |07]?)* (4.3.7)

just reduces to the standard SU(2)y, x SU (2)g-invariant quartic self-coupling.
Using two covariant derivatives one can also construct the term Tr [DMCPTD/}I)J?’} ,
which may seem to explicitly break SU(2)r, x SU(2)r down to SU(2)L, X
U(1)y. If this were indeed the case, this term should also be included in the
Standard Model Lagrangian with an adjustable prefactor. If this prefactor
would not be unnaturally small, the custodial symmetry should be strongly
explicitly broken and would not even remain a useful approximate symme-
try. Only if the prefactor of such a term would be small (perhaps due to
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some not yet understood hierarchy of energy scales), the symmetry would
remain only weakly broken. It would then be puzzling why the symmetry
is not more strongly broken. Interestingly, no such puzzle exists for the
custodial symmetry of the Standard Model. In particular, although this
may not be obvious, one can show that the term Tr [DMQTDMQU?’] again
simply vanishes. Indeed, besides the gauge coupling ¢, in the gauge-Higgs
sector there is no other renormalizable interaction that explicitly breaks the
custodial symmetry.®. One says that the custodial symmetry is accidental.
It simply arises because ¢’ is relatively small and no other renormalizable
symmetry breaking terms exist.

4.4 Lattice Gauge-Higgs Models

The previous discussion of gauge theories was essentially at a classical level.
The quantization of gauge theories is a delicate issue. In Appendix B the
simplest gauge theory — an Abelian theory of free photons — is quantized
canonically. However, in order to avoid subtleties related to Dirac’s quan-
tization with “first and second class constraints”, we have already slightly
simplified the presentation. When non-Abelian gauge fields are concerned,
canonical quantization becomes even more complicated. Our method of
choice, instead, is the quantization using the functional integral. In per-
turbation theory, the quantization of non-Abelian gauge fields using the
functional integral requires gauge fixing, which leads to the introduction
of “Faddeev-Popov ghost fields”. This is a non-trivial procedure, which is
well explained in the textbook literature. Here we follow a non-perturbative
approach to the problem by regularizing the theory on a space-time lattice.
Lattice gauge theories were introduced by Franz Wegner in the context of
classical statistical mechanics and by Kenneth Wilson, as well as indepen-
dently by Jan Smit, in the context of quantum field theory. Non-Abelian
lattice gauge theories do not require gauge fixing and are thus conceptu-
ally simpler than their continuum counterparts, usually treated with di-
mensional regularization. As was shown analytically by Thomas Reisz, in
perturbation theory lattice gauge theories define the same continuum limit
as the dimensional regularization. In contrast to perturbative approaches,

6In Chapter 9 we will couple the Higgs field to leptons and quarks, which gives rise
to additional terms that also break the custodial symmetry



44. LATTICE GAUGE-HIGGS MODELS 75

lattice gauge theory can address physics at finite and even strong coupling.
In particular, when we will discuss the strong interaction in Chapters 9 and
10, we will make use of the lattice regularization. Lattice QCD has become
a quantitative tool that allows us to compute the properties of strongly
interacting particles using Monte Carlo simulations. In this section, we
use the lattice regularization to investigate the phase structure of Abelian
and non-Abelian gauge theories. We will encounter a Coulomb phase with
massless photons, as well as Higgs phases with massive gauge bosons. In
addition, there are confined phases which may or may not be distinguishable
from Higgs phases. In particular, in the Standard Model, the weakly cou-
pled Higgs phase is analytically connected with a strongly coupled confined
phase. Hence, in this case Higgs and confined phases are indistinguishable.

Let us first discuss the lattice version of scalar electrodynamics; we con-
sidered its continuum version before in Section 6.1. Then there is a complex
scalar field ®, € C defined at the sites x of a 4-dimensional hyper-cubic lat-
tice with spacing a. In addition, there is an Abelian lattice gauge field
A, ,, € R, which is naturally defined on the links (x, ;) connecting neighbor-
ing lattice sites x and = + i (where [ is a vector of length a pointing in the
p~direction). The gauge transformations ¢, are defined at the lattice sites
x and act as

. Prtp — P
¢’ = exp(iep,) P, | A;M =A,,— ”T ) (4.4.1)
In the continuum limit @ — 0 the second equation turns into the continuum
relation Aj (r) = A,(z) — (). The corresponding field strength

AllwA_AV.’E Axﬁ_Ax
Fyyq = =20 e (4.4.2)

is naturally associated with the elementary lattice plaquettes. Just as in
the continuum, on the lattice the Abelian field strength is gauge invariant,
i.e. I, . = Fu.. In the continuum limit one recovers F,,, — 9,4,(x) —
0,A,(x) = F,(x). Let us also define a parallel transporter link variable

U,» = exp(ied, za) , (4.4.3)
which transforms as

U;ll,x = eXp<i€(px)U,u,x eXP(—ie%chﬂ) . (444)
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On the lattice, we distinguish left- and right-handed covariant derivatives,
which are defined as

Upo®oip — O, Cpp—U) P
D;®, = -+~ a“ , Did, ;= - a : (4.4.5)
Under gauge transformations they transform as
D@, = exp(iep,)Dy®, . Dyd®. . = exp(iepysp) Dy Pors . (4.4.6)
The two derivatives are related by
Dy®y = Upo Dy ®pis (4.4.7)

such that

* * 1 *

D@, Dy®, = Di®; D,y = = [|Poral® + 2] — 2Re (PLU,10Pavs)] -
(4.4.8)

The Euclidean lattice action of scalar QED is given by

1 . m? A 1
S[@, A=) a [éDgcprgcbx + 7|<1>gc|2 + I|<1>95|4 + 5 Fa Fura

(4.4.9)

In order to make the regularized functional integral finite, in this so-called

non-compact formulation of scalar lattice QED, one must fix the gauge.”

Here we choose the Lorenz gauge 0,A4,(x) = 0, whose lattice version takes

the form )

0A, = (Ao — Apa) =0 (4.4.10)
o
The resulting functional integral is then given by

Z = /D@/DAM exp(—S[®, A,]) [T 6(64,) (4.4.11)

where the d-function enforces the Lorenz gauge condition. The measures of
the functional integration over the scalar and gauge field configurations are
given by

/ch = H/CdCDx , /DAM = H/RdAW : (4.4.12)
x €x,

"Gauge fixing is unnecessary in the compact formulation in terms of link variables
U,.,» which is also used in non-Abelian gauge theories. This will be discussed below.
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The phase diagram of the lattice model, which has been obtained us-
ing both analytic (cite Florian Nill) and numerical methods, is illustrated
schematically in Figure 77?7 for a fixed value of A\. At sufficiently negative
values of m? and sufficiently small values of e, there is a Higgs phase with
a massive photon which is separated from a Coulomb phase in which the
photon is massless. The two phases are separated by a first order phase
transition (cf. Appendix ?7?7) which becomes second order at e — 0. Near
this critical point one can take a continuum limit of scalar QED, which is
likely to be a trivial (i.e. non-interacting) theory.

Let us now turn to non-Abelian lattice gauge theories applied to the
gauge-Higgs sector of the Standard Model. For simplicity, we gauge only
the SU(2);, and not also the U(1)y symmetry. On the lattice, the Higgs
field is again a complex doublet

z= ( Dy > : (4.4.13)

which is associated with the lattice sites x. The non-Abelian lattice gauge
field is defined in terms of parallel transporter link variables U, , which are
2 x 2 matrices taking values in the gauge group SU(2),. Unlike in the non-
compact lattice formulation of scalar QED, one does not introduce a lattice
variant of the non-Abelian vector potential W, (z). Still, in the classical
continuum limit @ — 0 one can identify

Uur =exp(W,(x)a) = exp (igWﬁ(x)%a) . (4.4.14)
Under non-Abelian lattice gauge transformations L, € SU(2)y, the fields

transform as

O, =L, 0, , U,,=LU.L,, . (4.4.15)

Just as in the Abelian theory, the covariant left- and right-derivatives are
given by
Qpip— Ul

, Did, ;= - wr (4.4.16)

which now transform as

Dy®, = L,D;;®, , Dj®,, = LD}®, ;. (4.4.17)
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In analogy to eq.(4.4.7), one obtains
Dy®, = Uy Dy ®uis (4.4.18)
such that
L&t ML _ PRfT R _
D,uq):rD,ucI)z - DH q)x-‘rﬂDﬂ q)a’"’[‘ -
1

- [qﬂ Dy + BLD, — DL, B, — D UL D ] . (4.4.19)

CL2 T+ T+ px T

The lattice action of the SU(2)p-invariant gauge-Higgs model takes the form

1 m2 A
= ‘=Dl D} —f Metd |2
S[e,U,] = zm:a {QDufl)zDufbﬁ 5 (I)zq)x+4!|cpzq>m|
1
— i
i (2—Tr (Uu,xUV,H,;Uu’H,;U;m))} L (4.4.20)

The last term is the kinetic and self-interaction term of the W-bosons. It
is built from a product of link parallel transporters around an elementary
lattice plaquette. It is instructive to show that this term is gauge invari-
ant and that it turns into Tr(W,,W,,)/4¢* in the continuum limit. The
functional integral describing the SU(2);, gauge-Higgs model is given by

7= /D@/DUM exp(—S[®,U,]) . (4.4.21)

In this case the measures of the functional integrations are given by

DO = /d@x, /DU: / dU, , exp(—S[®,U,]) .
JPo=11. =1, Wheo 5180,

(4.4.22)
Here dU,, is the so-called Haar measure, which is invariant under gauge
transformations both on the left and on the right end of the link, 7.e.

U}, , = L,dU,,L! . . (4.4.23)

T+
The group manifold of SU(2) is a sphere S* with a 3-dimensional surface.
The Haar measure of SU(2) is just the natural isotropic measure on S3.

The phase diagram of the lattice gauge-Higgs model, which has been
obtained using numerical simulations, is illustrated schematically in Figure
??7? for a fixed value of \. For sufficiently negative m? and sufficiently
small g, there is a Higgs phase with a massive W-boson. However, unlike
in scalar QED, there is no massless Coulomb phase. Instead, 4-dimensional
non-Abelian gauge theories have a confined phase.
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4.5 From Electroweak to Grand Unification

This section discusses physics beyond the Standard Model and may be
skipped in a first reading. At this point we return to continuum notation.

As we have seen, the gauge groups SU(2);, and U(1)y give rise to two
distinct gauge couplings g and ¢’. Hence, in the Standard Model the elec-
troweak interactions are not truly unified. In the next chapter we will also
include the strong interaction with the gauge group SU(3). which is associ-
ated with yet another gauge coupling g;. Hence, the full gauge group of the
Standard Model SU(3). x SU(2)r, x U(1)y has three gauge couplings. In
the framework of Grand Unified Theories (GUT), which are an extension
of the Standard Model, one embeds the electroweak and strong interactions
in one simple gauge group (e.g. SU(5), SO(10)), or the exceptional group
E(6), which leads to a relation between g, ¢’, and gs.

The symmetries SU(5) or SO(10) are too large to be realized at low tem-
peratures. They must be spontaneously broken to the SU(3). x SU(2)p, x
U(1)y symmetry of the Standard Model. In Grand Unified Theories this
happens at temperatures about 10'* GeV, which were realized in the Uni-
verse about 1073* sec after the Big Bang. At present (and in the foreseeable
future) these energy scales cannot be probed experimentally. Hence, we
now rely on theoretical arguments, and sometimes on speculation.

To illustrate the idea behind GUTSs, let us first unify the electroweak
gauge interactions by embedding SU(2);, x U(1)y into one single gauge
group. Since the group SU(2);, x U(1l)y has two commuting generators,
i.e. its rank is 1 + 1 = 2, the embedding unified group must also have a
rank of at least 2. There are two so-called “simple” Lie groups of rank 2
— the special unitary group SU(3) and the exceptional group G(2), which
contains SU(3) as a subgroup. Hence, the minimal unifying group that
contains SU(2), x U(1)y is SU(3) (not to be confused with the color gauge
group SU(3).), which has 8 generators. When the electroweak interactions
of the Standard Model are embedded in SU(3), half of the gauge bosons can
be identified with known particles: SU(2)y, has 3 W-bosons, and U(1)y has
one B-boson which, together with W3, forms the Z-boson and the photon.
The remaining 4 gauge bosons of SU(3) are new hypothetical particles,
which we call X and Y. In order to make these particles heavy, the SU(3)
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symmetry must be spontaneously broken to SU(2)y, x U(1)y. Again, this is
achieved via the Higgs mechanism, in this case using an 8-component scalar
field transforming under the adjoint representation of SU(3). We write

®(z) = (2)X*, aec{l,2,...,8}. (4.5.1)

The \* are the eight Gell-Mann matrices — generators of SU(3) — de-
scribed in Appendix E. They are Hermitean, traceless 3 x 3 matrices, anal-
ogous to the 3 Pauli matrices which generate SU(2). Under gauge transfor-
mations © € SU(3) the scalar field transforms as

®' () = Qz)®(2)Q(2)" (4.5.2)
We introduce a potential of the form
2 A
V(®) = "I (@) + 5T () 4+ T (RY) . (453)

The potential is gauge invariant due to the cyclic nature of the trace. It is
interesting to note (and straightforward to check) that

(Tr (®?))° = 2Tr (®*) ,
det® = —%Tr (®°) . (4.5.4)

which implies that the quartic potential of eq. (4.5.3 represents the most
general SU(3)-invariant and renormalizable form. Since the term (Tr (®?2))
is actually SO(8) rather than just SU(3) invariant, eq. (4.5.4) also implies
that, for 1 = 0, the potential V' (®) has an enlarged SO(8) symmetry. For
m? < 0, this symmetry breaks spontaneously down to SO(7), thus leading
to 7 massless Nambu-Goldstone bosons. When p # 0, on the other hand,
the symmetry of the potential is just SU(3), which can break spontaneously
to SU(2) x U(1) or to U(1) x U(1), leadingto8—3—-1=40r8—1—-1=6
massless Nambu-Goldstone bosons, respectively. To investigate the pattern
of symmetry breaking, we choose a unitary gauge, in which the scalar field
is diagonal (one uses the unitary transformation (z) to diagonalize the
Hermitean matrix ®(z))

By () + L Ps (1) 0 0
B () = Py(a) N’ +Pg(w)\° = 0 —®3(z) + \/%@8(95) 0
0 0 —\%@8(1’)
(4.5.5)
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The potential then takes the form
2
2
_m 5 A1 2 A 4
_TZ@JFI(Z@) +EZCD"' (4.5.6)
The potential then takes the form

2
:m;ZqﬁJr%(Zcpf) +%Zq>§a (4.5.7)

1

The minima of the potential are characterized by

av 2 2 3_
7 ®; + B, Z(I) <1> c. (4.5.8)

Here c is a Lagrange multiplier that 1mplements the constraint ), ®; = 0.
We are interested in minima with an unbroken SU(2), x U(1)y symmetry,
for which ®; = ®,. Hence, we can write

0
0
-2

, (4.5.9)

S = O

1
b(z)=v| 0
0

such that
9
m?v + 4 \v?(3 + 2Z)v +4\0® = C,

2
—gmgv — 42 (3 + 29)§v - 4)\21)3—7 =C =

472 8
4 27
C= g)\QUs(?) — Z) = —3>\21}3 =
m2

300N +Th

The value of the potential at the minimum is given by

m*v 4+ A\300° + TP =0 = v = (4.5.10)

9 81
+ Mvt(3 + 24—1)2 + vt (3 42—

16)

1 9
1 15 1225 4105
Qg A A )
15 1225 4105
= —ZU (30)\1 + 7)\2) + )\11) T + )\2?} ?)
225 105 419 1

I il W .
vl ! 2) = T s Ty

4511
1 3 (4.5.11)
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For A1, Ay > 0 the value of the potential is negative, indicating that the
SU(3) symmetric phase at ® = 0 with V(®) = 0 is not the true vacuum. It
is instructive to convince oneself that other symmetry breaking patterns —
for example to U(1) x U(1) — are not dynamically preferred over SU(2);, X
U(1)y breaking.

Let us now consider the SU(3) unified gauge field
Vi(z) = igsV} (v)Aa - (4.5.12)
Under non-Abelian gauge transformations we have
Vi(x) = Qz)(Vu(z) + 9,)x)" . (4.5.13)
For an adjoint Higgs field the covariant derivative takes the form

D,®(x) =0,®(x) + [Vu(z), P(x)] . (4.5.14)

It is instructive to show that this indeed transforms covariantly. Introducing
the field strength tensor

Vi (z) =0,V,(z) — 0,V,(z) + [V.(x), V, ()], (4.5.15)

the bosonic part of the SU(3) GUT Lagrangian takes the form

1 1
L(,0,8.V,,0,V,) = 5T (D, @D, ®) +V(®) + [ Tr (V) . (4.5.16)

We now insert the vacuum value of the scalar field to obtain the mass terms
for the gauge field

%Tr (D, ®D,®) = Tr ([V*, ®][V,, D)) . (4.5.17)

We introduce the X- and Y-bosons via

X, vy
G, X9 vy
V() = X, vho|. (4.5.18)
oo
H M H Y
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The X- and Y-boson form an electroweak doublet. They are the fields
that become massive after the spontaneous breakdown of SU(3) down to
SU(2)y, x U(1)y, because one obtains

_3xr _3yr
Gk
Gl —5X7 =3V
[qu)] = v _% ,Z _%Y:
X X9 Xl
T* * bx 3
Yo vr vy, —sW,1
X, Y
G,1 X9 Yy
- xbo v
3 vk 3 * 3 vbx
=Yyt Y gy, —; Wl
5yr S5y r
T2 EYu
0 I b
= _oxb 2yb
= v 5 . . . 5 . 2 1 2w )
B O
_2Yu §Y[:] _iyu 0
(4.5.19)
and hence 9
Tr ([Vyi, @] [V, @) = —QUQ(X;;XM +YY,) (4.5.20)
The X- and Y-bosons thus pick up the mass
2 2 9 59
mx =my = 530 . (4.5.21)

These 4 gauge bosons become massive by eating 4 Nambu-Goldstone bosons.
Indeed, when the grand unified group G = SU(3) breaks spontaneously
down to the subgroup H = SU(2);, x U(1)y, according to the Goldstone
theorem, there are 8 — 3 — 1 = 4 Nambu-Goldstone bosons.

The full Standard Model gauge group is SU(3). x SU(2), x U(1)y. The
group SU(n) has rank n—1, i.e. n—1 of the n* —1 generators commute with
each other. The rank of the group U(1) is 1. Thus, the rank of the Standard
Model group is 2+ 1 4+ 1 = 4. Hence, if we want to embed that group in
a simple Lie group, its rank must be at least 4. The smallest Lie group
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(i.e. the one with the smallest number of generators) with that property
is SU(5), which has rank 4 and 5% — 1 = 24 generators. Consequently, in
an SU(5) gauge theory there are 24 gauge bosons. When the Standard
Model is embedded in SU(5), half of the gauge bosons can be identified
with known particles: SU(3). has 3* — 1 = 8 gluons, SU(2);, has 22 —1 =3
W-bosons, and U(1)y has one B-boson. The remaining 12 gauge bosons of
SU(5) are hypothetical particles, again called X and Y. In order to make
these unobserved particles sufficiently heavy, the SU(5) symmetry must be
spontaneously broken down to SU(3).x SU(2)L, xU(1)y. Again, this can be
achieved using the Higgs mechanism, now with a scalar field transforming
under the 24-dimensional adjoint representation of SU(5). The X- and Y-
bosons are color triplets and electroweak doublets. These 12 gauge bosons
become massive by eating 12 Nambu-Goldstone bosons. Indeed when G =
SU(5) breaks spontaneously down to the subgroup H = SU(3). x SU(2), X
U(1)y, according to the Goldstone theorem there are ng —nyg = 24 — 8 —
3 — 1 = 12 Nambu-Goldstone bosons.

In the SU(5) GUT there is only one gauge coupling gs to which the
three standard model gauge couplings g, ¢, and g, are related. In an SU(5)
symmetric phase one has

3
9=9s=95 ¢ = \/%95 : (4.5.22)

Hence, the Weinberg angle would then take the form

/2 2
.2 g 395 3
B = = = — 4.5.23
AR VERE VER 4529

This is not in agreement with the experimental value sin® 6y = 0.23119(14).
However, we do not live in an SU(5) symmetric world. One can use the
renormalization group to run the above relations from the GUT scale, where
they apply, down to our low energy scales. One obtains realistic values for
the coupling constants when one puts the GUT scale at about v = 10 GeV.
The masses of the X- and Y-bosons are also in that range. The GUT scale
is significantly below the Planck scale 10 GeV, which justifies neglecting
gravity in the above considerations. In order to achieve simultaneous unifi-
cation of all three couplings g, ¢, and g, at the GUT scale, one must add
further matter degrees of freedom beyond the quarks and leptons of the
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Standard Model. For example, the minimal supersymmetric extension of
the Standard Model achieves this property.

As we will discuss in Chapter 15, Grand Unified Theories predict the
decay of the proton at least at some rate. Despite numerous experimental
efforts, proton decay has never been observed, i.e. as far as we know today;,
the proton is a stable particle. To be explicit, its life-time exceeds 2.1 x 10%°
years (with 90 percent confidence level). Indeed, the minimal SU(5) model
has been ruled out experimentally, because the proton lives longer than this
model predicts. Other GUTs based on the orthogonal group SO(10) or the
exceptional group F(6) predict proton decay at a slower rates, which are
not ruled out experimentally.
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Chapter 5

One Generation of Leptons
and Quarks

In this chapter we add the fermions to the Lagrangian of the Standard
Model. The fermions are leptons and quarks. The leptons participate in the
electroweak gauge interactions, whereas the quarks are affected by both,
electroweak and strong interactions. It is interesting that we need to add
leptons and quarks at the same time; a simplification of the Standard Model
without quarks would be mathematically inconsistent. This is because the
quarks cancel anomalies, which would explicitly break the gauge symmetry
in a purely leptonic model at the quantum level. Cancellation of anomalies
i gauge symmetries is absolutely necessary, both perturbatively and beyond
perturbation theory. Anomalies in global symmetries, on the other hand,
are a perfectly acceptable form of explicit symmetry breaking. In fact,
they are necessary to correctly describe some aspects of the physics. In
this chapter, we will limit ourselves to one single generation of fermions.
Until recently, the corresponding lepton fields would have included only
left-handed electrons and neutrinos as well as right-handed electrons, but
no right-handed neutrinos. By now we know that neutrinos have a small
mass, which motivates the addition of a right-handed neutrino field. Still,
we will follow our strategy of adding fields step by step, and so we will first
work with left-handed neutrinos only. In this chapter, we will also limit
ourselves to one single generation of fermions.

87
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5.1 Weyl and Dirac Spinors

The 4-dimensional Euclidean space-time is invariant against translations by
4-vectors as well as against SO(4) space-time rotations. Together this con-
stitutes Euclidean Poincaré invariance. Ihe internal O(4) symmetry of the
Higgs sector contains an SO(4) subgroup which factorizes into the two inter-
nal symmetries SU(2);, and SU(2)g, as we have seen in Section 5.2. Since
the group theory is identical, the same is true for the space-time rotation
symmetry SO(4) = SU(2);, x SU(2)r. The fields of the Standard Model
must transform appropriately under space-time rotations. Their transfor-
mation behavior can be characterized by specifying the representation of
SO(4), or equivalently of SU(2)y, and SU(2)g. Since SU(2) representations
are characterized by a “spin” S = 0, %, 1,..., the transformation behavior
of the Standard Model fields under SO(4) space-time rotations can be char-
acterized by a pair (Sp,Sr). Scalar fields are invariant under space-time
rotations and thus transform in the (0,0) representation of SO(4). Vector

fields, on the other hand, are 4-vectors and transform as (3, 3).

We will soon introduce the fermion fields of the Standard Model. The
fundamental fermion fields of the Standard Model are left- or right-handed
Weyl fermions, which transform as (3,0) or (0,1), respectively. A Dirac
fermion, on the other hand, is described by two Weyl fermion fields, one left-
and one right-handed, and thus transforms in the reducible representation
(%, 0)® (0, %) In Euclidean space-time, the Dirac matrices 7, are Hermitean
and obey the anti-commutation relation

(Vs =200 5 L = - (5.1.1)
In addition, we define
V5 = V1727374 (5.1.2)
which implies
(Yot =0, M =9,7%=1. (5.1.3)

In the chiral basis (also known as the Weyl basis), in which 5 is diagonal,
the Dirac matrices take the form

0 —io; B (01 B (1
%—02®Ui—(wi 0 ),74—01@31—(1 0)7’75—03®1—(0

(5.1.4)

0
-1

).
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where o; with ¢ € {1,2,3} are the Pauli matrices and 1 is the 2 x 2 unit-
matrix. It is convenient to introduce projection operators on the left- and
right-handed components of a Dirac spinor

1 10 1 0 0
which obey

PPZ{:PR, PEIPL, PR+PL:1, PRPL:PLPRIO. (516)

In the Euclidean functional integral, fermions are described by anti-
commuting Grassmann variables, which are discussed in Appendix E. A
right-handed (or left-handed) Weyl spinor ¥r(z) (or ¥ (z)) consists of two
Grassmann numbers ¢f(x) and ¥3(z) (or ¢i(z) and ¢f(z)). Two Weyl
spinors can be combined to form a 4-component Dirac spinor

wg(@
Y(z) = iﬁ‘gi . (5.1.7)
Ui(x)
By applying the projection operators, we recover the Weyl spinors
vh(x) 0
o) = Proo) = | 0 ) = o = |0
0 Ui(x)

(5.1.8)
In order to account for fermions and anti-fermions, we also introduce the
spinors ¢r,(z) and ¥g(z), which consist of additional independent Grass-
mann numbers i (z), ¥2(x) and ¥k (2), Y3 (x).! Again these can be com-
bined to form the Dirac spinor

() = (i), Vi (@), U (@) U (@) - (5.1.9)

'In the Hamiltonian formalism, the field operators (z) and EZ(I) = Pl (2)yo are
related, while the corresponding Grassmann-valued fields ¢ (z) and ¢ () in the functional
integral are independent variables.
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By applying the chiral projection operators we recover the Weyl spinors

d(z) = (@) Pr = (Yp(2), 91 (2),0,0) . (5.1.10)

One can now construct separate Lorentz-invariant Lagrangians for free
massless left- or right-handed Weyl fermions

EOR(@ER7 ¢R> - J)RVuauwR ) LOL(@ELa ¢L> = @Z_)L’V;La;ﬂﬁL . (5'1'11)

A massive free Dirac fermion, on the other hand, requires both left- and
right-handed components and is described by the Lagrangian

Lo(, 1) = ¥7,0,0 + mipp = Yry0ubr + V17,001 + m(Yriby + Yrr) -

(5.1.12)
In particular, the mass term couples left- and right-handed fields. In the
free theory these fields decouple only in the chiral limit, m = 0.

5.2 Parity, Charge Conjugation, and Time-
Reversal

Parity and charge conjugation are important discrete symmetries that ex-
change left- and right-handed Weyl fermions. In Euclidean space-time, par-
ity acts as a spatial inversion, which replaces z = (¥, x4) with (—Z,z4),
combined with multiplication by a matrix P in Dirac space, i.e.

Pz, wq) = PY(—7,24) , (&, 14) = (=2, 24) P7" . (5.2.1)
The matrix P obeys
PP =—v, P l'yP=m, (5.2.2)

and in the chiral basis it takes the form

0 1
P:Plzfy4:o—1®1:(1 0)' (5.2.3)
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As a consequence, parity exchanges left- and right-handed fields, i.e.

P¢R(f, r4) = Pryatp (=7, 24) = P (=7, 24) = PYL(—=T,74) ,

PP (&, 24) = Pyt (=7, 24) = yaPrip (=7, 24) = PYr(—7,24)

PYR (T, x4) = P(=T, xa)ya P = (=T, 4) Paya = (=T, 24) P71

YL@, wa) = O(=F, 24)1aPr = P(=T, 24) Py = Yr(—7, 24) P15.2.4)
which implies that a theory with fermions of just one chirality explicitly
violates parity.

The Lagrangian depends on fields which are functions of x. Since under
parity x = (Z,x4) turns into (—&,x4), the Lagrangian itself can not be P-
invariant. What may be invariant, however, is the action. Let us hence
apply parity to the action of a free right-handed fermion

Sor["Ur," Yr] = /d4x Lor("Yr,"” Yr) = /d% PYR(T, wa) 0 TPL(T, 24)
N /d4x YL(=7, 24) P19, 0, PYL(—T, 74)
= /d41} @L(—f, .734)(—'7@8@ + 7484)wL(_fv 1’4)

= /d49€ @/_)L(f, $4)%3M¢L(fa 954) = SOL[&L,@ZJL] . (52-5)

In the last step we have made a change of variables from —Z to Z. As we
see, under parity the action of a right-handed fermion turns into the one of
a left-handed fermion. In particular, each individual action is not invariant
against P.

Let us now consider charge conjugation, which exchanges particles and
anti-particles. In the Euclidean functional integral, charge conjugation acts
as

“p(x) = Co(a)", “Plx) = —(a)TC, (5.2.6)
where T denotes transpose and the charge conjugation matrix in Dirac space

satisfies
C',C =—, . (5.2.7)

In the chiral basis it is given by

_ ) 0
C=Cl=ipyu=0300,= ( 002 > ) (5.2.8)
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This implies that also charge conjugation exchanges left- and right-handed
fermions

“Yr(r) = PrC¥(2)" = CPrib(z)" = Cl(x) Pr]" = CYr(z)"
“Yu(r) = PLCY(2)" = CPLi(x)" = ClY(2) A" = Con(z)"
“n(r) = —( '

()

Cf
TC'PL = —4(x)"PLCT" = —[Py(a)]TC™! = =y (x)TC7 |
C IPR: —w(l’)TPRC

Hence, a theory that contains only right- or only left-handed fermions also
explicitly breaks charge conjugation.

We now apply charge conjugation to the action of a right-handed free
fermion

Sl o] = [ ' el o)
- — / d*z Py (2)TC1,0,Cp(x)"
= [ ) o) = - [die|
= [ duendnle) = Sulin . (5.2.10)

Outbu(@) ()]

In the last two steps we have used the anti-commutation rules of Grass-
mann variables and we have performed a partial integration. Also charge
conjugation exchanges the actions of left- and right-handed fermions.

Let us also consider the combination of charge conjugation and parity
CP. We then have

which implies

CP@DR(f, $4) = CP@ER(—f, $4)T ) CP@Z)L(fy $4) = CPlEL(—f, 5134)T )

b= —[Pry(2)]TCT = —yr(2) O

CPlER(f, l’4) = —¢R(—f, JJ4)TPT071 y CPl/;L(f, $4) = —QZJL(—f, I4)TPTC15212>
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Since both C and P exchange the actions of left- and right-handed fermions,
CP leaves these actions invariant, i.e.

SOR[CP&I%CP 2ﬂR] = SOR[Q/_}Ru wR] ) SOL[CPIELFP 2ﬂL] = SOLW_}L7 wL] .
(5.2.13)

Finally, let us consider Fuclidean time-reversal which acts as
Y@, 24) = TY(F, —24)" , "(T,24) = (T, —2) T . (5.2.14)
Here the superscript T on the left refers to time-reversal and the superscript

T on the right denotes transpose, while the prefactor 7' is a matrix in Dirac
space that obeys

T3 ==y, T7'ul =7 . (5.2.15)

In the chiral basis, it takes the form

. 0 1o
T =ryys =i01 ® 0 = ( oy 02 > : (5.2.16)

This implies

T¢R(f7 .T4) = T&R<fa _x4>T ) T¢L<f, ZE4) = T'(ZL(:E: _x4)T ’
TYR(T,w4) = —r(Z, —xa) T, TPL(E, 20) = —Yu(F, —xa) T . (5.2.17)

Under T, the action of a free right-handed fermion then transforms as
Sor["Yr," Yr] = /d4x CUR(T, 24) 740 T YR(T, 74)
- / d'w Yr(T, —24) T 7,0, TYr(T, —24)"
- /d43’j Ur(Z, —24)" (%10 — 7401) "R (T, —34)"
_ / A [(:0; — 7a0a) P (7, ) or (T, —22)]"
= —/d4a: (7:0; + 7101) YR (T, w4 UR(T, 24)

- / A Gr (7, 221D n(F, 1) = Sorlin, ilb-2.18)



94 CHAPTER 5. ONE GENERATION OF LEPTONS AND QUARKS

In the last three steps we have used the anti-commutation rules of Grass-
mann variables, we have substituted —x4 by x4, and we have performed a

partial integration. Similarly, for left-handed fermions one obtains Sor, [T, T ¥]

Sow[vr, L]

As was first shown by Wolfgang Pauli, the combination CPT is a sym-
metry of any relativistic quantum field theory. This is the CPT theorem
[?].2 On a fermion field, the CPT symmetry acts as

FTY(x) = —insto(—x) ,  PTP(@) = W (—2)ys5 (5.2.19)

which implies

CPT@%R(I‘) _ —i’QZ_JR<—.I‘) 7 CPT’QZ_)L(I') = 17{11(—55) )
Pl (r) = —in(—z) ,  Tou(r) = ip(-) . (5.2.20)

It is interesting to note that, as one would expect, parity, charge conjuga-
tion, and time-reversal square to the identity, i.e.

PP=C*=T*=1, (5.2.21)

while they do not all commute with one another. In particular, in the chiral
basis one obtains

PC=-CP, CT=-TC, TP=PT. (5.2.22)

5.3 Electrons and Left-handed Neutrinos

The leptons of the first generation are electrons and their neutrinos. We
start with left-handed neutrinos and right-handed anti-neutrinos only. We
denote the spinor fields of these leptons as v, (x), i, (x), e (), er(z), éL(x),
and ég(z). Before we introduce right-handed neutrino fields, the neutrinos
are massless, while the electrons will pick up a mass through the Higgs
mechanism. However, before we introduce couplings between the lepton
fields and the Higgs field, even the electrons are massless.

2While the CPT theorem applies to all relativistic local quantum field theories, it
does not always apply beyond this framework, e.g. in string theory which violates strict
locality.
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At this point — without mass or interaction terms — the free lepton
Lagrangian

Lo(v,v, e, e) = 017,001 + eLyuouer + ervu0uer (5.3.1)

has several global symmetries. First of all, all lepton fields can be multiplied
by the same phase x € R

() = exp(ix)w(z) . wp(x) = m(x) exp(—ix) |

ey (z) = exp(ix)er(z) , ep(z) = év(x) exp(—ix) ,

(@) = expli)en(s) , (@) = en(@)exp(—ix) . (53.2)
The corresponding global symmetry U(1),, is associated with lepton number

conservation.® This symmetry is vector-like because it affects left- and right-
handed lepton fields in the same way.

The free lepton Lagrangian also has another global Abelian symmetry,
which is promoted to the local U(1)y symmetry in the Standard Model

V(@) = exp (Y, g'0(x)) vu(z) . p(2) = mu(z) exp (1Y g'p(2))

e (r) = exp (Y, g'o(x)) eL(z) ,  ep(x) = ev(z)exp (-1Y,, g'p(x)) |

er(r) = exp (iYerg'v(2)) er(2) ,  ex(z) = er(x) exp (—iYe,g'e(2))(5.3.3)
Here we assign weak hypercharges ¥;, and Y., to the left-handed leptons and
the right-handed electron, respectively. Later, we will adjust the values of

Y;, and Y., such that the observed electric charges of electrons and neutrinos
are reproduced correctly.

The left-handed neutrino and electron fields form an SU(2)y, doublet
wo = (20) . o -meab) . 630
eL()

The free lepton Lagrangian has another global symmetry which rotates the
left-handed neutrino and electron fields into each other. In the Standard
Model, this symmetry is again promoted to a local one

ho) = (40 ) =20 (1)) = st
I (2) = (7 (2). 2 (2)) = (), @) L) = Do) L) (5.35)

3Tt should be noted that the subscript L on v, and ey, refers to left, while in U (D) it
refers to the lepton number L.
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with L(z) € SU(2);,. The right-handed component of the electron field,
er(x), on the other hand, is an SU(2)y, singlet, i.e. it remains invariant
under SU(2)y, transformations

er(z) = er(z) . (5.3.6)

Since left- and right-handed fields transform differently under SU(2)y,, also
the SU(2);, gauge symmetry is chiral.

In analogy to spin, one introduces a “weak isospin” which acts on the left-
handed doublet as 77 = £¢®. The leptons have the following 3-components
of the weak isospin

T3 =_ T3 — _1 T3

LI/L LeL 2 Y LER

=0. (5.3.7)

DN | —

Analogously, we introduce a generator Té which takes the values
3 3 3 1
TRVL =0 ) TReL =0 ’ TReR = _5 . (538)

This operator generates an Abelian subgroup of SU(2)g. Later we will also
introduce a right-handed neutrino field vg(x) for which

1

=0, T3, ==. (5.3.9)

3
T RI/R 2

Ll/R

In the Standard model the SU(2)r, and U(1)y (but not the full SU(2)g)
symmetries are promoted to gauge symmetries. Just as in the gauge-Higgs
Lagrangian of the Standard Model, this is achieved by substituting ordi-
nary derivatives 0, by covariant derivatives D,. For the left-handed lepton
doublet the covariant derivative takes the form

D, ( v () ) = [@L—i-inLg/Bu(x) —i—igWﬁ(m)%a] ( v () ) . (5.3.10)

er(z) er(z)

It should be noted that the derivative 9, — as well as the gauge field term
containing B, — act as unit 2 x 2 matrices in the flavor space. Using
W,(z) = igWi(x)o®/2, the previous equation can also be written as

Dl (x) = [0, +1Y,,. ¢'Bu(z) + W, (x)] lL(z) . (5.3.11)
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For the right-handed electron singlet the covariant derivative takes the form
D,er(x) = [0, + 1Yo g Bu(2)] er(z) . (5.3.12)

The Lagrangian describing the propagation of the leptons as well as their
interactions with the U(1)y and SU(2);, gauge fields then takes the form

L(v,v,ee B, W, = l_L%DulL‘l'éR%DueR

= (m,e)7uDy ( Zigg ) + e, Dyen(5.3.13)

In order to ensure gauge invariance, the SU(2)1, gauge coupling g has to take
the same universal value as in the gauge-Higgs sector, which was discussed
in Chapter 6.

It is important to note that a direct mass term m.(érer + €rer,) is not
gauge invariant, because the left- and right-handed electron fields trans-
form differently under both SU(2)y, and U(1)y gauge transformation. Con-
sequently, direct mass terms are forbidden in the Standard Model. This
is a nice feature of chiral gauge theories, because it protects the fermions
from additive mass renormalization. Thus, in contrast to the scalar Higgs
field, there is no hierarchy problem for chiral fermions, at least at the level
of perturbation theory. Later we will construct Yukawa interaction terms
between the fermions and the Higgs field. After spontaneous symmetry
breaking, i.e. when the Higgs field picks up a non-zero vacuum expectation
value v, such terms give rise to dynamically generated fermion masses. In
this way, in the Standard Model with massless neutrinos all fermion masses
are tied to the electroweak symmetry breaking scale v.

5.4 CP and T Invariance of Gauge Interac-
tions

As we have seen, left-handed electrons and neutrinos are SU(2);, doublets
while right-handed electrons are singlets. Right-handed neutrino fields are
not even introduced in the minimal version of the Standard Model. Conse-
quently, left- and right-handed particles have different physical properties,
which makes the Standard Model a chiral gauge theory. As a result of this
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asymmetric treatment of left- and right-handed degrees of freedom, parity
P and charge conjugation C are explicitly broken in the Standard Model.
Parity violation was predicted by Tsung-Dao Lee and Chen-Ning Yang in
1956 and indeed observed in weak interaction processes by Madame Chien-
Shiung Wu in 1957. As we will now discuss, the gauge interactions still
respect the combined discrete symmetry CP as well as the time-reversal T.*

Let us introduce the transformation behavior of the gauge fields under
the discrete symmetries P, C, and T. The Abelian gauge field B, transforms
as

PBz‘(f, 14) = —Bi(—T,24) , PB4(f, r4) = By(=Z,24) ,
CBH(‘r) = _Bﬂ(x) )
TBi(f, .1'4) = —Bi(f, —1‘4) s TB4<f, x4) = B4<f, —:L’4> . (541)

Consequently, the combined transformations CP and CPT take the form

CPBZ‘(f, IL‘4) = BZ(—f, l’4) s CPB4(f, 174) = —B4(—l_", 1'4) s
CPTB (z) = —B,(~1) . (5.4.2)

Similarly, the non-Abelian gauge field W, transforms as
PWiZ, wy) = —Wi(=F,24) , TW(Z, 24) = Wy(—7, 24) ,
W@, ) = Wil@, —aq)*, TW(T, 34) = —Wa(&, —24)" (5.4.3)
which implies
PWAZ, 1q) = (=&, xq)",  CWhE 24) = Wo(—7,24)" ,

~W;
PIW,(z) = —W,(—2) (5.4.4)

Let us now investigate the CP transformation properties of the interac-
tion terms that couple the right-handed electron to the U(1)y gauge field.

4As we will discuss in Chapter 10, with three or more generations of fermions, the
fermion-Higgs couplings explicitly violate CP and T. Furthermore, as we will discuss in
Chapter 777, the QCD vacuum angle 6 is another source of explicit CP and T breaking.
However, in Nature this parameter is consistent with zero.
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Using the CP transformation rules for the fermions of Eq.(E.6.5), we obtain
S[Per,F eg, " B, = /d4x Per(Z, 24)7,1Ys, ¢ CPBM(:JE, 24)Fer(Z, 24)
= —/4490 er(—a,24) " PTC™! [~,iY}, g'By(~7, x4)
+ 74iYs ¢ Ba(—7, 24)] OPer(—1, 24)"
- /d4x er(—2, x4)" [%TinLg'Bi(—f, xy)
+ 741Y5, 9 Ba(=7F, 24)] er(—7, x4)"

/d4x er(—Z, 24)7,1Y, ¢ Bu(—, x4)er(—7, x4)
= S[éR, €R, BM] . (545)

In the same manner, one can show that the couplings of the left-handed
leptons are also CP-invariant. Due to the CPT theorem, the interaction
terms are automatically CPT- and thus (due to CP invariance) also T-
invariant.

Finally, we list the C, P, and T transformation properties of the Higgs
field

Tq)(a—:»’ l’4) = q)(fa _334)* ) (546)

which then implies

PTH(z) = d(—x) . (5.4.7)

Using these transformation rules, it is straightforward to return to the
gauge-Higgs sector and show that the action

1

4

1 1
S[®, W, B,] = / Az ED#@D@ F V(@) = S Tr (Wi W) +

BWBW}

(5.4.8)
is invariant separately under C, P, and T.
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5.5 Fixing the Lepton Weak Hypercharges

We know that the electron carries electric charge —e, while the neutrino
is electrically neutral. In the Lagrangian (5.3.13) we recognize off-diagonal
terms that couple leptons of different electric charge, associated with WW*
and W2. In order to preserve the electric charge under interactions, these
gauge bosons must be charged themselves. In particular, we find a positive
and a negative W-boson given by

W) = % (Wi(z) FiWi(z)) | (5.5.1)

which implies

N 5, (02 1 0 W:(a:) B
GG =5 (wiw o) =

(ol £i0?).

(W (x)o ™+ W, (z)o7),
(5.5.2)

1
V2
+

where o* = %

We observed before (in the Higgs sector) that the electrically neutral
gauge fields, i.e. the flavor diagonal fields, split physically into a massless
photon and a massive Z-boson

_ g W, (=) + gBu(z) _ gWi(@) — g'Bu(x)
/92 + 912 /92 + g12

They are natural to consider after spontaneous symmetry breaking. Insert-
ing the inverse relations

Au(x)

(5.5.3)

Zu(x)

gIA,u(x) + gZM($) gAM(I) - g/ZM(I)

we can write the lepton-gauge coupling terms in the Lagrangian (5.3.13) as

) BH(I) =

(5.5.4)

Wi (z) =

Xl LWJF
E(D, v, 676714/“2#) = (DL;éL)/yu |:8M +1i ( imljv_ \/ngu ) } ( 149 )

V2w p €L

Y,
e[ i mmd (A, g Z)|en . (555)
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where
‘i;lt(x) /—1 gg, 21 ) ‘lu(x) 2192 ) 9,2 Z“(ZL')

X2 () = ﬁ o (=570 ) + (=307 - Yig?) 2u(0)]

(5.5.6)
Since the neutrino does not couple to the photon field A, the term X i must
not contain a contribution from A,. This implies Y}, = —1/2, and therefore
g2 + g/2
X = Yz ),
) 1 g/2 _ 92
— _ /
XM(:C) - \/W [ 2 ZM<:IZ'> 99 Au@)}

_# [ c0s(20w) Zu(x) + sin(20w) Au(z)| - (5.5.7)

Here Oyy is the Weinberg angle introduced in Eq. (4.2.31). Again, we identify

/

e:vé%?g (5.5.8)
as the unit of electric charge, in exact agreement with Eq. (4.2.35). Indeed,
—e is the correct electric charge of the left-handed electron. In order to
obtain the same value —e also for the right-handed electron, we now adjust
its weak hypercharge to Y., = —1. We now see that ¥;, and Y., are different.
Consequently, not only the SU(2);, but also the U(1)y gauge couplings are
chiral.

At this point, we observe a simple relation between the weak hypercharge
Y, (i.e. the coupling to B, in units of ¢'), the generator T3, which was
introduced in Eq. (5.3.8), and the lepton number L,
1
Y:ﬁféL. (5.5.9)
For the left-handed neutrino and the left-handed electron, which both have
lepton number L = 1, this equation takes the form

1 1
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and for the right-handed electron, which again has L = 1, it reads
=—1. (5.5.11)

Furthermore, the electric charge @ (in units of e) is related to Y and the
third component of the weak isospin 77, which was introduced in Eq. (5.3.7)

1
Q:TE+Y:T§’+T§—§L. (5.5.12)

For the left-handed neutrino this equation takes the form

1 1
Qu =Ty +Yiy=5-5=0, (5.5.13)
for the left-handed electron it reads
3 1 1
Qe =11, +Y, =—-—=-=-1, (5.5.14)
L 2 2
and at last for the right-handed electron
Qer =Tiey + Ve =0—1=—1. (5.5.15)

In the following, relation (5.5.12) will be given a prominent status. We
remark here that its validity is also a consequence of the parameter choice
;, = —1/2 that we made in order to decouple the neutrino from A,,.

We can also interpret these expressions in terms of gauge couplings to
fermionic currents. Generally, currents are 4-vectors j,(x) obeying the con-
tinuity equation d,j, = 0, at least at the classical level. From the La-
grangian of a free fermion, we obtain the Noether current ¢v,1. Its conti-
nuity can also be derived from the free Dirac equation (?7) and its adjoint,
Eq. (??7). According to the interpretation elaborated by Wolfgang Pauli and
Victor Weisskopf, we should consider currents of charge instead of proba-
bility. The electromagnetic current of the electron with charge —e amounts
to

gt =—e (Eryuer + erYueR) - (5.5.16)

In these terms, the photon field couples to the electromagnetic current via
the term i4,j5™ in the Lagrangian. It should be noted that this current is
neutral. This means that there is no change in the charge between the initial
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and the final fermion states, i.e. the state before and after the scattering
on the photon. Clearly, the charge cannot change because the photon is
neutral.

Besides the couplings to the photon, we also have weak current interac-
tions. The weak neutral current jg couples to the Z-boson field,

/2

jO 92_i_‘g/217 7 , + g/2_92 . Py ot g . 7 .
= —— (= VLWuVL T ——CLVulL T —F——=CERVuR
w 2 ® 9 /92+g’2 ® /92—|—g’2 ®
g2+gl2

i (ﬂL’yHI/L — cos(20w)eryuer + sin? GWéR’yueR) (5.5.17)

The charged currents, on the other hand, couple to the charged gauge bosons
W and take the form

. g._ - g_
j:[ = 5L, Ju = SO - (5.5.18)

For the current j (or j) the charge increases (or decreases) in the tran-
sition from the initial to the final state. Note that the neutral currents
contain both left- and right-handed contributions, while the charged cur-
rents are purely left-handed.

This set of charged and neutral currents enables a number of physical
transitions, such as the decays W~ — e+, Z — v, +1y, or Z — e, +ér.
As a general principle, particles tend to decay into lighter particles if there is
no conservation law preventing such a decay. Nevertheless, for instance the
decay Z — e, +ey, can also be inverted: an electron-positron pair collides at
very high energy and generates a Z-boson, which will very soon again decay
into leptons. In the electron-positron scattering amplitude this channel is
then visible as a resonance at the energy that is needed for the Z-mass. The
coupling of Z to the weak neutral current jg also describes the scattering
of a neutrino or an electron off a Z-boson.

5.6 Gauge Anomalies in the Lepton Sector

As it stands, the Standard Model with just electrons and neutrinos is incon-
sistent because it suffers from anomalies in its gauge interactions. Anoma-
lies represent a form of explicit symmetry breaking due to quantum effects,
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while at the classical level the corresponding symmetry is exact. Anoma-
lies usually arise from a non-invariance of the functional measure, while the
action of the theory is invariant. Gauge anomalies represent an explicit
violation of gauge invariance. Since gauge invariance is vital for eliminating
redundant gauge-dependent degrees of freedom, theories with an explicitly
broken gauge symmetry are mathematically and physically inconsistent. In
order to render the Standard Model consistent, the gauge anomalies of the
leptons must be cancelled by other fields. The quarks, which participate
in both the electroweak and the strong interactions, serve this purpose. As
we will see later, in contrast to gauge anomalies, anomalies in global sym-
metries are perfectly acceptable and even necessary to describe the physics
correctly.

In the Standard Model, there are different types of gauge anomalies
that must be cancelled. First, there is a triangle anomaly in the U(1)y
gauge interaction which manifests itself already within (but also beyond)
perturbation theory. One considers the interaction with a triangle built
from fermion propagators; each corner is a vertex with a coupling to an
external gauge field B,. The interaction at each vertex is proportional to
the weak hypercharge Y of the fermion that propagates around the triangle.
Hence the total contribution is proportional to Y3. The full amplitude of
these triangle diagrams must be symmetric if we perform an overall flip
from left- to right-handedness, i.e. the antisymmetric quantity

A=Y -3y, (5.6.1)

which is proportional to the anomaly, is supposed to vanish. The sums
extend over the left- and right-handed degrees of freedom, respectively.®
Since the left-handed neutrino and electron carry the weak hypercharge
Y, = —1/2, while the right-handed electron has Y., = —1, the U(1)y
triangle anomaly in the lepton sector is given by

1

3
A=2Y) -Y2 =2 (—5) —(=1)* = % #0 . (5.6.2)

As we will see later, this non-zero anomaly in the lepton sector will be
cancelled by a corresponding anomaly in the quark sector.

®We do not present an evaluation of this triangle diagram. A detailed explanation of
this calculation can be found e.g. in [?].
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The general expression for SU(2);, x U(1)y triangle anomalies is given
by

Aabc — TI'L [(TaTb + TbTa)Tc] o TI"R [(TaTb + TbTa)Tc] ] (563)

The T with a € {1,2, 3} refer to the generators of SU(2), and 7% =Y. If
all three indices a, b, and ¢ are equal to 4, we recover the U(1)y anomaly
discussed above, i.e. A% = 2A. If one index belongs to {1,2,3} and the
other two are equal to 4, the tracelessness of the SU(2);, generators leads
to a vanishing anomaly. Similarly, if all three indices belong to {1,2, 3}, the
Pauli matrix identity,

Tr [(0%0" + 0%0%)0°] = 26, Tro® =0, (5.6.4)

again leads to a vanishing anomaly. However, if two indices belong to
{1,2,3} while the third one, say ¢, is equal to 4, the anomaly takes the
form

1
Aab4 — TrL Z(Jaab + O'bo'a)Y = 5abTrLY . (565)

Here, we have used the fact that in the Standard Model the left-handed
fermions are SU(2);, doublets (i.e. T® = 10“), while the right-handed
fermions are SU(2)y, singlets (i.e. 7* = 0). In the lepton sector, the corre-

sponding anomaly is given by
AP = 6,42Y), = 0 # 0, (5.6.6)
which thus gives rise to another inconsistency.

In addition to the triangle anomalies there is a “global gauge anomaly”
in the SU(2), gauge interactions, which was discovered by Edward Wit-
ten [?]. It should be stressed that here “global” does not refer to a global
symmetry. Instead it refers to the global topological properties of SU(2)y,
gauge transformation. Two gauge transformations are considered topologi-
cally equivalent if they can be deformed continuously into one another. The
corresponding equivalence classes are known as homotopy groups.® In four
space-time dimensions the homotopy group of SU(2);, gauge transforma-
tions is

I, [SU(2)] = I1,[S?] = Z(2) , (5.6.7)

SHomotopy groups are discussed in some detail in Appendix ??7.
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i.e. these gauge transformations fall into two distinct topological classes.
The topologically trivial class contains all gauge transformations that can
be continuously deformed into the gauge transformation L(x) = 1. The
topologically non-trivial class contains all other gauge transformations. As
Edward Witten first realized, the fermionic measure of each doublet in an
SU(2), gauge theory changes sign under topologically non-trivial SU(2)L
gauge transformations. Hence, in order to be gauge invariant, the theory
must contain an even number of doublets. Since the lepton sector of the
first generation of the Standard Model contains a single SU(2);, doublet
(consisting of the left-handed electron and neutrino), it suffers from Witten’s
global gauge anomaly. In order to cancel this anomaly, we must add an
odd number of SU(2)1, doublets. Since it is associated with “large” gauge
transformations, which are not located in the neighborhood of the identity,
the global gauge anomaly manifests itself only beyond perturbation theory.
In particular, it is not visible in perturbative triangle diagrams.

5.7 Up and Down Quarks

In the first fermion generation there are also the up and down quarks which
will come to our rescue and cancel both, the triangle anomalies and the
global gauge anomaly. The quarks are massive and thus require the in-
troduction of left- and right-handed fields.” In addition to the electroweak
interaction, the quarks participate in the strong interactions and thus they
carry an SU(N.) color charge. The color index on a quark field then takes
values ¢ € {1,2,..., N.}. In the real world the number of colors is N. = 3.
However, as we will see, a consistent variant of the Standard Model can be
formulated with any odd number of colors. There are some misconceptions
about this issue in most of the textbook literature. In order to illuminate
this point, we keep N, general in this and some other chapters. The left-
handed up and down quark fields (with color index ¢ € {1,2,..., N.}) then

"For some time there was a controversy whether the up quark mass might vanish.
However, this turned out to be inconsistent with experiment. Still, even if some quarks
were massless, one would need to introduce both, left- and right-handed quark fields, in
order to achieve anomaly cancellation.
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form N, different SU(2);, doublets

i@ = () o =-@@.de) . 6

or equivalently two SU(N,) color N.-plets. The right-handed quarks u§ and
dg, form again two SU(N.) color N.-plets, but they are SU(2), singlets.
Since we have added N, left-handed SU(2), quark doublets, in order to
cancel the global gauge anomaly of the lepton sector, the number of colors
N, must be odd in the Standard Model.® In complete analogy to the lepton
sector, in the quark sector the generators TP and T3 take the values

1
TEUL_é ? TLgdL:__ ) TSUR:O’ TL3dR:O7
1 1
Tl%uL =0, ngL =0, TSUR DR TédR =3 (5.7.2)

Using an Einstein summation convention for the color index ¢, the La-
grangian for free massless quarks,

Lo(u,u, d,d) = Ut v,0,ur, + Ug v, 0, ug + Ji'y,ﬁudi + cffﬂ,ﬁudﬁ , (5.7.3)

has a global U(1)p symmetry which acts by multiplying all quark fields by
the same phase

up/(z) = exp(ip/NeJug,(x) , i/ (z) =ty («) exp(—ip/Ne) ,
ug(z) = exp(ip/Neug () ,  ug'(x) = ug(z) exp(—ip/Ne) |
di/(x) = exp(ip/Ne)di,(z) ,  di(z) = di(x) exp(—ip/Ne) ,

di/(z) = exp(ip/Ne)dq(z) . di/(z) = diy(z) exp(—ip/Nc) .(5.7.4)

Analogous to lepton number, the corresponding conserved charge is the
quark number, or equivalently the baryon number B. Each baryon contains
N, confined quarks, and hence the baryon number of a quark is B = 1/NV..

We still need to assign weak hypercharges to the quark fields. SU(2)y,
gauge invariance requires that the left-handed up and down quarks carry

8Here we assume that the anomalies are cancelled within a single generation of
fermions. If the number of generations would be even, the global gauge anomaly would
also cancel for even N.. However, since baryons (which consist of N. quarks) would then
be bosons, the resulting physics would be drastically different from the real world.
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the same charge Y, . On the other hand, since the right-handed quarks are
SU(2)y, singlets, up and down may then carry different hypercharges Y,
and Y,,. The U(1)y gauge transformations then act as

ui/(x) = exp(iYy,g'o())us (), uf/(x) = () exp(=iY, g'p()) |
ug/(z) = exp(iYug'p(x))ug (), aR/(2) = ag(2) exp(—iYu,g'¢(2)) |
di'(x) = exp(iYy, g'¢(x))di (x) ,  di(x) = di (z) exp(—iYy g o (2)) ,
dg' () = exp(iYap g'p(2))dp(v) . dg/(2) = di(2) exp(—iYy,g'o(2))5.7.5)

Under SU(2);, gauge transformations the quark fields transform as

i@ () ) - x( ) L) (@)

()
¢/ (x) = (ug/(z), di'(:v)) (@i (2), di,(2)) L(z)" = i () L(2)"
(z) , dg'(x)

ug (v R (
ug/(z) = ug(v) , dg'(z)

dg () ,
& (z) . (5.7.6)

Before the quarks are coupled to the gluons, they do not yet participate
in the strong interaction. The gluons are then still strongly interacting
among each other, and are confined inside glueballs, but they decouple
from the other fields.” Without quark-gluon couplings, the quarks are not
confined inside hadrons but represent physical states. Such a world may
be considered a theorist’s paradise, because the physics would be mostly
perturbative and thus analytically calculable.

We will now switch on the quark-gluon coupling. While the real world,
in which quarks are confined, is much more interesting than the theorist’s
paradise, it will also turn out to be much more difficult to understand.
In particular, since strong non-perturbative effects then dominate at low
energies, perturbation theory breaks down, and quantitative results can
often be obtained only by means of numerical Monte Carlo calculations.
Suppressing color indices, under gauge transformations Q(z) € SU(NV,) the
quark fields transform as

dh(2) = Q) (@) . (@) = @(0)0)
() = Qa)un(a) , Th(e) = (D))’
dp(2) = Qx)dr (@) , dy(z) = dr(@)Qx) (5.7.7)

91n the absence of quark-gluon couplings, only gravity would establish communication
between gluons and the rest of the world.
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i.e. the quark fields ¢ transform in the fundamental {/V.} representation
of SU(N,), while the anti-quarks ¢ transform in the anti-fundamental { N}
representation. Making the color indices ¢ explicit, for the left-handed quark
doublet the covariant derivative takes the form

. Vi . a o
Dyt (o) = | (044 WigBu(o) + W2 (0) G

a

: a )\gc/ c
) 500/ +1gsGu 2 :| ar, (Z') :
(5.7.8)
Here \* with a € {1,2,...,N? — 1} are the generators of SU(N,) (the
eight Gell-Mann matrices for N, = 3 displayed in Appendix ?7?7). Using
W(z) =igWi(x)o®/2 and G, () = ig:Gj,(v)A?/2 one can also write
Dyuqr(z) = [0, + 1Y, ' Bu(z) + Wa(2) + Gu(@)] qu(z) - (5.7.9)

For the right-handed quark singlets the covariant derivatives are given by

. / : a Agc’ o
Dyt (o) = (@ + Yo' Bl s + 0G50 5 )

: ! : a )\cc’ c
D, dg(x) = [(GM + 1Y 9" Bu()) b +19:GY () } dg (z) (5.7.10)

2
or alternatively, suppressing the color indices,

Dyug(x) = [0y +1Yurg'Bu() + Gpu(@)] ur (@) |
D, dg(x) = [0, +1Ya,¢'Bu(z) + G, (x)] dr(x) . (5.7.11)

The Lagrangian describing the propagation of the quarks as well as their
interactions with the U(1)y, SU(2)r, and SU(N.) gauge fields then takes
the form

L(u,u,d,d, B, W,.,G,) = qv.Duq+ trvy,Dyur + JR'yuDudR
_ = ur,(x _ -
= (ULadL)%LDu ( diga:; > + urY Dyur + dryu Dydr -
(5.7.12)

5.8 Anomaly Cancellation

In complete analogy to the leptons, the quarks also contribute to the various
triangle anomalies. First of all, the quark triangle diagram with external
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U(1)y bosons attached to all three vertices contributes
4
AN, (2v3 — Y3 Y3 (5.5.1)

For the same reasons as in the lepton sector, the triangle diagrams with
one or three external SU(2);, gauge bosons vanish. The diagram with two
external SU(2)y, and one external U(1)y boson, on the other hand, is non-
zero and contributes

A = 02Ny, abe {1,2,3} . (5.8.2)

L

In order to cancel the triangle anomalies in the lepton sector we now demand

1
abd abd __ _
A+ A —O:>YqL—2—NC,
3 1 3
444 444 3 3 3 3 3 _
A7+ A, _O:>2YQL_Y“R_YCIR__4NC :>Y“R+Yd“_4_]\7§+4]vc'
(5.8.3)

Since the quarks also couple to the gluons, there are additional triangle
anomalies which are absent in the lepton sector. In particular, the range of
the indices a,b, ¢ now extends from 1, 2, 3 for SU(2)y, and 4 for U(1)y to
a—4,b—4,c—4 € {1,2,...,N2—1}. Since there is the same number of left-
and right-handed color N.-plets, the pure QCD part of the Standard Model
is a non-chiral vector-like theory, in which the corresponding pure SU(N,)
anomaly cancels trivially. As a consequence, the triangle diagram with three
external gluons vanishes. Triangle diagrams with a single external gluon
vanish due to the tracelessness of \*, while those with two external gluons
and one external SU(2);, gauge boson vanish due to the tracelessness of
o®. The triangle diagram with two external gluons and one external U(1)y
boson, on the other hand, is proportional to

AZM =0 Ne(2Yy, — Y, — Yar), a—4,b—4€{1,2,...,N.} . (5.84)

The cancellation of this anomaly, which does not receive a contribution from
the lepton sector, thus requires

Yo + Yy, =2V, = (5.8.5)

1
N,
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Combined with Eq. (5.8.3) this relation implies

1 1/ 1 171
Y, =— , Y==|—+1) , Y. ==|—-1]|, 5.8.6
AT AT 2(./\chr ) I Q(NC ) (5.8.6)
1.e. anomaly cancellation completely fixes the weak hypercharges of the

quarks. Interestingly, the resulting values are related to the generator T3
and the baryon number B = 1/N, by

1
Y =Tp + 5B (5.8.7)

In the real world with N, = 3 the baryon number of a quark is B = 1/3
and the weak hypercharges are then given by

1 2 1
}/;JL - 6 5 YuR - g 5 YdR - —g . (588)

It is often argued that in the Standard Model the number of colors must
be exactly N. = 3 in order to achieve anomaly cancellation. In contrast
to this claim, we have just seen that the Standard Model would indeed be
consistent for any odd number N.. cite Rudas, Abbas, Baer, Wiese. As
we will discuss in Chapter 777, there is sufficient experimental evidence to
single out N, = 3. However, we would like to point out that the reasons for
this are more subtle than it is often assumed. In particular, N, = 3 does
not follow from the requirement of mathematical consistency (i.e. anomaly
cancellation) of the Standard Model.

5.9 Electric Charges of Quarks and Baryons

In complete analogy to the lepton sector, one identifies the electric charge

of the quarks as

1
Q:TE’+Y:TS+T§+§B. (5.9.1)

For the left-handed up and down quark this equation takes the form

! ! +1
N. ’

1
QUL:TLguL+Y¢]L:_+ -
1 1 1/1
QdL - TI?jdL + Y;IL = —=+ = 5 FC — ].) . (592)

1
2 "2N, 2
2 " 2N,
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For the right-handed quark fields one finds the same values of the electric
charges,

1 /1
QUR_TL:&uR_FYUR_O_'—ﬁ(FC"Fl) )
3 1/ 1
Qar = Trgy +Ya, =0+ AV ). (5.9.3)

In the real world with N. = 3 the electric charges of the quarks are thus

given by
= 2 = 1 5.9.4)
Qu 3 3 Qd 3 . ( -
Since quarks have lepton number L = 0 and leptons have baryon number
B = 0, the electric charges of the fermionic matter fields in the Standard

Model are given by

1
Q:T5+Y:T§+T§+§(B—L). (5.9.5)

As we will see in Section 8.9, the difference between baryon and lepton
number, B — L, generates an exact global symmetry of the Standard Model,
while B and L individually are explicitly broken by anomalies. Once we will
introduce Majorana mass terms for the neutrinos, also B — L conservation
will be explicitly broken.

As we will discuss in Chapter 12, just like gluons, quarks are confined
inside hadrons. Hadrons containing N. more quarks than anti-quarks are
known as baryons (with baryon number B = 1). The most important
baryons in the real world are the proton and the neutron, each containing
three quarks, as well as a fluctuating number of quark—anti-quark pairs and
gluons. In a constituent quark picture, the proton consists of two up quarks
and one down quark, while the neutron contains one up quark and two down
quarks. Indeed, the resulting electric charges,

2 1

=20, =2-—-—=-=1,
Qp=2Qu+Qu=2; -
2 1

are the familiar ones of proton and neutron, which are integer multiples
of the charge —e of an electron. Despite numerous experimental studies,
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including Milikan-type experiments, fundamental fractional electric charges
have never been observed in Nature.!* This is a consequence of quark
confinement combined with anomaly cancellation.

In a hypothetical, but mathematically fully consistent world with an ar-
bitrary odd number of colors N., there would still be protons and neutrons.
However, as we will discuss in more detail in Chapter 12, a proton would
then contain (N. + 1)/2 up quarks and (N, — 1)/2 down quarks, while a
neutron would contain (N, — 1)/2 up quarks and (N, + 1)/2 down quarks.
Hence, just as in the real world, we would still obtain

N, +1 N, —1 N,+1/1 N,—1/1
0 =2t o, M lg, - (—+1)+ (--1)

2 2 4 N. 4 N,
N.—1 Ne+1,. N.—-1/1 N.+1/1
Qn = 5 Q.+ 5 Qa = 1 (ﬁchl)Jr 1 <Fc 1)

Consequently, confinement combined with anomaly cancellation is responsi-
ble for charge quantization in integer units even for an arbitrary odd number
N. of colors.!!

5.10 Anomaly Matching

Gerard 't Hooft has argued that anomaly cancellation should take place
even if one considers only the low-energy limit of a given theory. Anomalies
must therefore be cancelled properly also in a low-energy effective theory
for the Standard Model. This anomaly matching condition puts non-trivial
constraints on the possible dynamics of such effective theories. For example,
at low energies quarks are confined inside protons and neutrons, also known
as nucleons, and so the anomalies should also cancel between leptons and
nucleons. To convince ourselves that this is indeed the case, let us reconsider

OFractional charges carried by Laughlin quasi-particles emerge as a collective phe-
nomenon in the condensed matter physics of the fractional quantum Hall effect.

1When the number of fermion generations were even, N, could as well be even. In
that case, baryons would be bosons with half-integer electric charges. This would change
the physics drastically.
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the first generation now expressed in terms of nucleon (rather than quark)
degrees of freedom,

1%
(;)’GR’ (ii),pR,nR. (5.10.1)

Indeed, the global gauge anomaly is still cancelled because the left-handed
nucleons form one SU(2);, doublet. The weak hypercharge assignments for

the nucleons are )
Y =2,Y,=1.,Y

L 27 nR

Here the index N refers to nucleons. The electric charges of the left-handed
nucleons then result as

0. (5.10.2)

QPL:TS[)L+YNL: :]-7

1
2

1

QnL = TSnL + YNL = _5 +-=0. (5103)

1
2
Similarly, for the right-handed proton and neutron we obtain the same
values

QpR :TSPR+Y;3R =0+1,
Qi = Ty + Yor =0+0. (5.10.4)

The corresponding contributions to the SU(2);, x U(1)y triangle anoma-
lies in the nucleon sector are then given by

1\?* 3

ALY = 532V N, = b (5.10.5)
which again cancels the anomalies A7 and A of the leptons.

In view of our analysis for a general odd number N., this nucleon con-
sideration corresponds exactly to the case N, = 1, provided we identify the
proton with the up “quark” and the neutron with the down “quark”. In
this respect, the discussion of a possible generalization is not just academic.
In fact, as early as 1949 Jack Steinberger was first to calculate a triangle
diagram with nucleons propagating around the loop. It is sometimes stated
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that he accidentally got the right answer although he neglected the quark
content of protons and neutrons, and thus the color factor N.. Of course,
in 1949 Steinberger did not know about quarks or color, but he was still
using a consistent low-energy description of our world. Indeed, thanks to
anomaly matching, Steinberger’s result is the correct answer irrespective of
the value of N..

5.11 Right-handed Neutrinos

The minimal version of the Standard Model, which we have presented until
now, does not contain right-handed neutrino fields. If one insists on pertur-
bative renormalizability, the absence of right-handed neutrino fields implies
that neutrinos are massless, which may thus be viewed as a prediction of the
Standard Model. However, since the observation of neutrino oscillations in
1998, it is known that (at least some) neutrinos must have mass.'> One may
then conclude that the minimal Standard Model is indeed in conflict with
experiment and must thus be extended. One may do this in two alterna-
tive ways. First, one may view the Standard Model as an effective theory,
formulated only in terms of the relevant low-energy degrees of freedom.
The leading terms in the effective Lagrangian are indeed the renormalizable
interactions that we have considered until now. However, in an effective the-
ory framework there are additional higher-order corrections to the effective
Lagrangian which need not be renormalizable. As we will discuss in more
detail in Chapter 9, one can indeed construct non-renormalizable neutrino
mass terms by using just the left-handed neutrino fields introduced until
NOw.

An alternative way to proceed, which reflects a drastically different point
of view, is to assume that the Standard Model is an integral part of a renor-
malizable theory with a larger field content that extends to much higher
energies beyond the TeV range. This approach is pursued, for example, in
the framework of grand unified theories (GUT), which will be discussed in
detail in Chapter 18. If one insists on perturbative renormalizability, the in-
corporation of neutrino mass terms requires the introduction of right-handed

12The values of the neutrino masses are presently not known experimentally. Neutrino
oscillations only imply non-zero neutrino mass differences.
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neutrino fields vg and vg. As we will now discuss, the Standard Model can
be extended by right-handed neutrinos in a straightforward manner.

Right-handed neutrinos are leptons (with lepton number L = 1), i.e.
under global U(1), transformations they transform as

vg(z) = exp(ix)vr(z) , vg(z) = vr(z) exp(—ix) . (5.11.1)

Just like right-handed electrons, right-handed neutrinos are both SU(N.)
color and SU(2)y, singlets, and one has

1

=0, T3, ==. (5.11.2)

3
T RI/R 2

Ll/R

Using Y =T — L/2 and Q =T + Y, we then obtain

Yo =T — % =0, Qu=T7,+Y,=0. (5.11.3)
This implies that the right-handed neutrino is neutral, not only electri-
cally, but under all gauge interaction in the Standard Model. Consequently,
right-handed neutrinos are “sterile”, i.e. they do not participate in the elec-
tromagnetic, weak, or strong interaction. Since right-handed neutrinos do
not couple to the gauge fields of the Standard Model, they do not contribute
to the gauge anomalies. Hence, these anomalies remain properly cancelled.

As we will see in Chapter 9, left- and right-handed neutrino fields can
be combined in a Yukawa coupling term to the Higgs field. When the
Higgs field picks up a vacuum expectation value v, this term gives rise to
a non-zero neutrino mass proportional to v. We will also see that right-
handed neutrino fields alone can be used to form additional Majorana mass
terms, which are not tied to the electroweak symmetry breaking scale v. In
fact, besides v, the Majorana mass M will appear as a second dimensionful
parameter in this extended Standard Model.

5.12 Lepton and Baryon Number Anomalies

As we discussed before, the lepton-gauge field Lagrangian L(7, v, e, e, Wy, B,
of Eq. (5.3.13) as well as the quark-gauge field Lagrangian £(u,u, d,d, G
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of Eq. (5.7.12) are invariant against global U(1), lepton number and U(1)p
baryon number transformations. Hence, at the classical level, lepton and
baryon number are conserved quantities. As we discussed in the Preface,
usually global symmetries are only approximate, while exact symmetries
are local. Would it be possible to gauge the U(1), and U(1)p symmetries
in the Standard Model? As we will see, this is not possible, because both
symmetries are explicitly broken by anomalies, and are thus indeed only
approximate. Still, we will find that the combination B — L is conserved
exactly.

Let us imagine that there is a hypothetical U(1); gauge boson that
couples to lepton number. Such a particle would mediate a fifth force, be-
yond gravity, electromagnetism, as well as the weak and strong interactions.
There is no experimental evidence for such a force, and we will now see that
gauging U(1), is, in fact, impossible in the Standard Model because this
symmetry suffers from triangle anomalies. After the introduction of right-
handed neutrinos, U(1), is a vector-like symmetry, i.e. both left- and right-
handed leptons carry the same lepton number L = 1. As a consequence, the
pure U(1)y, triangle anomaly with three external hypothetical U(1), gauge
boson vanishes trivially. Still, there may be mixed anomalies. First of all,
triangle diagrams containing external gluons vanish because leptons do not
participate in the strong interaction. Triangle diagrams with two external
U(1); and one external SU(2);, gauge boson vanish due the tracelessness
of 0. The mixed anomaly with two U(1); and one U(1)y gauge boson is
proportional to

AML _ 9 [TILL2Y — TrRL2Y} =22, — Y, — Yo

- 9 {2 <—%> —0— (—1)} =0, (5.12.1)

and thus vanishes. We still need to consider the triangle diagrams with
just one external hypothetical U(1); gauge boson. The diagram with two
external U(1)y gauge bosons contributes

A44L = 9 [TrLYQL — TI'RYQL] =2 [QYEE - YV2R - Y€2R]

2 (—1>2 — 0% - (—1)2] =—-1+#£0, (5.12.2)

and thus leads to an inconsistency when the U(1), lepton number symmetry
is gauged. The diagram with one external U(1)y and one external SU(2)L,
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gauge boson vanishes due to the tracelessness of ¢®. On the other hand,
the triangle diagram with two external SU(2);, gauge bosons (with a,b €
{1,2,3}) contributes

A®E = Tr, [(TT" + T°T*)L] — Trg [(T°T° + T°T*)L]

1
= Trg Z(aaa" +0%0)L| = 0 TrL = 200, # 0, (5.12.3)

and thus gives rise to another anomaly.

Let us now investigate potential anomalies in the U(1)p baryon number
symmetry. In that case, only quarks propagate around the triangle dia-
grams. In complete analogy to the lepton case, one may convince oneself
that the only non-vanishing anomalies are

1
A44B = 9 [TrLY2B — TI'RYZB] = 2Nc [23/(134 — Yu2R - }/CIZR} ﬁ
o 2NC 4 Nc 4 NC -

A®P = Ty [(T°T°+T*T*)B] — Trg [(T*T" + T"T*) B]

1 1
= Ty {Z(U‘lab + abJ“)B] = O I, B = 2NC5abﬁ = 204 #(3.12.4)

Remarkably, for any number of colors,
AMB — ML - fabB — pobL g h e {1,2,3) (5.12.5)

such that the anomalies cancel in the combination B— L. Hence, although B
and L are individually broken at the quantum level, the difference between
baryon and lepton number is an exactly conserved quantum number in the
gauge interactions of the Standard Model. This raises the question why
the corresponding U(1)p_; symmetry is not gauged. Indeed, there are
GUT extensions of the Standard Model with an SO(10) gauge group which
contains the U(1)p_r subgroup as a local symmetry. Alternatively, when
U(1)p_p remains a global symmetry, Majorana mass terms involving the
right-handed neutrino field vg explicitly break L even at the classical level,
and thus turn U(1)p_, into an approximate symmetry. Similarly, if one
views the Standard Model as a low-energy effective theory, U(1)p_p is an
accidental global symmetry which will be violated by non-renormalizable
higher-order corrections to the Lagrangian.
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5.13 An Anomaly-Free Technicolor Model

This section addresses physics beyond the Standard Model and can be
skipped at a first reading.

Why is the electroweak scale v = 246 GeV so much smaller than the
Planck scale Mpianex ~ 101%GeV? This is the hierarchy problem that we
have discussed in Section 5.6. A possible solution of this problem is based on

the idea of “techni-color” — a hypothetical gauge interaction even stronger
than the strong force — which confines new fundamental fermions — the
so-called “techni-quarks” — to form the Higgs particle as a composite ob-

ject. This is analogous to the binding of electrons that form Cooper pairs in
a superconductor. In that case, the condensation of Cooper pairs leads to
the spontaneous breaking of U(1)ey,. Similarly, in techni-color models the
condensation of techni-quark-techni-anti-quark pairs leads to the sponta-
neous breaking of SU(2), x U(1)y down to U(1)en. Thanks to the property
of asymptotic freedom, which techni-color models share with QCD), one can
explain the large hierarchy between v and Mpjaq in a natural manner,
1.e. without fine-tuning any parameters. In fact, techni-color models mimic
the dynamics of QCD at the electroweak scale. Since we will discuss the
QCD dynamics only in Chapter 11 and 12, we will postpone the discussion
of the techni-color dynamics until Chapter 14. However, in this section
we already introduce the basic ingredients of a minimal techni-color exten-
sion of the Standard Model, and we show that the extended model is still
anomaly-free. It should be mentioned that, at present, there is no exper-
imental evidence supporting the idea of techni-color models. Instead, in
these models there are severe problems due to flavor-changing neutral cur-
rents. Hence, it remains to seen whether techni-color is the right way to go
beyond the Standard Model.

Let us construct a concrete techni-color model, in particular, to show
explicitly that such constructions are at all possible. In addition to the
Standard Model fermions, we want to add a techni-up and a techni-down
quark U and D whose left-handed components form an SU(2);, doublet
and whose right-handed components are SU(2)y, singlets. The techni-color
gauge group is chosen to be SU(N;) and both the left- and the right-handed
techni-quarks transform in the fundamental representation of SU(N). All
the Standard Model fermions are assumed to be techni-color singlets. We
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will not introduce any techni-leptons. Hence, anomaly cancellation works
differently than in the Standard Model. For simplicity, we choose the techni-
quarks to be SU(N.) color singlets. However, they are still confined by
techni-color interactions. Let us denote the U(1)y quantum numbers of the
techni-quarks by Yy, , Yu,,, and Yp,. These parameters will be determined
by anomaly cancellation conditions.

The gauge group of our techni-color model is given by SU(N;)x SU(N.) X
SU(2)r, x U(1)y. Let us now demand anomaly cancellation. Since, like
SU(N.) color, the techni-color gauge group SU(N;) is a vector-like symme-
try, the triangle diagram with three external techni-gauge bosons automat-
ically vanishes. Triangle diagrams with external techni-gauge bosons and
external gluons only also vanish. Triangle diagrams with only one external
techni-gauge boson vanish because the generators of SU(N;) are traceless.
The triangle diagram with two techni-gauge bosons and one SU(2);, bo-
son vanishes due to the tracelessness of 0. The triangle diagram with two
external techni-gauge bosons and one external U(1)y boson vanishes only
if

2Yy, =Yy, + Yo, - (5.13.1)

The techni-quarks also contribute to the anomalies of the Standard Model
gauge symmetries. For example, the triangle diagram with two SU(2)y,
bosons and one U(1)y boson still vanishes only if

Yo, =0, (5.13.2)
while the diagram with three external U(1)y bosons vanishes only if
25 =Y3 +Yj5. . (5.13.3)
Anomaly cancellation hence implies
Yoo=0, Yy, +Yp, =0. (5.13.4)

We still want to be able to couple our new theory to gravity, which is possible
only if we cancel the gravitational anomaly. This again requires

2y, = Yy, + Yp, , (5.13.5)

which is hence already satisfied.
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In order to reproduce the physics of the Standard Model, we must main-
tain U(l)em as an unbroken gauge symmetry. This requires the electric
charges of the left- and right-handed techni-quarks to be equal.'® Since we
have Q = T{ + Y, we obtain

1 1
QUL = 5 ) QDL = _5 ) QUR = YUR ’ QDR = YDR : (5136)

Hence, in order to have equal charges for left- and right-handed techni-

quarks we demand

1
Yo = Yo, = 3 - (5.13.7)

In order to also cancel Witten’s global gauge anomaly, the total num-
ber of SU(2);, doublets must be even and hence N; must also be even.
The naive simplest choice Ny = 2 is not analogous to QCD. Due to the
pseudo-real nature of SU(2), techni-quarks and techni-anti-quarks would
then be indistinguishable and the chiral symmetry would be Sp(4) instead
of SU(2);, x SU(2)r. The actual simplest choice therefore is Ny = 4. The
gauge symmetry of the Standard Model extended by our simple version of
techni-color then is SU(4); x SU(3). x SU(2)p, x U(1)y.

13 As we will discuss in Chapter 14, if the left- and right-handed techni-quarks have the
same electric charges, the breaking of the techni-chiral SU(2), x SU(2)g symmetry leaves
U(1)em intact. Otherwise, the techni-chiral condensate (U, Ur +ULUg + Dy, Dr + D1, DR)
would carry an electric charge and would turn the vacuum into a superconductor.
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Chapter 6

Fermion Masses

At this point, we have introduced all fields in the Standard Model with one
generation of fermions. Gauge invariance and anomaly cancellation have
led to severe limitations on the terms that can enter the Lagrangian. Alto-
gether, until now, we have introduced five adjustable fundamental parame-
ters: only one dimensionful parameter — the vacuum expectation value v of
the Higgs field — as well as the dimensionless Higgs self-coupling A and the
three dimensionless gauge couplings g, ¢’ (or alternatively e and 6y ), and
gs- In addition, we have made several choices for the fermion representa-
tions. For example, in the way we have presented the Standard Model, one
may consider the number of colors N, another (integer-valued) parameter
to be determined by experiment. In any case, the number of parameters is
still moderate at this stage.

Usually, it is emphasized that the Standard Model describes the elec-
tromagnetic, weak, and strong interactions, and that there are thus four
fundamental forces, including gravity. In this chapter, we will see that
the Standard Model also contains so-called Yukawa interactions between
the Higgs field and the fermions, whose strengths are controlled by a large
number of additional adjustable parameters. When the Higgs field picks
up its vacuum expectation value v, the Yukawa interactions lead to fermion
masses as well as to mixing between different fermion generations. Since
they are not mediated by gauge fields, the Yukawa interactions are not
very restricted and thus lead to a proliferation of adjustable parameters in

123
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the Standard Model. Even with only one generation of fermions, we will
now have the Dirac masses of the up and down quarks, and of the electron
and the neutrino, as well as an additional Majorana mass for the neutrino.
In the next chapter, we will add two more fermion generations which will
increase the number of parameters much further. While it is possible to de-
termine the values of the Standard Model parameters by comparison with
experiment, their theoretical understanding is a very challenging unsolved
problem beyond the Standard Model.

One may expect that the large hadron collider (LHC) at CERN will
shed light on the Higgs phenomenon and thus on the dynamical mechanism
responsible for electroweak symmetry breaking. It is possible that an ex-
tended version of the Standard Model will replace the fundamental Higgs
field and the many parameters associated with its Yukawa interactions by
a more fundamental and more constrained dynamics, perhaps driven by yet
unknown gauge forces. However, other ideas beyond the Standard Model,
e.g. those relying on supersymmetry — a symmetry that pairs fermions
with bosons — could still increase the number of adjustable parameters
even further.

6.1 Electron and Down Quark Masses

So far we have not introduced any mass terms for the fermions. An electron
mass term would have the form m.[ére; + érer|. As we mentioned before,
since left- and right-handed fermions transform differently under SU(2)y,
and U(1)y gauge transformations, this term violates the chiral gauge sym-
metry and is thus forbidden. We remember that we encountered a similar
situation before for the weak gauge bosons: we know experimentally that
they are massive, but explicit mass terms for them are forbidden by gauge
invariance. The way out was the Higgs mechanism. By picking up a vac-
uum expectation value, the Higgs field ® gave mass to the gauge bosons
via spontaneous symmetry breaking. Similarly, ® can also give mass to
fermions. Let us write down a Yukawa interaction term with the Yukawa
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coupling f.*!

€L
= fo lL@er + f er®'ly, . (6.1.1)

+
E(Da v, é>€a (I)) = fe (DLaéL) ( (2)0 )€R+f; éR((I)+*>CDO*) ( L )

The second term is multiplied by f, in order to ensure Hermiticity of the
corresponding Hamiltonian.? The above Lagrangian is SU(2);, gauge in-
variant because both the left-handed leptons and the Higgs are SU(2)y,
doublets, while the right-handed electron is an SU(2)y, singlet. Moreover,
the Lagrangian is also U(1)y invariant. To see this, we sum up the hyper-
charges of the fields in the first term in Eq. (6.1.1),

1 1

Since the hypercharges add up to zero, the corresponding U(1)y gauge
transformations exp(iY ¢(x)) cancel each other, and the term is thus U(1)y
gauge invariant. In the second term, the signs of all hypercharges are flipped,
and hence its total hypercharge vanishes as well.)

Since charge conjugation as well as parity turn left- into right-handed
neutrinos, and since there are no right-handed neutrino fields in the La-
grangian of Eq. (6.1.1), it is clear that it explicitly breaks P and C. Let us
now perform a combined CP transformation in the corresponding action,
i.€.

S[CPTL,C 1, P 2 CF ex,CF @]

= / d'z [—fe l(=%,24) "PTCT'®(—F, 24)* CPég(—T,xq)"

—fF er(—%,24) TPTCT ' ®(—Z, 24) "CPI(—7, x4)T}

:/d4:17 [fe er(—F, 24)®(—7, 24) L (—7, 24)

5L (T, 24)P(—T, x4)eR(—f,x4)} ) (6.1.3)

LGenerally, a Yukawa interaction term has the structure 1)¢), where ¢ is a scalar field
and 1) and v are fermion fields.

2Note that choosing a Yukawa coupling like f. to be complex does not yield any
problem for the convergence of the path integral. This is in contrast to the scalar self-
coupling A, which must be non-negative. The integrals [ DIy, Diy,Dég Der converge in
any case because they are Grassmannian.
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Hence, it seems that the action is CP-invariant only if the Yukawa coupling
fe is real. However, as we will now discuss, f. can always be made real
by a field redefinition. Let us assume that f. = |f|exp(if). One can then
redefine

er(z) = er(x) exp(if) , ex(z) = ér(x) exp(—if) , (6.1.4)

which absorbs the complex phase exp(if) into the right-handed electron
field. Expressed in terms of the redefined fields, the Lagrangian then con-
tains the real-valued Yukawa coupling |f.|. It is important to note that the
field redefinition leaves the gauge-fermion terms of the Lagrangian invari-
ant. As we will discuss in Chapter 777, such field redefinitions may have
subtle effects on the fermionic measure. In any case, from now on we may
assume that f. is real.

Inserting again the vacuum configuration of the Higgs field that we se-
lected before, we obtain

L(D,v,Eed) = f [(VL,€L> ( 2 ) er + er(0,v) ( v, )}

€L
= fevlerer + érer . (6.1.5)

Indeed, we have arrived at mass term for the electron with the mass given

by
(=], 610

while the neutrino remains massless. Via the Yukawa coupling f., we have
just introduced another free parameter into the theory which determines the
electron mass. The Standard Model itself does not make any predictions
about this parameter. If we want to understand the value of the electron
mass, we need to go beyond the Standard Model. In fact, at present nobody
understands why the electron has its particular mass of 0.511 MeV. As we
continue to add mass terms, the number of adjustable parameters in the
Standard Model will increase rapidly.

We see that the Standard Model contains more than just electroweak
and strong interactions. Every Yukawa coupling parameterises a funda-
mental force that is not often emphasised on the same level as the gauge
forces. There is reason to believe that the Yukawa couplings are not as
fundamental as the gauge interactions. For example, in a future theory
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beyond the Standard Model the Yukawa couplings may ultimately be re-
placed by some gauge force of a new kind. In this way, we would perhaps
gain predictive power and finally understand the value of the electron mass.
This underscores that the true origin of mass is not at all well understood.
The often celebrated Higgs mechanism leaves many fundamental questions
unanswered.

Since the down quark appears in the same position of an SU(2) doublet
as the electron, and since

1 1 1/1
—YqL+Y¢+YdR:W+§+§(F—1>:0, (6.1.7)

we can give the down quark a mass mg = fyv by adding a further term

+

C(a,u,d, d, @) = f, {(aL,JL) ( o )dR+JR@+*’(DO*) ( “ )}
1.8)

to the Standard Model Lagrangian. On the other hand, we cannot give
mass to the up quark in the same way, just as we did not obtain a massive
neutrino.?

6.2 Up Quark Mass

We could easily construct a mass term for the up quark if we had another

Higgs field B
®(r) = ( %)08 ) , (6.2.1)

which would be an SU(2)y, doublet that takes a vacuum value

B(z) = ( g) | (6.2.2)

3For some time, it was not clear whether the up quark might be massless, which is
by now excluded experimentally. However, even if we were ready to accept m, = 0
this wouldn’t really help. In the next chapter, we will add two generations of heavier
fermions, and the charm and top quarks — which take the position of the up quark in
the second and third generation — clearly have a non-zero mass.
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Then we could just add another Yukawa term
— 7 £ — 7 E)O — 0% —x% Uur,
L(u,u,d,d,®) = f, |(ur,dL) | = |ur+ur(d*, &)
P dy,
= Ju [q_LéUR + ER&)QL] : (6.2.3)

To render this term gauge invariant, the weak hypercharge of the field o
must obey

1 1/ 1 1
=Y, +Y;+Yy, = —2—M+Y§>+§ (ﬁc — 1) =0 = Y;= 5 (6.2.4)
At this point, we could just add a new Higgs field ® with the desired features.
In fact, as we have discuused in Section 5.9, this is exactly what Peccei and
Quinn have proposed in order to solve the strong CP problem, which we
will address in Chapter 17.

However, here we restrict ourselves to the Standard Model, which does
not proceed in this manner: in fact, there is more economic way to proceed
by “recycling” the Higgs field introduced previously. It may come as a
surprise that a field ® with the desired properties can be constructed directly
from the known Higgs field ® as

~ () — 0% (1)
@ pu— ~ pum . 6-2-5
While it is clear that this field indeed has Yz = —1/2, it may be less clear

that it also transforms as an SU(2)y doublet. To see this, it is useful to
return to the matrix form

(@) (@)
B (1) = ( () $(e) ) . (6.2.6)

As we have seen in Section 5.2, under SU(2);, gauge transformations L(x)
the matrix field transforms as ®'(z) = L(z)®(z). Since the field @ is
nothing but the first column vector of the matrix ®, it is clear that it
transforms indeed as an SU(2);, doublet. Using the matrix field ®, the
quark Yukawa coupling terms can be written as

L(u,u,d,d,®) = (aL,JL)cpf< ZR > + (g, dg) Fi ot < ZL ) . (6.2.7)
R L
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where the Yukawa couplings are contained in the diagonal matrix

F= ( J(? J?d ) . (6.2.8)

The above construction implies v = v and hence the up quark mass is given
by m, = f,v. Inserting the vacuum value of the Higgs field, the quark mass
matrix then results as

wear (DO (B O) (0 ) .

6.3 Massive Neutrinos

As we will discuss in more detail in Chapter 10, in 1998 oscillations between
different neutrino species were observed by the ... collaboration. This im-
plies that (at least some) neutrinos must be massive. Since the Standard
Model does not contain right-handed neutrino fields, one cannot even write
down a neutrino mass term, at least as long as one restricts oneself to
renormalizable interactions. As we have discussed in Section 5.7, already
due to its triviality, the Standard Model is at best a low-energy effective the-
ory, which cannot be valid at arbitrarily high energy scales. If one accepts
that the Standard Model is a low-energy effective theory, there is, however,
no good reason to exclude non-renormalizable interaction. Instead, those
should be added as higher-order corrections to the leading renormalizable
Standard Model interactions.

Once we have introduced a right-handed neutrino field, we can give
mass to the neutrino in the same way as we just gave mass to the up quark.
It has been argued that adding neutrino masses is already “beyond the
Standard Model”. While this is clearly a matter of semantics, we do not
adapt this point of view. First, it is an addition to the former version of the
Standard Model, which does not involve a conceptual extension. Second, in
some sense the Standard Model without right-handed neutrinos has always
looked unnatural, because with massless neutrinos it has an exact global
symmetry. As we have claimed already in Chapter 1, exact symmetries
should be locally realised, or alternatively, global symmetries should be
only approximate.
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There is an internal quantum number called lepton number L which tends
to be conserved in Nature. More precisely, it is the difference B — L which
would be conserved exactly, without the existence of right-handed neutrinos.
B is the baryon number, and the assignments of L and B are simple:

1 leptons 1/3 quarks
L=< -1 anti — leptons B=<¢ —-1/3 anti — quarks
0 all other particles 0 all other particles
(6.3.1)

With right-handed neutrinos present, one can construct a Majorana mass
term, which violates explicitly the conservation of L, and — since no quarks
are involved in that term — also of the difference B — L.

6.4 The Majorana mass term

Let us start with an addition to the discussion of the Dirac equation in Section 1.7.
If a fermion spinor obeys (i —e4 —m)¥ = 0 (where A, may represent any gauge
field), the spinor for the corresponding anti-fermion fulfils (i + e4 — m)¥,. = 0.
For a symmetric representation of 7° we relate the spinors as

U, = Cy'u* = 0ot | (6.4.1)
where the matrix C has to be chosen such that
AHOAY = —CHOyH* (6.4.2)

With this connection between the two spinors, the above Dirac equations for ¥
and V. are in fact equivalent. In both common representations, named after
Pauli-Dirac and Weyl, the matrix

(6.4.3)

is a solution to the condition (6.4.2).

A Majorana spinor can be constructed from the right-handed neutrino

as
vy = vg + ODf . (6.4.4)
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The charge conjugate of a Majorana neutrino is identical with itself,
Cvi, =Coh+vr=uvy, (6.4.5)

and hence it is its own anti-particle. This is possible only for a neutral
gauge singlet, i.e. a particle which is neutral with respect to all gauge fields.
The Majorana condition (6.4.5) also implies that the corresponding spinor
has only two degrees of freedom. * A Majorana mass term takes the form

,CM(I/R) = MDMVM (646)

and changes the lepton number L by two. It is automatically gauge in-
variant. This mass term does not require the inclusion of the Higgs field.
Consequently, the Majorana mass M is not tied to the electroweak scale v.
In fact, M is the second dimensional parameter that enters the Standard
Model once we introduce right-handed neutrino fields. °

A renormalisable Majorana mass term cannot be constructed from the
left-handed neutrino field because it would not be gauge invariant. However,
as described above, we can construct Dirac mass terms that couple left- and
right-handed neutrino fields through a Yukawa coupling to the Higgs field.
Altogether we can write a neutrino mass matrix of the form

v vt
(1, CT) ( fSU I ) ( CVRL ) | (6.4.7)

For M > f,v the eigenvalues of the mass matrix are

f2U2
M )

my~ M, my (6.4.8)

i.e. there is a large mass m; and a much smaller mass m,. ¢ When we discuss
Grand Unified Theories (GUT), we will see that the assumption f,v < M ~

4This is in contrast to the unconstrained Dirac spinor, which has 4 degrees of freedom,
describing a spin-1/2 particle and its independent anti-particle.

5Note that all other free parameters that we introduced in the Standard Model up to
now, such as the Yukawa couplings, the Higgs self-coupling A and the weak mixing angle
0., are in fact dimensionless. The vacuum Higgs value v — or equivalently the Higgs
mass — contributed the dimension for all the particle masses that we found.

6 Actually the sign of ms comes out negative, but this negative sign can be absorbed
by a phase transformation of the spinor field.



132 CHAPTER 6. FERMION MASSES

1019 GeV...10% GeV is in fact reasonable. Then ms naturally describes
light neutrinos. In GUT theories this is called the “seesaw mechanism”.
Seesaw (in German “Schaukel”) describes the process that one heavy mass (m;)
arranges for another mass (mg) to become very light. The latter then agrees with
observations, while the former is so heavy that it escapes observations.



Chapter 7

Three Generations of Quarks
and Leptons

Once we will add the two remaining generations, an interesting additional
effect emerges — the explicit breaking of CP invariance, i.e. the combined
charge conjugation and parity transformation.

7.1 The CKM Quark Mixing Matrix

Let us now add the remaining two generations of fermions. We first return
to the case of massless neutrinos. Then we don’t need to introduce fields
for the right-handed neutrinos. For the first generation we have

Ve )
(eLL>,eR; <d,§),u}%,d’R. (7.1.1)

Here we have modified the notation in two respects:

e The neutrino that we dealt with so far is now denoted as the electron-
neutrino v., so it can be distinguished from the further neutrinos that
we are about to add.

e We now write the weak interaction eigenstates for the up and down
quarks as «’ and d’ (so far we called them simply u and d). Once we
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add the other generations, v’ and d’ mix with the other quarks to form
the mass eigenstates u and d.

In the second generation, we have the muon p (as a heavier copy of the
electron) and its neutrino v, as well as charm and strange quarks (as the
heavier copies of up and down quarks). The lepton and quark multiplets of
the second generation then take the form

VuL ) 9 / /
wr, y MR 5 S/L » CRs SR - (712)

The charge assignments (@), Y and T3) are exactly the same as in the first
generation. The heavy fermions tend to decay into the light ones. The
heavier they are, the faster this happens, and it is more difficult to generate
such particles at all. Based on the concept of one generation, “strange”
effects were sometimes observed and related to the s quark, which was then
completed to a generation by the subsequent discovery of the ¢ quark.

Later on, yet an other generation was revealed step by step. In the third
generation we have the tauon 7, its neutrino v,, as well as top and bottom
(or truth and beauty) quarks

S TR (I A A (7.1.3)
T ) ) b/L > YRy YR

As a last ingredient, the top quark was found experimentally in the Teva-
tron proton-anti-proton collider at Fermilab (near Chicago) in 1995. Its
existence had been expected long before on theoretical grounds. The Stan-
dard Model only works if generations are complete, and the b quark had
been observed already in 1977. However, the Standard Model could not
predict the top mass, which was found around 180 GeV.

Let us be more precise now about the lepton number, which we in-
troduced before in eq. (6.3.1). Actually, each lepton carries a generation
specific lepton number, we call them L., L, and L,. For (anti-)fermions
this number is 1 (—1) in the corresponding generation, and zero otherwise.
Usually, even the generation specific lepton number is conserved. A typical
example is the decay

= e+ve+v,, (7.1.4)
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which sets in after a muon life time of 2.2 - 107% sec. The tauon is still
significantly heavier than the muon (m, ~ 1.8 GeV vs. m, ~ 106 MeV)
hence its life-time is much shorter (about 3-107'% sec). It can decay either
into € + v, + v, or into p+ v, + v, (where the muon will soon decay again),
or even into hadrons built from the first quark generation.

The conservation of the lepton number in each generation also restricts

the possible Z decays, in addition to charge conservation. Therefore, the
leptonic decay of the Z-boson can only lead to a lepton and its own anti-
lepton. The decay width of Z allows us to sum up the leptonic decay
channels, and thus to identify the number of generations. The result —
found in particular in LEP experiments at CERN — implies that there are
no further leptons beyond these three generations.
A conceivable objection is, however, a lepton generation which is so heavy
that the Z-boson cannot decay into any of its members. However, given
the sequence of masses found so far, this scenario seems unlikely; it would
require a new neutrino with mass m, > my/2 ~ 45.6 GeV.

Up, charm, and top quarks are indistinguishable from the point of view
of the electroweak and strong interactions. Therefore their mass eigenstates
can mix to build the states appearing in the gauge interaction terms. The
down, strange and bottom quarks can do the same. On the other hand, a
mixing between up and strange quarks, for example, is forbidden because
they sit in different positions of SU(2), doublets.

After spontaneous symmetry breaking, the most general quark mass term
— expressed in the gauge eigenstates — takes the form

! /

_ _ R - Ug
(dy, 5y, V)M | s |+ (ay, &, (MY | ] . (7.1.5)
Uk tr

The mass matrices MP and MY are (general) complex 3 x 3 matrices whose
elements are products of Yukawa couplings and the vacuum value v of the
Higgs field. A general complex matrix can be diagonalised by a bi-unitary
transformation

UPTMPUL = diag(mg, ms,my), UYTMUUY = diag(my, me, m;) , (7.1.6)

where the four matrices U £ r U g r are all unitary, and physics tells us that
quark masses m,,mgy, ..., m; are real and positive. These bi-unitary trans-
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formations relate the weak interaction eigenstates to the mass eigenstates

d; dr, d dr
st | = Uf) Sy, , sy | = Ug SR ,
T br R br
u'y uy, up UR
| =U7| , dp | =US | cr . (7.7
¢ tr t th

Let us now express the weak interaction currents in the basis of mass eigen-
states. The neutral quark current contains terms such as

Up YUy + Cryucy + Tty or _'Rfy“d;% + SpVusy + B’R%b’R )

When we rotate these terms into the basis of mass eigenstates, we can
simply drop the primes, because Ug*Ug =1, U};TUIQ = 1. Hence, the
neutral current interactions do not lead to changes among different quark
flavours: the Standard Model is free of flavour-changing neutral currents.
This is a characteristic of the Standard Model, which does not hold for
a number of different approaches to describe particle physics. Hence this
property has been verified to a high precision in numerous experiments.
The charged currents, on the other hand, take the form

dr,
J: = UpYudy + Vst + by = (U, cr, EL)'VMUJEJ]TUE SL
br
dr, B B ur
= (ﬂL, EL,tL)’}/MV ST, s ]; = (dL, §L, bL)’}/MVT Cr, . (718)
bL tL

Here we have introduced the Cabbibo-Kobayashi-Maskawa (CKM) quark
mizing malric
v=UlTUbcu(3). (7.1.9)

This matrix describes the extent of flavour-changing in the charged current
interactions of the Standard Model.

Let us count the number of physical parameters in the mixing matrix V'
for the case of N generations. We proceed in three steps:

e Since V is unitary, one would naively expect N? parameters.
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e However, one can change the matrices UY and UP by multiplying
them with diagonal unitary matrices — we call them DY and DP —
from the right,

uv=uvYpy ., uUP=uPDP. (7.1.10)

This still leaves the resulting mass matrices diagonal, and it turns the
matrix V' into
v =uluP = pUtvDP . (7.1.11)

Our requirement was the diagonalisation of the mass matrices; now
we see that this can be achieved in different ways. The corresponding
ambiguity should be subtracted from the set of physical parameters.
To be more explicit: the matrices DYV and DP have 2N parameters
(the complex phases on their diagonals), which should not be counted
as physical parameters in V. These phases are fixed by the condition
that the quark masses have to be real positive.

e However, an overall phase factor common to both, DY and D, would
not affect ¥V’ at all. This means that in the preceding step we wanted
to subtract one parameter, which does not actually exist. The correct
number of parameters to be subtracted is therefore 2N — 1.

Hence the proper counting of physical parameters in the CKM matrix is
N?>— (2N —1)= (N —-1)*. (7.1.12)
With a single generation there is no mixing and hence no free parameter.

With two generations there is one physical parameter. This situation
was assumed for some time, and the allowed quark mixing was described
by the so-called Cabbibo angle 0.

It is instructive to take a closer look at the case of N = 2 generations: a
general unitary 2 X 2 matrix can be written as

[ Ae"¥ Be' '\ |Aleie | Bleel?

where A and B are arbitrary complex numbers with phases a and [, and
|A|? + |B|*> = 1. (¢ is the phase of Det V, which generalises our former
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representation of SU(2) matrices.) We can now use the freedom to introduce
DY and DP in order to change any given V to

v — pitypp — ( osfo sinbo (7.1.14)
—sinfs  cosfc ’ o
Choosing
DY = diag(e'®™® e7) | DP = diag(e'®¥ 1) , (7.1.15)

one indeed turns the general U(2) matrix V' (which seems to have four
parameters) into the special form V' € SO(2), which only depends on the
Cabbibo angle. Experiments led to a Cabbibo angle of 6. ~ 13°. Since it is
non-zero, flavour-changing weak decays do occur, but their transition rate
is slowed down by the relatively modest mixing angle.

As we have seen, for a general number of generations N the number of
physical parameters in the matrix V is (N — 1)?. For N > 2 the matrix V’
will in general not belong to SO(N') (which has only N (/N —1)/2 parameters)
because
o, NWN-1) (N-1)(N-2)

= >0. (7.1.16)

(N —1) 5 5

For example, for the physical case of N = 3 generations, the CKM matrix
contains (N—1)(N—2)/2 = 1 complex phase, in addition to N(N—1)/2 =3
Cabbibo-type Euler angles. In the quark sector alone the Yukawa couplings
give rise to ten free parameters of the Standard Model — the six quark
masses, three mixing angles, and one complex phase. Experimentalists are
working hard on the identification of these parameters and there are con-
straints for them based on a variety of processes.

For instance, one considers the interaction between two leptonic currents
trough a gauge boson W¥*. Such a scattering amplitude is proportional to
the product of two CKM matrix elements — one for each flavour changing
transition in the two currents. If we invert the directions of the scattering
and replace the particles involved by their anti-particles (and vice versa),
we obtain the complex conjugate of the above product of matrix elements,
c.f. eq. (7.1.8). In total this means that a CP transformation changes V' to
V1. Therefore, the complex phase in the CKM matrix implies a wviolation
of CP invariance (if this phase is non-zero).

The breaking of CP invariance was in fact observed already in 1966 at CERN
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in the decay of neutral kaons. For a long period, this remained the only
process where CP violation could be detected. Recently it was reported
that this has also been achieved in decay of neutral mesons which include
the b quark.

As long as we consider massless neutrinos, we don’t need to worry about
lepton mixzing. The lepton analog of the CKM matrix would be given by

W =U/UE | (7.1.17)

However, if all neutrinos are massless one can replace U} by U = U} D" —
now with any unitary matrix D” (not necessarily diagonal) — and still keep
the neutrino mass matrix unchanged. Choosing D" = UZL’TU £ one simply
obtains W = 1.

Once we do introduce neutrino mass terms, we have an analog of the CKM
matrix in the lepton sector. Without Majorana mass terms constructed
from the right-handed neutrinos, there are simply (N —1)? additional lepton
mixing parameters, including another CP violating phase parameter. With

Majorana mass terms present, the situation is more complicated.
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Chapter 8

The Structure of the Strong
Interactions

In this chapter we add the gluons as the last ingredient to the standard
model. Without the gluons present, we had created a world of Higgs par-
ticles, W and Z bosons, photons, as well as charged leptons and quarks.
In particular, in this world there would be particles with fractional electric
charges (the quarks). Single quarks have never been observed despite nu-
merous experimental efforts (people have even looked inside oyster shells).
In fact, the strong interactions are so strong that quarks are permanently
confined. The confining force is mediated by the gluons, whose presence thus
totally changes the low-energy physics. As a consequence of confinement
colored quarks and gluons form color-neutral hadrons which have integer
electric charges. Hadrons are baryons (three quark states), mesons (quark-
anti-quark states), or more exotic creatures like glueballs. Confinement is
a complicated dynamical phenomenon that is presently only poorly under-
stood. We are far from a satisfactory quantitative understanding of the
properties of hadrons. Fortunately, when we want to understand hadrons,
we need not consider the entire standard model. At low energies, the strong
interactions are much stronger than the electroweak forces which can be
neglected to a first approximation. Still, leptons can be used as electromag-
netic or weak probes to investigate the complex interior of hadrons. The
part of the standard model that is most relevant at low energies is just
quantum chromodynamics (QCD), the SU(3). gauge theory of quarks and
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gluons. The original Yukawa couplings of the standard model enter QCD
in the form of quark mass parameters. However, due to confinement, these
parameters no longer represent the masses of physical observable particles.
The light quarks up, down and strange have mass terms below the typical
QCD energy scale Agep ~ 0.2 GeV, while the quarks charm, bottom and
top are much heavier. These quarks do not play a role in QCD at low
energies.

In general, quark mass terms do not play a dominant role in the QCD
dynamics. In particular, the masses of hadrons are not at all the sum of the
masses of the quarks within them. Even with exactly massless quarks, due
to confinement the hadrons (except for the Goldstone bosons among them)
would still have masses of the order of Agep. The strong binding energy
of quarks and gluons manifests itself as the mass of hadrons. Often one
can read that the origin of mass in the universe is the Higgs mechanism,
and indeed we have seen that the quark masses would be zero if the Higgs
potential would not have the Mexican hat shape. However, the dominant
contribution to the mass of the matter that surrounds us is due to protons
and neutrons, and thus due to QCD binding energy.

Despite the fact that quarks do not exist as free particles, there is a lot of
indirect experimental evidence for quarks, thanks to another fundamental
property of the strong interactions. At high energies QCD is asymptotically
free, i.e. quarks and gluons behave more like free particles, which can be
observed in deep inelastic lepton-hadron scattering processes. The high-
energy physics of QCD is accessible to perturbative calculations. Lattice
gauge theory allows us to perform nonperturbative QCD calculations from
first principles. In practice, these calculations require a very large compu-
tational effort and suffer from numerous technical problems. Still, there is
little doubt that QCD will eventually be solved quantitatively using lattice
methods. Even without deriving hadron properties using lattice methods,
one can deduce some aspects just by using group theoretical arguments.

When the mass terms of the light v and d quarks are neglected, the
QCD Lagrangian has a global SU(2);, ® SU(2)g chiral symmetry. Hence,
one would at first expect corresponding degeneracies in the hadron spec-
trum. Since this is not what is actually observed, one concludes that chiral
symmetry is spontaneously broken. After spontaneous symmetry break-
ing only a SU(2),—r symmetry remains intact. When a global, continuous
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symmetry breaks spontaneously, the Goldstone phenomenon gives rise to a
number of massless particles. In QCD these Goldstone bosons are the three
pions 7, 7% and 7~. Due to the small but nonzero quark masses chiral
symmetry is also explicitly broken, and the pions are not exactly massless.
Chiral symmetry leads to interesting predictions about the low energy dy-
namics of QCD. A systematic method to investigate this is provided by
chiral perturbation theory, which is based on low energy pion effective La-
grangians.

8.1 Quantum Chromodynamics

We introduce the gluons via an algebra-valued gauge potential
Gu(z) = iG(v)Aa, a €{1,2,...,8}. (8.1.1)
The gluon field strength is
Guw(z) = 0,G,(z) — 0,Gu(x) + ¢5[Gu(2), G (x)]. (8.1.2)

where g, is the dimensionless gauge coupling constant of the strong inter-
actions. We postulate the usual behavior under gauge transformations

G'\(z) = g(x)(Gp(z) + imgw). (8.13)

In contrast to an Abelian gauge theory the field strength is not gauge in-
variant. It transforms as

G (x) = g(2)Gu(x)gt (2). (8.1.4)

The QCD Lagrange function takes the gauge invariant form

Locp(U,0,G,) = Y U p(2)(iv"(0 + 9:Gul)) — my) U s(x)
7

1
— ZTrGW@)GW(z). (8.1.5)

The quark field ¥y = Wy, + Usp with the flavor index f € {u,d, s} is just
a collection of the quark fields we had already introduced in the previous
chapter. For example, ¥,, = uy, + ug.
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An important difference between Abelian and non-Abelian gauge theo-
ries is that in a non-Abelian gauge theory the gauge fields are themselves
charged. The non-Abelian charge of the gluons leads to a self interaction,
that is not present for the Abelian photons. The interaction results from
the commutator term in the gluon field strength. It gives rise to three and
four gluon vertices in the QCD Feynman rules. We will not derive the QCD
Feynman rules here, we discuss them only qualitatively. The terms in the
Lagrange function that are quadratic in G, give rise to the free gluon prop-
agator. Due to the commutator term, however, there are also terms cubic
and quartic in G, that lead to the gluon self interaction vertices. Cor-
respondingly, there is a free quark propagator and a quark-gluon vertex.
The perturbative quantization of a non-Abelian gauge theory requires to
fix the gauge. In the Landau gauge 0*G,, = 0 this leads to so-called ghost
fields, which are scalars, but still anticommute. Correspondingly, there is
a ghost propagator and a ghost-gluon vertex. In QCD the ghost fields are
also color octets. They are only a mathematical tool arising in the loops
of a Feynman diagram, not in external legs. Strictly speaking one could
say the same about quarks and gluons, because they also cannot exist as
asymptotic states.

The objects in the classical QCD Lagrange function do not directly
correspond to observable quantities. Both fields and coupling constants get
renormalized. In particular, the formal expression

7 = /D\TJD\IJDGeXp(—i/d4x Locp(U, ¥, G,)) (8.1.6)

for the QCD path integral is undefined, i.e. divergent, until it is regular-
ized and appropriately renormalized. In gauge theories it is essential that
gauge invariance is maintained in the regularized theory. A regularization
scheme that allows nonperturbative calculations defines the path integral
on a space-time lattice with spacing €. The renormalization of the theory
corresponds to performing the continuum limit ¢ — 0 in a controlled way,
such that ratios of particle masses — i.e. the physics — remains constant.
A perturbative regularization scheme works with single Feynman diagrams.
The loop integrations in the corresponding mathematical expressions can
be divergent in four dimensions. In dimensional regularization one works
in d dimensions (by analytic continuation in d) and one performs the limit
€ =4 —d — 0 again such that the physics remains constant. To absorb the
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divergences, quark and gluon fields are renormalized
U(z) = Zg(e)?VF(2), G, (v) = Zg(e)l/Qfo(x), (8.1.7)
and also the coupling constant is renormalized via

Z(e) R
= ) 8.1.8
gs Z\P(€>ZG(€)1/293 ( )
Here the unrenormalized quantities as well as the Z-factors are divergent,
but the renormalized quantities are finite in the limit ¢ — 0. Correspond-
ingly, one renormalizes the n-point Green’s functions and the resulting ver-
tex functions

Uy e (ki p) = lim Zy ()" Z ()" Ty me; (ki Dy, €). (8.1.9)
Demanding convergence of the renormalized vertex function fixes the diver-
gent part of the Z-factors. To fix the finite part as well one must specify
renormalization conditions. In QCD this can be done using the vertex func-
tions I'g 2, I's9 and T'y 1, i.e. the inverse gluon and quark propagators and
the quark-gluon vertex. As opposed to QED, where mass and charge of the
electron are directly observable, in QCD one chooses an arbitrary scale M
to formulate the renormalization conditions

Lo (p, =) 2=z = i(—gpup® + PP”) b,
L3k, k) ie——pe = ik,

Aa
Lo (b, by k)G o=z = —ig 500" (8.1.10)

The renormalized vertex functions are functions of the renormalized cou-
pling constant gf* and of the renormalization scale M, while the unrenor-
malized vertex functions depend on the bare coupling g, and on the regu-
larization parameter ¢ (the cut-off). Hence, there is a hidden relation

9¢ = g5 (9,6, M). (8.1.11)

This relation defines the S-function

9
Ry __ 1 R
Blgs) = lim M=2m9:(g, €, M). (8.1.12)
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The [g-function can be computed in QCD perturbation theory. To leading
order in the coupling constant one obtains

(95)?

2
1672

3

Here Ny is the number of quark flavors. Fixed points ¢ of the renormal-
ization group are of special interest. They are invariant under a change of
the arbitrarily chosen renormalization scale M, and hence they correspond
to zeros of the S-function. In QCD there is a single fixed point at g = 0.
For

B(gs) = (11— Ny). (8.1.13)

2
11— 3N;>0 = Ny <16, (8.1.14)

i.e. for not too many flavors, the g-function is negative close to the fixed
point. This behavior is known as asymptotic freedom. It is typical for
non-Abelian gauge theories in four dimensions, as long as there are not too
many fermions or scalars. Asymptotic freedom is due to the self interaction
of the gauge field, that is not present in an Abelian theory. We now use

0 m_ (g

9
= 11— -Ny) =
oms 1672 ¢ )

Blgl) = M 2

gk 10(gk)? 11—-2N; 1

/01 = /0 =~

d(glt)? 33 —2N; OM 1 33 — 2N\, M
= — = = log .

(g8)* 2472 M (98)? 24 Agep

(8.1.15)

Here Agep is an integration constant. Introducing the renormalized strong
fine structure constant
R\2
R (gs )

(8% =
s dr

(8.1.16)
we obtain 5 )
R 7.(-
M) = .
% ( ) 33 — 2Nf log(/\/l/AQoD)
At high energy scales M the renormalized coupling constant slowly (i.e.

logarithmically) goes to zero. Hence the quarks then behave like free parti-
cles.

(8.1.17)

The classical Lagrange function for QCD with massless fermions has
no dimensionful parameter. Hence the classical theory is scale invariant,
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i.e. to each solution with energy F correspond other solutions with scaled
energy AF for any arbitrary scale parameter A. Scale invariance, however,
is anomalous. It does not survive the quantization of the theory. This
explains why there is a proton with a very specific mass £ = M, but no
scaled version of it with mass AM,. We now understand better why this
is the case. In the process of quantization the dimensionful scale M (and
related to this Agep) emerged, leading to an explicit breaking of the scale
invariance of the classical theory. Scale transformations are therefore no
symmetry of QCD.

8.2 Chiral Symmetry

Chiral symmetry is an approximate global symmetry of the QCD Lagrange
density that results from the fact that the u and d quark masses are small
compared to the typical QCD scale Agcp. Neglecting the quark masses, the
QCD Lagrange density is invariant against separate U(2) transformations
of the left- and right-handed quarks, such that we have a U(2), ® U(2)g
symmetry. We can decompose each U(2) symmetry into an SU(2) and
a U(1) part, and hence we obtain SU(2), ® SU((2)r ® U(1);, ® U(1)g.
The U(1)p symmetry related to baryon number conservation corresponds
to simultaneous rotations of left- and right-handed quarks, i.e. U(l)p =
U(1)r=g. The remaining so-called axial U(1) is affected by the Adler-Bell-
Jackiw anomaly. It is explicitly broken by quantum effects, and hence it is
not a symmetry of QCD. Later we will return to the U(1) problem related
to this symmetry. Here we are interested in the ordinary (non-anomalous)
symmetries of QCD — the SU(2);, ® SU(2)r ® U(1)p chiral symmetry.
Based on this symmetry one would expect corresponding degeneracies in the
QCD spectrum. Indeed we saw that the hadrons can be classified as isospin
multiplets. The isospin transformations are SU(2); rotations, that act on
left- and right-handed fermions simultaneously, i.e. SU(2); = SU(2)p=r.
The symmetry that is manifest in the spectrum is hence SU(2); ® U(1)g,
but not the full chiral symmetry SU(2), ® SU(2)g @ U(1)p. One concludes
that chiral symmetry must be spontaneously broken. The order parameter
of chiral symmetry breaking is the so-called chiral condensate (?¥). When a
continuous global symmetry breaks spontaneously, massless particles — the
Goldstone bosons — appear in the spectrum. According to the Goldstone
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theorem the number of Goldstone bosons is the difference of the number
of generators of the full symmetry group and the subgroup remaining after
spontaneous breaking. In our case we hence expect 3+3+1—-3—-1=3
Goldstone bosons. In QCD they are identified as the pions 7%, 7° and 7.
Of course, the pions are light, but they are not massless. This is due to
a small explicit chiral symmetry breaking related to the small but nonzero
masses of the u and d quarks. Chiral symmetry is only an approximate
symmetry, and the pions are only pseudo-Goldstone bosons. It turns out
that the pion mass squared is proportional to the quark mass. When we
also consider the s quark as being light, chiral symmetry can be extended to
SU3), ® SU(3)r ® U(1) g, which then breaks spontaneously to SU(3)r ®
U(1)g. Then one expects 8 + 8 + 1 —8 — 1 = 8 Goldstone bosons. The
five additional bosons are identified as the four kaons K+, K°, K°, K~ and
the n-meson. Since the s quark mass is not really negligible, these pseudo
Goldstone bosons are heavier than the pion.

The Goldstone bosons are the lightest particles in QCD. Therefore they
determine the dynamics at small energies. One can construct effective the-
ories that are applicable in the low energy regime, and that are formulated
in terms of Goldstone boson fields. At low energies the Goldstone bosons
interact only weakly and can hence be treated perturbatively. This is done
systematically in chiral perturbation theory.

Let us consider the quark part of the QCD Lagrange density
L(T,V,G,) = V() (ir" (O + 95G () — M)T (). (82.1)
We now decompose the quark fields in right- and left-handed components
1 1
Ur(z) = =(1+v)V(x), Vp(z)==(1 —75)¥(z), U(x) = Vg(x)+ ¥(x).

2 2
(8.2.2)
Here we have used

v = "Y' 1) = 20, {0 s} = 0. (8.2.3)
Next we consider the adjoint spinors

Un(e) = Wale)" = B@) 31+ = W) 50— )

= U(@)5(1 %),
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1 1

Vi) = Wp(2)" = V(@) 51 =" = ¥(2) 51+ %5)
— 1
= @(x)§(1+75). (8.2.4)
Here we used
707;70 = —s. (8.2.5)

Inserting the decomposed spinors in the Lagrange density we obtain

LV, ¥, G,) = (Vr(@) + Vi(2) (7" (0 + g:Gu(x)) — M) (VR (2) + U1 (2)).

(8.2.6)
First, we investigate the v* term
U r(2)iy" (O + 9sG () Vi ()
= B(2)5(1 = 397" (0 + 5.Gul) 51— 75)¥(2)
= U(w) 11— 35)(1+9)7 (O + 9.Cul) () = 0. (8:2.7)

On the other hand, for the mass term one finds

Dnlr) MU(r) = U() (1~ 35) M (1 +75)¥()
= \I/(m)%(l —75) (1 4+ 75) MU (2) = 0. (8.2.8)

Hence, we can write

LV, T,Gy) = Tr(x)iy" (9 + gs

Gu(@))Vr(2)
+ Up(2)iv"(0u + 95Gu(x)) Ui (2)

The v* term decomposes into two decoupled contributions from right- and
left-handed quarks. This part of the Lagrange density is invariant against
separate U(Ny) transformations of the right- and left-handed components
in flavor space

U(z) = RVg(z), V(z) = Vr(z)R", R € U(Ny)g,
V) () = LY (x), V(z) =V (x)LT, L€ U(Ny)r. (8.2.10)
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Without the mass term the classical QCD Lagrange density hence has a
U(Ny)r, ® U(Ny)g symmetry. Due to the anomaly in the axial U(1) sym-
metry the symmetry of the quantum theory is reduced to

SU(Ny),®@SU(Np)r@U(1) =g = SU(N;),@SU(N;)r@U(1)5. (8.2.11)

Of course, the chiral symmetry is only approximate, because the mass term
couples right- and left-handed fermions. In addition, the mass matrix does
not commute with R and L. If all quarks had the same mass, i.e. if M = ml,
one would have

U (2) MU (1) = Ur(z)RTmILY (z) = Ug(x) RT LMY (z).  (8.2.12)

Then the mass term is invariant only against simultaneous transformations
R = Lsuch that RTL = RTR = 1. Hence, chiral symmetry is then explicitly
broken to

SU(N}) g ® U(1)_g = SU(N;)p @ U(1)p, (8.2.13)

which corresponds to the flavor and baryon number symmetry. In reality
the quark masses are different, and the symmetry is in fact explicitly broken
to

QUML) =U(1),@U(1)g® U(1)s. (8.2.14)
It is, however, much more important that the v and d quark masses are
small, and can hence almost be neglected. Therefore, in reality the chiral
SU2),@SUR2)r@U(1)p®@U(1)s symmetry is almost unbroken explicitly.
Since the s quark is heavier, SU(3),®SU (3) r®U (1) p is a more approximate
chiral symmetry, because it is explicitly more strongly broken.

Since the masses of the u and d quarks are so small, the SU(2),®SU(2)r
chiral symmetry should work very well. Hence, one would expect that the
hadron spectrum shows corresponding degeneracies. Let us neglect quark
masses and consider the then conserved currents

T = ) S 0)

Ji(x) = ‘IIR(:U)%%&\PR(:E), (8.2.15)

where a € {1,2,3}. From the right- and left-handed currents we now con-
struct vector and axial currents

Vi(z) = J/fa(:v)+Jfa(x)
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a

= B30+ )G (1) U@
b B (s 5 (4 )0 )
= U(@)5 0+ )T ) + B (1~ 793 S W)
= B T E)
At(r) = T(a) — TR () = Ba)yn DU (a). (8.2.16)

2

Let us consider an SU(2); ® SU(2)g invariant state |®) as a candidate for
the QCD vacuum. Then

(@1, (2) 1, ()| @) = (®|J, ()1, (y)|®) = 0, (8.2.17)

and hence
(BVi(2) V) (y)|@) = (D] A5 (2) A} (y)| ). (8.2.18)

On both sides of the equation one can insert complete sets of states between
the two operators. On the left hand side states with quantum numbers J =
0", 1~ contribute, while on the right hand side the nonzero contributions
come from states 07,17. The two expressions can be equal only if the
corresponding parity partners are energetically degenerate. In the observed
hadron spectrum there is no degeneracy of particles with even and odd
parity, not even approximately. We conclude that the SU(2), ® SU(2)r
invariant state |®) is not the real QCD vacuum. The true vacuum |0) cannot
be chirally invariant. The same is true for all other eigenstates of the QCD
Hamiltonian. This means that chiral symmetry must be spontaneously
broken.

Let us now consider the states
00 = [ @apE oo,
Q%10) = /d?’:z:Ag(:E, 0)]0), (8.2.19)

constructed from the vacuum by acting with the vector and axial charge
densities. If the vacuum were chirally symmetric we would have

Qv|®) = Q4[®) = 0. (8.2.20)
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The real QCD vacuum is not chirally invariant because

Q4]0 # 0. (8.2.21)

Since the axial current is conserved (for massless quarks 9" Af.(z) = 0) we
have

[Hoep, Q4] = 0. (8.2.22)

Hence the new state Q%|0) is again an eigenstate of the QCD Hamilton
operator

Hoep@410) = Q4 Hoepl0) =0 (8.2.23)

with zero energy. This state corresponds to a massless Goldstone boson with

quantum numbers J© = 0~. These pseudoscalar particles are identified with
the pions of QCD.

If one would also have Q{]0) # 0, the vector flavor symmetry would
also be spontaneously broken, and there would be another set of scalar
Goldstone bosons with J* = 0%. Such particles do not exist in the hadron
spectrum, and we conclude that the isospin symmetry SU(2); = SU(2)—r
is not spontaneously broken. As we have seen before, the isospin symmetry
is indeed manifest in the hadron spectrum.

One can also detect spontaneous chiral symmetry breaking by investi-
gating the chiral order parameter

(U0 = (OF(2)W(x)[0) = (01T a(x) Ty (x) + (@) Tp(2)|0).  (8.2.24)

The order parameter is invariant against simultaneous transformations R =
L, but not against general chiral rotations. If chiral symmetry would be
intact the chiral condensate would vanish. When the symmetry is sponta-
neously broken, on the other hand, (VW) # 0.
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Chapter 9

Phenomenology of the Strong
Interactions

In this chapter we address the non-perturbative dynamics of quarks and
gluons, based on the rather naive constituent quark model. Without the
gluons present, we had created a world of Higgs particles, W and Z bosons,
photons, as well as charged leptons and quarks. In particular, in this world
there would be particles with fractional electric charges (the quarks). Sin-
gle quarks have never been observed despite numerous experimental efforts
(people have even looked inside oyster shells). In fact, the strong inter-
actions are so strong that quarks are permanently confined. The confin-
ing force is mediated by the gluons, whose presence thus totally changes
the low-energy physics. As a consequence of confinement colored quarks
and gluons form color-neutral hadrons which have integer electric charges.
Hadrons are baryons (three quark states), mesons (quark-anti-quark states),
or more exotic creatures like glueballs. Confinement is a complicated dy-
namical phenomenon that is presently only poorly understood analytically.
We are far from a satisfactory quantitative understanding of the properties
of hadrons. Fortunately, when we want to understand hadrons, we need
not consider the entire standard model. At low energies, the strong interac-
tions are much stronger than the electroweak forces which can be neglected
to a first approximation. Still, leptons can be used as electromagnetic or
weak probes to investigate the complex interior of hadrons. The part of the
standard model that is most relevant at low energies is just quantum chro-
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modynamics (QCD), the SU(3). gauge theory of quarks and gluons. The
original Yukawa couplings of the standard model enter QCD in the form
of quark mass parameters. However, due to confinement, these parameters
no longer represent the masses of physical observable particles. The light
quarks up, down and strange have mass terms below the typical QCD en-
ergy scale Agep ~ 0.2 GeV, while the quarks charm, bottom and top are
much heavier. These quarks do not play a role in QCD at low energies.

In general, quark mass terms do not play a dominant role in the QCD
dynamics. In particular, the masses of hadrons are not at all the sum of the
masses of the quarks within them. Even with exactly massless quarks, due
to confinement the hadrons (except for the Goldstone bosons among them)
would still have masses of the order of Agep. The strong binding energy
of quarks and gluons manifests itself as the mass of hadrons. Often one
can read that the origin of mass in the universe is the Higgs mechanism,
and indeed we have seen that the quark masses would be zero if the Higgs
potential would not have the Mexican hat shape. However, the dominant
contribution to the mass of the matter that surrounds us is due to protons
and neutrons, and thus due to QCD binding energy.

Despite the fact that quarks do not exist as free particles, there is a lot of
indirect experimental evidence for quarks, thanks to another fundamental
property of the strong interactions. At high energies QCD is asymptotically
free, i.e. quarks and gluons behave more like free particles, which can be
observed in deep inelastic lepton-hadron scattering processes. The high-
energy physics of QCD is accessible to perturbative calculations. Lattice
gauge theory allows us to perform nonperturbative QCD calculations from
first principles. In practice, these calculations require a very large compu-
tational effort and suffer from numerous technical problems. Still, there is
little doubt that QCD will eventually be solved quantitatively using lattice
methods. Even without deriving hadron properties using lattice methods,
one can deduce some aspects just by using group theoretical arguments.

When the mass terms of the light v and d quarks are neglected, the
QCD Lagrangian has a global SU(2);, ® SU(2)g chiral symmetry. Hence,
one would at first expect corresponding degeneracies in the hadron spec-
trum. Since this is not what is actually observed, one concludes that chiral
symmetry is spontaneously broken. After spontaneous symmetry break-
ing only a SU(2),—r symmetry remains intact. When a global, continuous
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symmetry breaks spontaneously, the Goldstone phenomenon gives rise to a
number of massless particles. In QCD these Goldstone bosons are the three
pions 7, 7% and 7~. Due to the small but nonzero quark masses chiral
symmetry is also explicitly broken, and the pions are not exactly massless.
Chiral symmetry leads to interesting predictions about the low energy dy-
namics of QCD. A systematic method to investigate this is provided by
chiral perturbation theory, which is based on low energy pion effective La-
grangians.

9.1 Isospin Symmetry

Proton and neutron have almost the same masses
M, = 0.938 GeV, M, = 0.940 GeV. (9.1.1)

While the proton seems to be absolutely stable, a free neutron decays ra-
dioactively into a proton, an electron and an electron-anti-neutrino n —
p + e + V.. Protons and neutrons (the nucleons) are the constituents of
atomic nuclei. Originally, Yukawa postulated a light particle mediating the
interaction between protons and neutrons. This m-meson or pion is a bo-
son with spin 0, which exist in three charge states 7%, #° and 7. The
corresponding masses are

M+ = M, = 0.140 GeV, Mo = 0.135 GeV. (9.1.2)

In pion-nucleon scattering a resonance occurs in the total cross section as a
function of the pion-nucleon center of mass energy. The resonance energy
is interpreted as the mass of an unstable particle — the so-called A-isobar.
One may view the A-particle as an excited state of the nucleon. It exists
in four charge states AT, A+ A® and A~ with masses

Mass ~ Mas &~ Mpo =~ Ma- ~ 1.232 GeV (9.1.3)

Similar to pion-nucleon scattering there is also a resonance in pion-pion
scattering. This so-called p-meson comes in three charge states p*, p° and
p~ with masses

My = Mo ~ M, ~ 0.768 GeV. (9.1.4)
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Hadron Representation | [ I3 Q S

p,n {2} % %7 _% 1a 0 %

ATH AT ADA- {4} 18 2, —2,-312,1,0,-1| 32
o, w0, {3} 1 1,0, -1 1,0,-1 | O
p+7 IO07 p_ {3} 1 17 07 -1 17 07 -1 1

Table 9.1: The isospin classification of hadrons.

Particles with different electric charges have (almost) degenerate masses,
and it is natural to associate this with an (approximate) symmetry. This
so-called isospin symmetry is similar to the ordinary spin SU(2) rotational
symmetry. Isospin is, however, not related to space-time transformations, it
is an intrinsic symmetry. As we know each total spin S =0,1/2,1,3/2, ... is
associated with an irreducible representation of the SU(2)g rotation group
containing 25 + 1 states distinguished by their spin projection

S.,=—-8-S+1,...5—-1,8. (9.1.5)

In complete analogy the representations of the SU(2); isospin symmetry
group are characterized by their total isospin [ = 0,1/2,1,3/2,.... The
states of an isospin representation are distinguished by their isospin projec-
tion

Isy=—-1,—-IT+1,...,1—-1,1. (9.1.6)

A representation with isospin I contains 2/ + 1 states and is denoted by
{27 +1}. We can classify the hadrons by their isospin. This is done in table
9.1. For the baryons (nucleon and A) isospin projection and electric charge
are related by Q) = I3 + %, and for the mesons (7 and p) Q = I.

Isospin is an (approximate) symmetry of the strong interactions. For
example, the proton-pion scattering reaction p + 7 — A is consistent with
isospin symmetry because the coupling of the isospin representations of
nucleon and pion

{2} ® {3} = {2} & {4} (9.1.7)

does indeed contain the quadruplet isospin 3/2 representation of the A-
isobar. The isospin symmetry of the hadron spectrum indicates that the
strong interactions are charge independent. This is no surprise because
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the charge @) is responsible for the electromagnetic but not for the strong
interactions.

9.2 Nucleon and A-Isobar in the Constituent
Quark Model

We want to approach the question of the hadronic constituents by inves-
tigating various symmetries. First we consider isospin. Since the hadrons
form isospin multiplets the same should be true for their constituents. The
only SU(2) representation from which we can generate all others is the
fundamental representation — the isospin doublet {2} with I = 1/2 and
I3 = +1/2. We identify the two states of this multiplet with the constituent
quarks up (I3 = 1/2) and down (I3 = —1/2). A constituent quark is a
quasiparticle carrying the same quantum numbers as a fundamental (cur-
rent) quark, but also containing numerous gluons. After all, a constituent
quark is not a very well defined object. We can view it as a basic building
block for hadrons that plays a role in some simple phenomenological models
for the strong interactions. Still, the concept of constituent quarks leads to
a very successful group theoretical classification scheme for hadrons.

Since the A-isobar has isospin 3/2 it contains at least three constituent
quarks. We couple

{2teo{2te{2t=({1yo{3h) @ {2} ={2} e {2} @ {4}, (9.2.1)

and we do indeed find a quadruplet. For the charges of the baryons we
found

3
1
Q=TI+ = ; I3, + Z Qq, (9.2.2)
and hence we obtain for the charges of the quarks
1 1 1 2 1 1 1
=1 —Qu==4+-==,Qu=—+-=—-. 2.
Co=lutg@u=gtg=g@="515=3 (9.2:3)

The quarks have fractional electric charges. Using Clebsch-Gordon coeffi-
cients of SU(2) one finds

32 = uuu = AT,
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1“‘[

= %(udd + dud + ddu) = A°,

-3/2 = ddd = A™. (924)

These isospin states are completely symmetric against permutations of the
constituent quarks.

(uud + udu + duu) = A™,

We write the general coupling of the three quarks as

1]2] 1]3]

U el2le B = [12[3]g 3] &2 4

Translated into SU(2) language this equation reads

{2} @ {2} ® {2} = {4} & {2} & {2} & {0}. (9.2.6)

Here {0} denotes an empty representation — one that cannot be realized in
SU(2) because the corresponding Young tableau has more than two rows.
We identify the totally symmetric representation as the four charge states

of the A-isobar, and we write as before I

3¢

(9.2.5)

Before we can characterize the state of the A-isobar in more detail we
must consider the other symmetries of the problem. The A-isobar is a
resonance in the scattering of spin 1/2 nucleons and spin 0 pions. The
experimentally observed spin of the resonance is 3/2. To account for this we
associate a spin 1/2 with the constituent quarks. Then, in complete analogy
to isospin, we can construct a totally symmetric spin representation for the
A-particle

on =111
- f

L1208, = fm L+ U,

= UL (9.2.7)

(Tt + Tt + 1),
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The isospin-spin part of the A-isobar state hence takes the form

aLs) =112]3], [1[2[3], (9.2.8)

This state is symmetric with respect to both isospin and spin. Consequently,
it is symmetric under simultaneous isospin-spin permutations. For illustra-

tive purposes we write down the state for a AT particle with spin projection
S, =1/2

|A%%) = %(uTqui—i—uTuidT%—uiquT
utdtul+utdlut4+uldtut
+ dtutul+dtulut+dlutut). (9.2.9)

One sees explicitly that this state is totally symmetric.

|

As we have seen, the Young tableaul__] is associated with the isodou-
blet {2}. Hence, it is natural to expect that the nucleon state can be
1]2] 1]3]
constructed from it. Now we have two possibilities 3] 1, and 2] Is
corresponding to symmetric or antisymmetric couplings of the quarks 1 and

2. Using Clebsch-Gordon coefficients one finds

112 ‘
3] 12 = %(Quud — udu — duu),
112 ‘ .
2] Ly = %(udd + dud — 2ddu),
1]3] )
L2 1 = E(udu — duu),
1]3]
2 — L (udd = dua). (9.2.10)

L= —1/2 o)

Proton and neutron have spin 1/2. Hence, we have two possible coupling
12 1]3]

schemes i 5. and i s.. We now want to combine the mixed isospin

z
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and spin permutation symmetries to an isospin-spin representation of defi-
nite permutation symmetry. This requires to reduce the inner product

| | |
L b x L] g = I:I:Ij13sz b s, @ I35, (9.2.11)

in S3. The two isospin and spin representations can be coupled to a symmet-
ric, mixed or antisymmetric isospin-spin representation. As for the A-isobar
we want to couple isospin and spin symmetrically. To do this explicitly, we
need the Clebsch-Gordon coefficients of the group S5. One finds

1]2] [1]2] 113][1]3]

1 2 2
|N1352>:E(i L R ) B I B (9.2.12)

In our construction we have implicitly assumed that the orbital angular
momentum of the constituent quarks inside a hadron vanishes. Then the
orbital state is completely symmetric in the coordinates of the quarks. The
orbital part of the baryon wave function therefore is described by the Young

tableau E\:\j Since also the isospin-spin part is totally symmetric, the
baryon wave function is completely symmetric under permutations of the
quarks. Since we have treated constituent quarks as spin 1/2 fermions,
this contradicts the Pauli principle which requires a totally antisymmetric

fermion wave function, and hence the Young tableau . To satisfy the

Pauli principle the color symmetry comes to our rescue. In SU(3).,
corresponds to a singlet representation, which means that baryons are color-
neutral. Since we have three colors we can now completely antisymmetrize
three quarks

(rgb — rbg + gbr — grb+ brg — bgr). (9.2.13)

Sl



9.3. ANTI-QUARKS AND MESONS 163

The color symmetry is the key to the fundamental understanding of the
strong interactions. As opposed to isospin, color is an exact and even local
symmetry.

9.3 Anti-Quarks and Mesons

We have seen that the baryons (nucleon and A) consist of three constituent
quarks (isospin doublets, spin doublets, color triplets). Now we want to
construct the mesons (pion and p) in a similar manner. Since these parti-
cles have spin 0 and 1 respectively, they must contain an even number of
constituent quarks. When we use two quarks, i.e. when we construct states
like uu, ud or dd, the resulting electric charges are 4/3, 1/3 and —2/3 in
contradiction to experiment. Also the coupling of two color triplets

Lell=[1]e H
{3} ® {3} = {6} @ {3}, (9.3.1)

does not contain a singlet as desired by the confinement hypothesis.

We have seen already that a representation together with its anti-repre-
sentation can always be coupled to a singlet. In SU(3) this corresponds

to
He0-0al

{3} ® {3} = {1} ® {8}, (9.3.2)

Hence it is natural to work with anti-quarks. Anti-quarks are isospin dou-
blets, spin doublets and color anti-triplets. We have quarks @ and d with
electric charges @z = —2/3 and Q7 = 1/3. Now we consider combinations
of quark and anti-quark ud, ui@, dd and da, which have charges 1, 0 and —1
as we need them for the mesons. First we couple the isospin wave function

e ll=[11le H
2o {2} = {3} & (1}, 9.3.3)
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and we obtain

H 0 = — (uti + dd). (9.3.4)

We proceed analogously for the spin and we obtain

|7TIgSZ> = I:Ij IgH Sz

LSy = L L LT, (9.3.5)

Since quarks and anti-quarks are distinguishable particles (for example they
have different charges) we don’t have to respect the Pauli principle in this
case. As opposed to the baryons here the coupling to color singlets follows
only from the confinement hypothesis.

Of course, we can combine isospin and spin wave functions also in a
different way

WI;S.) = H L

n'13S.) = H 135 S.- (9.3.6)

Indeed one observes mesons with these quantum numbers with masses M, =
0.782GeV and M,y = 0.958GeV.

9.4 Strange Hadrons

Up to now we have considered hadrons that consist of up and down quarks
and their anti-particles. However, one also observes hadrons containing
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strange quarks. The masses of the scalar (S = 0) mesons are given by

M, = 0.138GeV, My = 0.496GeV, M, = 0.549GeV, M,y = 0.958GeV,
(9.4.1)
while the vector (S = 1) meson masses are

M, =0.770GeV, M,, = 0.783GeV, Mg+ = 0.892GeV, M, = 1.020GeV.
(9.4.2)
Altogether we have nine scalar and nine vector mesons. In each group we
have so far classified four (77, 7% 7=, 1’ and p*, p°, p~, w). The number

four resulted from the SU(2); isospin relation

{2} @ {2} = {1} ® {3}. (9.4.3)

The number nine then suggests to consider the corresponding SU (3) identity

{3} ® {3} = {1} @ {8}. (9.4.4)

Indeed we obtain nine mesons if we generalize isospin to a larger symmetry
SU(3)p. This so-called flavor group has nothing to with with the color sym-
metry SU(3).. It is only an approximate symmetry of QCD, with SU(2);
as a subgroup. In SU(3)r we have another quark flavor s — the strange
quark.

The generators of SU(3) can be chosen as follows

01 0 0 — 0 1 0 0
M=[10 0], 0m=1i 0 0], x=[0 -1 0],

0 0 0 0 0 0 0 0 0

0 0 1 0 0 —2
M=[00 0. x=100 0],

1 0 0 0 0

0 0 0 0 0 1 1 0 0
)\6— 0 0 1 ,)\7: 0 0 —2 ,)\8_— 0 1 0

01 0 0 2 O V3 0 0 =2

(9.4.5)

Two of the generators commute with each other [A3, A\g] = 0. We say that
the group SU(3) has rank 2. One can now identify the generators of the
isospin subgroup SU(2);

1 1 1
L= =\, Iy= =Xy, Is = ~As. 4
1 2)\1, 2 2>\2, 3 2)\3 (9.4.6)
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Also it is convenient to introduce the so-called strong hypercharge

1
Y = —), (9.4.7)

V3
(not to be confused with the generator of U(1)y gauge transformations in
the standard model). Then 1%, I3 and Y commute with each other, and we
can characterize the states of an SU(3)r multiplet by their isospin quantum
numbers and by their hypercharge. Starting with the SU(3)f triplet we have

1.1 3 1 1

Pu=-(=4+1u="u, ju=-u, Yu==
u 2(2 + Du 1% Bu=gu, Yu=qu,

1.1 3 1 1
Pd=-(z+1)d=-d, id=—=d, Yd=-d

p(gFHhd=7gd I 2 3

2

IPs=0, I3s=0, Ys= —35 (9.4.8)

The electric charge is now given by

1
Q=1+, (9.4.9)

such that ]

2 1
Qu - 37 Qd - 37 Qs - 37 (9410)
i.e. the charge of the strange quark is the same as the one of the down
quark. If SU(3)r would be a symmetry as good as SU(2); the states in an
SU(3)r multiplet should be almost degenerate. This is, however, not quite

the case, and SU(3)F is only approximately a symmetry of QCD.

Of course, we can also include the s quark in baryons. Then we have

{3} @ {3} @ {3} = {10} @ 2{8} & {1} (9.4.11)
compared to the old SU(2); result
{2} @ {2} @ {2} = {4} @ 2{2} & {0}. (9.4.12)

Indeed one observes more baryons than just nucleon and A-isobar.

The baryon masses for the spin 1/2 baryons are

My = 0.939GeV, My = 1.116GeV, My = 1.193GeV, M=z = 1.318GeV,
(9.4.13)
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while the spin 3/2 baryon masses are

Ma = 1.232GeV, M- = 1.385GeV, Mz = 1.530GeV, Mg = 1.672GeV.
(9.4.14)

Proton and neutron are part of an octet: | is {2} in SU(2); and {8} in
SU(3)p. The A-isobar is part of a decouplet: E\jj is {4} in SU(2); and

{10} in SU(3)r. One does not find an SU(3)p singlet [__|. This is because
a spatially symmetric color singlet wave function is totally antisymmetric.
To obtain a totally antisymmetric wave function also the spin part should

transform as LI Of course, in SU(2)g this is impossible.

We want to assume that the SU(3)r symmetry is explicitly broken be-
cause the s quark is heavier than the u and d quarks. Based on the quark
content one would expect

ME* - MA - =% ME* - MQ - ME* - Ms - Mq. (9415)
In fact one finds experimentally

Ms. — Ma = 0.153GeV, Mz« — Ms. = 0.145GeV, Mq — Mz« = 0.142GeV.
(9.4.16)

9.5 The Gellman-Okubo Baryon Mass For-
mula

We have seen that the constituent quark model leads to a successful classi-
fication of hadron states in terms of flavor symmetry. The results about the
hadron dynamics are, however, of more qualitative nature, and the assump-
tion that a hadron is essentially a collection of a few constituent quarks is
certainly too naive. The fundamental theory of the strong interactions is



168CHAPTER 9. PHENOMENOLOGY OF THE STRONG INTERACTIONS

QCD. Here we want to use very basic QCD physics together with group the-
ory to describe patterns in the hadron spectrum. The interaction between
quarks and gluons is flavor independent, and therefore SU(3)r symmetric.
Also the gluon self-interaction is flavor symmetric because the gluons are
flavor singlets. A violation of flavor symmetry results only from the quark
mass matrix

m, 0 0
M = 0 mgq 0 |. (9.5.1)
0 0 ms

We want to assume that u and d quark have the same mass m,, while the
s quark is heavier (ms > m,). The quark mass matrix can be written as

o+ m 1 00 o (100
M::—%—301()+J?J 0 1 0
0 0 1 0 0 —2
2 S - S
_ Ma T sy Mg sy (9.5.2)

3 V3

The mass matrix contains an SU(3)r singlet as well as an octet piece.
Correspondingly, the QCD Hamilton operator can be written as

Hoep = Hy + Hg. (9.5.3)

We want to assume that Hg is small and can be treated as a perturbation.
Then we first consider H; alone. This is justified if the mass difference
mg, — my is small. Since H; is SU(3)p symmetric we expect degenerate
states in SU(3)r multiplets — the hadron octets and decouplets. Here we
assume that the flavor symmetry is not spontaneously broken. This should
indeed be correct for QCD.

Let us start with the baryons. The eigenstates of H; are denoted by
|B1Y I13)
H,|B\YII3) = Mp,|B1Y113). (9.5.4)

We use degenerate perturbation theory to first order in Hg and obtain

Mp = Mp, + (B,YII;|Hs|B,Y ;). (9.5.5)

A diagonalization in the space of degenerate states is not necessary, since Hg
transforms as the A\g component of an octet, and can therefore not change
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Y, I and I3. Next we will compute the required matrix elements using group
theory. Starting with the baryon decouplet, we obtain a nonzero value only
if {8} and {10} can couple to {10}. Indeed the decouplet appears in the
reduction. Using the Wigner-Eckart theorem we obtain

(B\Y 13| Hs| B\Y I5) = (Bi|[Hs||B1)({10}Y 113[{8}000{10}Y I 3),
(9.5.6)

where (Bj||Hsg||B;) is a reduced matrix element, and the second factor is
an SU(3)r Clebsch-Gordon coefficient given by

Y
({10}Y'I15]{8}000{10}Y I I3) = —. (9.5.7)
V8
Then we obtain for the baryon masses in the decouplet
Y
Mp = Mp, + <B1||HS||B1>ﬁ7 (9.5.8)
and hence
1
ME* — MA — =k T ME* = MQ - ME* — _%<B1HH8H81> (959)

Indeed, as we saw before, the three mass differences are almost identical.
In view of the fact that we have just used first order perturbation theory,
this is quite remarkable.

Next we consider the mass splittings in the baryon octet. Here we must
ask if {8} and {8} can couple to {8}. One finds
{8} @ {8} = {27} @ {10} ® {10} & 2{8} & {1}. (9.5.10)

Hence there are even two ways to couple two octets to an octet. One is
symmetric, the other is antisymmetric under the exchange of the two octets.
We can write

(BiYIL3|Hs|BiYIL3) = (Bi|[Hs||B1)s({8}Y I13[{8}000{8}Y I13),
+ (Bul[Hs||B1)a({8}Y T Is|{8}000{8}Y I 3)q.

(9.5.11)
The Clebsch-Gordon coefficients are given by
1 1
YWY IL|{8Y000{8YYII5), = —=(I(I+1)—-Y?—-1),
({8}Y I15|{8}1000{8}Y I ;) \/5(( )= )
3
({8}YII5|{8}000{8}Y II3), = =Y, (9.5.12)

4
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and we obtain for the baryon octet

1 1 3
Mp = Mp, + <Bl||H8||Bl>s%(I(I +1) - ZYQ -1+ (Bl||H8||Bl>a\/;Y-
(9.5.13)

These formulas for the baryon masses were first derived by Gellman and
Okubo. From the octet formula one obtains

2My +2Mz = 4Mp, + (Bi[|Hs||B1)s—=(; — 7 — 1),

-5

My +3My = 4Mp, + <BIHH8HBl>s%((2 —1)+3(=1)),

oMy +2Mz = My + 3M,. (9.5.14)

Experimentally the two sides of the last equation give 1.129 GeV and 1.135
GeV in excellent agreement with the theory.

9.6 Meson Mixing

Similar to the baryons the explicit SU(3)r symmetry breaking due to the
larger s quark mass leads to mass splittings also for the mesons. There,
however, one has in addition a mixing between flavor octet and flavor singlet
states. For the baryons a mixing between octet and decouplet is excluded
because they have different spins. First we consider eigenstates of H; again

The following analysis applies both to scalar and to vector mesons. In both
cases we have an SU(3)r octet and a singlet. In perturbation theory we
must now diagonalize a 9 X 9 matrix. Similar to the baryons the matrix
is, however, already almost diagonal. Let us first consider the seven meson
states with Y, I, I3 # 0,0,0. These are 7 and K for the scalar and p and
K* for the vector mesons. One has

My = Mg, + (MyY 113 Hs| MY IT5). (9.6.2)

In complete analogy to the baryon octet we obtain

1 3
My = My, + (M| |Hg| | My)s—=(I(1+1) — é_lY2 —1)+ (M1||H8||M1>a\/;Y.

(9.6.3)

1
NG
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As opposed to the baryons the mesons and their anti-particles are in the
same multiplet. For example we have

—_
w
—_

3
Mg+ = My, + (My||Hs|[M1)s—=(5 — - — 1) + (M1\|H8||M1)a\/;,

V5

M = My + (), E 1) s
(9.6.4)

I
s

According to the CPT theorem particles and anti-particles have exactly the
same masses in a relativistic quantum field theory, and therefore

(M [|Hs|[My)q = 0. (9.6.5)

Now we come to the issue of mixing between the mesons 7; and ng and
between w; and wg. We concentrate on the vector mesons. Then we need
the following matrix elements

(wi|Hg|w1) = 0,
(ws|Hs|lws) = (M||Hg||Mq)s({8}000[{8}000{8}000)
1

= <M1’|H8|‘M1>s(_ﬁ)- (9-6-6)

The actual meson masses are the eigenvalues of the matrix

M = (< Mo, {1 Hsleos) ) . (9.6.7)

wy| Hglw1) M — (M || Hg||M)s =

The particles ¢ and w that one observes correspond to the eigenstates

lp) = cosf|w;) — sinf|ws),
|w) = sinf|w;) + cosb|ws). (9.6.8)

Here 6 is the meson mixing angle. One obtains

1
MSO + Mw = Mwl + Mws - %<Ml||H8HM1>Sv
1
MyM, = M, (My, — —=(M;||Hs||My),) — [{wy|Hs|ws)[*.

V5
(9.6.9)
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Also we have

M, = ng+<M1||H8||M1>s—5(2—1);
1 3 1
Mg+ = Mws + <M1HH8HM1>S_5(Z - Z - 1)7 (9610)
and hence
4 1 1 4, 1 1
Mg~ — =M, = M, Mi||Hg|| M) s—=(=(—=) — =
GMe = 30, = M+ QBJHM), (5 (=5) — 5)
1
= My — %<M1||H8||M1>57 (9.6.11)
such that
4 1
Mwl = M(p + Mw — gMK* + gMp = OS?OGGV,
4 1
\<w1]H8]w8>|2 = Mwl(gMK* - gMp) - Mwa = (OllBGeV)2
(9.6.12)
The mixing angle is now determined from
M, cosf — (w1|Hs|ws) sin @ = M, cos b,
1
<(JJ8|H8|CL)1> cos ) — (Mws — E<M1HH8HM1>5) sinf = —Mgp sin 6.
(9.6.13)
and we obtain
1 .
(M, + M, — E<M1HH8HM1>3) sinf cos§ — (wy|Hg|ws) =
2M, sinf cos b, (9.6.14)

and hence

\/(MSD + M, — AMye + M) (AMyee — 1M,) — MM,

1
5 sin(20) = +
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Numerically one obtains § = £52.6° and therefore cosf ~ 1 / \/§, sinf ~

+4/2/3, such that

1 _
lp) =~ s5 or g(Zuﬁ+2dd—s§),

1 - 1 _
w) ~ —(uu+dd) or — —(uu+ dd+ 4s5). 9.6.16
|w) \/§( ) \/1—8( ) ( )

The ¢ mesons decays in 84 percent of all cases into kaons (p = Kt +
K=, K%+ K°) and only in 16 percent of all cases into pions (p — 7+ + 7+

7~ ). Hence one concludes that the ¢ meson is dominated by s quarks, such
that one has ideal mixing

S ~ i ull
|p) ~ 55, |w) ~ \/5( + dd). (9.6.17)

It is instructive to repeat the calculation of meson mixing for the scalar
mesons 7 and 7'
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Chapter 10

Topology of Gauge Fields

In this chapter we investigate the topological structure of non-Abelian gauge
fields. In the Standard Model, the non-trivial topology of SU(2); gauge
fields gives rise to baryon number violating processes. Similarly, in QCD
a non-trivial topology of the gluon field leads to an explicit breaking of
the flavor-singlet axial symmetry. This offers an explanation for the U(1)4
problem in QCD — the question why the n’-meson is not a pseudo-Nambu-
Goldstone boson. The gauge field topology also gives rise to a new param-
eter in QCD — the vacuum angle 6. This confronts us with the strong CP
problem: why is 6 so extremely small and consistent with zero in Nature?
We will return to the U(1)4 and the strong CP problem in the next chap-
ter. First, we concentrate on understanding the topology of the gauge field
itself.

10.1 The Anomaly

Let us consider the baryon number current in the Standard Model

Tu(x) = 0l (2)y, ¥ (), (10.1.1)

where W!(z) is the quark field for flavor f = u,d, s, .... The Lagrangian of
the Standard Model is invariant under global U(1)g baryon number trans-

175
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formations. The corresponding Noether current .J,(x) is hence conserved at
the classical level

8,0, (z) = 0. (10.1.2)

At the quantum level, however, the symmetry cannot be maintained because
it is violated by the Adler-Bell-Jackiw anomaly

8, J,(x) = NP(x). (10.1.3)

Here N, is the number of generations (N, = 3 in the Standard Model), and

P(z) = — Tt (W (2) W (2)] (10.1.4)

GUU
3272 P

is the Chern-Pontryagin density. Here W, is the field strength tensor of
the SU(2);, gauge field.

Let us also consider the flavor-singlet azial current in QCD

Z\If )57, ¥ (). (10.1.5)

The Lagrangian of QCD with massless quarks is invariant under global
U(1)a transformations, and hence also J(x) is conserved at the classical
level

O, (x) = 0. (10.1.6)

However, at the quantum level the symmetry is again explicitly broken by
an anomaly

0" J>(x) = 2N P(x). (10.1.7)
Now N is the number of quark flavors, and
1
P(z) = —%EWWTI (G (7)G o ()] (10.1.8)

now is the Chern-Pontryagin density of the gluon field.

In the following we consider the topology of a general non-Abelian vector
potential G,(z). The anomaly equation can be derived in perturbation the-
ory and it follows from a triangle diagram. The Chern-Pontryagin density
can be written as a total divergence

P(z) = 0,00 (x), (10.1.9)



10.2. TOPOLOGICAL CHARGE 177
where Q,(?) (x) is the Chern-Simons density or 0-cochain, which is given by

1 2
QO () = —@EWWTI“ Gy (2)(0,Go(x) + ng(x)GU(x) . (10.1.10)
It is a good exercise to convince oneself that this satisfies eq.(10.1.9). We
can now formally construct a conserved current

Jo(x) = Jo(x) — 2N (), (10.1.11)

because )
8MJH(x) = 8“Ju(x) — 2N;P(z) = 0. (10.1.12)

One might think that we have found a new U(1) symmetry which is free
of the anomaly. This is, however, not the case, because the current ju(x)
contains QLO) (z) which is not gauge invariant. Although the gauge variant
current is formally conserved, this has no gauge invariant physical conse-
quences.

10.2 Topological Charge

In this section, we define the topological charge of a Euclidean non-Abelian
field configuration. We like to point out, that the concept of an inter-
valued topological charge does not carry over to Minkowski space-time.
In general, field configurations in FEuclidean space-time do not represent
physical processes in real time. The topological charge is defined as

1
“ T e / A €0 T (Gl ()G ()] = / d*z P(z)
= /d4x auQLO)(x) :/ d3‘7u ng)(x) . 102.)
g3

We have used Gauss’ law to reduce the integral over Euclidean space-time to
an integral over its boundary at infinity, which is topologically a 3-sphere S3.
We will restrict ourselves to gauge field configurations with a finite action.
Hence, their field strength should vanish at infinity, and consequently the
vector potential should then be a pure gauge (a gauge transformation of a
zero field)

Gol) = 9(@)0ug(a)" (10.2.2)
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Of course, this expression is only valid at space-time infinity. Inserting it in
the expression for the 0-cochain we obtain

1

Q = ) d?’Uu €pvpo LT [(gaugT>(aP(gaUgT>
T S3

9

2 (60,9002

1
L 3
8712 Jgs @Oy Cupo

X Tr [~(98,9")(90,9")(9959")

b 306000, 0,5

1

DY) /Scfgﬂ €pvpo T [(ganT)(ggng(gaggT)} .

(10.2.3)

The gauge transformation g(x) defines a map of the sphere S® at space-time
infinity to the gauge group SU(N)

g:S8*— SU(N). (10.2.4)

Such maps have topological properties. They fall into equivalence classes —
the homotopy classes — which represent topologically distinct sectors. Two
maps are equivalent if they can be deformed continuously into one another.
The homotopy properties are described by homotopy groups. In our case
the relevant homotopy group is

IL;[SU(N)] = Z. (10.2.5)

Here the index 3 indicates that we consider maps of the 3-dimensional sphere
S3. The third homotopy group of SU(N) is given by the integers. This
means that for each integer () there is a class of maps that can be continu-
ously deformed into one another, while maps with different () are topologi-
cally distinct. The integer () that characterizes the map topologically is the
topological charge. Now we want to show that the above expression for ()
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is exactly that integer. For this purpose we decompose

1 0 0

0 guu  gi2
g= VW ’ W = 0 §21 §22

0 gni gne

0
gin
JiN

JNN
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(10.2.6)

where the embedded matrix g is in SU(N — 1). It is indirectly defined by

The matrix V is constructed entirely from the elements g1, go1, . ..

% 931 (1+g11)
g1 921 1+g},
1497, —lg21]? 931921
921 1+g11 1+974
951931 I+g, —lga |
931 1+g11 1497,
9319N1 9319N1
gn1 1+g11 1+97,

_ gx(I+g11)

1+9T1
- g}‘Vngl
1+97;
gn1931
o 1+9T1

I+g7 —lgn1?

14974

€ SU(N) .

(10.2.7)

y gN1

of the first column of the matrix g. One should convince oneself that V'
is indeed an SU(N) matrix, and that the resulting matrix ¢ is indeed in

SU(N —

1).

charge from SU(N) to SU(N — 1) by using the formula

The idea now is to reduce the expression for the topological

€vpe Tt [(VIV)O, (VW) (VW) O, (VW) (VIW)0,(VIV)T] =

upe TT [(VOVI)(VO,VT)(VO,VT]

e Tr [(WO,WH(WO,WH(Wa,W )]

+30,€po Tt [(VO,VH(WO,WT)] .

(10.2.8)

Again, it is instructive to prove this formula. Applying the formula to the
expression for the topological charge and using g = VW we obtain

1

2472
1

Q =

| s T2, )50, e

— / A0 1€ pe TX[(VO, VT (VO, VT (VO,VT)
S3

2412

+ (Wa,WhHwa,wh(wao,w).

(10.2.9)
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The 0, term of the formula eq.(10.2.8) drops out using Gauss’ law together
with the fact that S® has no boundary. It follows that the topological charge
of a product of two gauge transformations V and W is the sum of the
topological charges of V and W. Since V' only depends on ¢11, g21, - - ., gn1,
it can be viewed as a map of S? into the sphere S*V—1

VSt gL (10.2.10)

This is because |g11]*+|ga1]|*+. . . +|gn1|> = 1. Remarkably the correspond-
ing homotopy group is trivial for N > 2, i.e.

I5[S?V 1 = {0}. (10.2.11)

All maps of S? into the higher dimensional sphere S?V~! are topologically
equivalent (they can be deformed into each other). This can be understood
better in a lower dimensional example

I, [S?] = {0}. (10.2.12)

Each closed curve on an ordinary sphere can be constricted to the north
pole, and hence is topologically trivial. In fact,

11,,[S"] = {0}, (10.2.13)

for m < n, whereas

I,[S"] = Z. (10.2.14)

On the other hand, I1,,,[S™] with m > n is not necessarily trivial, for example

I,[S?] = Z(2). (10.2.15)

Make a table for homotopy groups?

Since the map V' of eq.(10.2.10) is topologically trivial, its contribution
to the topological charge vanishes. The remaining W term reduces to the
SU(N — 1) contribution

1

Q=5

| o TG00 G0 G0N (10:216)

The separation of the V' contribution works only if the decomposition of g
into V' and ¢ is non-singular. In fact, the expression for V is singular for
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g11 = —1. This corresponds to a ((N — 1)? — 1)-dimensional subspace of the
(N? — 1)-dimensional SU(N) group space. The map g itself covers a 3-d
subspace of SU(N). Hence it is of zero measure to hit a singularity. Since
we have now reduced the SU(N) topological charge to the SU(N —1) case,
we can go down all the way to SU(2). It remains to be shown that the
SU(2) expression is actually an integer. First of all

G: 8% = SU(2) =5, (10.2.17)
and indeed
13[SU(2)] = I15[S?] = Z. (10.2.18)

The topological charge specifies how often the SU(2) group space (which is
isomorphic to the 3-sphere) is covered by g as we go along the boundary of
Euclidean space-time (which is also topologically S®). Again, it is useful to
consider a lower dimensional example, maps from the circle S! to the group
U(1), which is topologically also a circle

g =exp(ip) : ST = U(1) = S". (10.2.19)
The relevant homotopy group is
IL[U(1)] =1L[S"] = Z. (10.2.20)

Again, for each integer there is an equivalence class of maps that can be
continuously deformed into one another. Going over the circle S* the map
may cover the group space U (1) any number of times. In U(1) the expression
for the topological charge is analogous to the one in SU(N)

Q = —% o do, ew,(g(x)a,,g(x)f) = % /51 do, €u,0,p(T)
= %(gp(%r) —¢(0)). (10.2.21)

If g(z) is continuous over the circle ¢(27) and ¢(0) must differ by 27 times
an integer. That integer is the topological charge. It counts how many
times the map ¢ covers the group space U(1) as we move along the circle
S1. We are looking for an analogous expression in SU(2). For this purpose
we parametrize the map g as

g(x) = exp(id(x) - &) = cosa(z) +isina(z)é,(x) - 7,
in ).

eo(x) = (sinf(z) sin (), sin 6(z) cos p(x), cosf(z)). (10.2.22)
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It is a good exercise to convince oneself that

o T [(§()0,9())(9(2) 09 (2))(9(2) 00 (2) )]
= 12sin’ () sin 0(x) €00, (2)0,0(2) 0y ip(z). (10.2.23)

This is exactly the volume element of a 3-sphere (and hence of the SU(2)
group space). Thus we can now write

L/ o, sin® a(z) sin 0(1)€ 0, 0,0(2)0,0(2) 0,0 (x) = L/ dg .
272 g3 S3

(10.2.24)
The volume of the 3-sphere is given by 272. When the map § covers the
sphere @) times, the integral gives @ times the volume of S3. This finally
explains why the prefactor 1/327% was introduced in the original expression
of eq.(10.2.1) for the topological charge.

Q=

10.3 Topology of a Gauge Field on a Com-
pact Manifold

Imagine our Universe was closed both in space and time, and hence had
no boundary. Our previous discussion, for which the value of the gauge
field at the boundary was essential, would suggest that in a closed Universe
the topology is trivial. On the other hand, we think that topology has
local consequences. For example, baryon number conservation is violated
because the topological charge does not vanish. To resolve this apparent
contradiction we will now discuss the topology of a gauge field on a compact
Euclidean space-time manifold M, and we will see that non-trivial topology
is still present. Let us again consider the topological charge

Q= /Md4x P(z) . (10.3.1)

Writing the Chern-Pontryagin density as the total divergence of the 0-
cochain
P(z) = 0,00 (x) , (10.3.2)

and using Gauss’ law we obtain

Q= /M d'z 0,0 (x) = /a N o, QP (x)=0. (10.3.3)
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Here we have used that M has no boundary, i.e. OM is an empty set. A
gauge field whose Chern-Pontryagin density can globally be written as a
total divergence is indeed topologically trivial on a compact manifold. The
important observation is that eq.(10.3.2) may be valid only locally. In other
words, gauge singularities may prevent us from using Gauss’ law as we did
above. In general, it will be impossible to work in a gauge that makes the
gauge field non-singular everywhere on the space-time manifold. Instead
we must subdivide space-time into local patches in which the gauge field is
smooth, and glue the patches together by non-trivial gauge transformations,
which form a fibre bundle of transition functions. A topologically non-trivial
gauge field will contain singularities at some points x; € M. We cover the
manifold M by closed sets ¢; such that x; € ¢;\d¢;, i.e. each singularity lies
in the interior of a set ¢;. Also M = U;c; with ¢; N ¢; = de; N Oc;.

The next step is to remove the gauge singularities x; by performing gauge
transformations g; in each local patch

G () = :(2) (Colx) + 8,)g! (). (10.3.4)

After the gauge transformation the gauge potential GL(SC) is free of singu-
larities in the local region ¢;. Hence we can now use Gauss’ law and obtain

2; / | d'z P(z) = Z /a s, OO(i)

- Iy / da, [09(i) — QO (j)]. (10.3.5)

Q

2

]
The argument @ of the 0-cochain indicates that we are in the region ¢;. At
the intersection of two regions ¢; N ¢; the gauge field G, differs from G7,

although the original gauge field G, (x) was continuous there. In fact, the
two gauge fields are related by a gauge transformation v;;

G, (2) = vij(2) (G (x) 4 O, )vij ()T, (10.3.6)

which is defined only on ¢; N¢;. The gauge transformations v;; form a fibre
bundle of transition functions given by

vi(x) = gi(x)g;(z)". (10.3.7)

This equation immediately implies a consistency equation. This so-called
cocycle condition relates the transition functions in the intersection ¢;Ne;Ney,
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of three regions
Vip(x) = vy (x)vk(). (10.3.8)

The above difference of two 0O-cochains in different gauges is given by the
so-called coboundary operator A

A4, j) = QP (i) — QO (5). (10.3.9)

It is straight forward to show that

AQ/&O)(i7j):_T17TQEHVpg v[v (2) 0,055 () i () 0,055 () i (2) Dpvij ()]
g D ey (1) iy ()G () (10.3.10)

The above equation for the topological charge then takes the form

R
X Ty ()83 () i (2)Dpviy () vy (2) D035 ()]

Ky e
(10.3.11)

Using the cocycle condition this can be rewritten as

© = 487?2 Z / e, T Cpuor

x  Trlvy(x )3 v )UZ]( ) Opvij(z )UU( )0y vij(x )]

1
= D T e R L P!
l]k) cihle ey

(10.3.12)

This shows that the topology of the fibre bundle is entirely encoded in the
transition functions.

In the appropriate mathematical language the gauge transformations
g; form sections of the fibre bundle. Using formula (10.2.8) together with
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eq.(10.3.7) one can show that the topological charge is expressed in terms
of the section in the following way

QzZ@i

1

= S /a 00,4640 Trl:(2) 0, 9:()' 9i(2) Dy 1)  9i(2) Do i ()]

(10.3.13)

We recognize the integer winding number (); that characterizes the map g;
topologically. In fact, the boundary Oc; is topologically a 3-sphere, such
that

g; : Oc; — SU(3), (10.3.14)

and hence
Qi € I[SU(3)] = Z. (10.3.15)

The topological charge () is a sum of local winding numbers ); € Z, which
are associated with the regions ¢;. In general, the (); are not gauge invariant.
Hence, individually they have no physical meaning. Still, the total charge
— as the sum of all (); — is gauge invariant. It is instructive to show this
explicitly by performing a gauge transformation on the original gauge field

Gu(z) = g(z)(Gu(z) + 8M)g(:v)T. (10.3.16)

Deriving the gauge transformation properties of the section and using for-
mula (10.2.8) this is again straightforward.

10.4 The Instanton in SU(2)

We have argued mathematically that gauge field configurations fall into
topologically distinct classes. Now we want to construct concrete examples
of topologically non-trivial field configurations. Here we consider instan-
tons, which have () = 1 and are solutions of the Euclidean classical field
equations. The instanton occurs at a given instant in Euclidean time. Since
these solutions do not live in Minkowski space-time they have no direct
interpretation in terms of real time events. Also it is unclear which role
they play in the quantum theory. Instantons describe tunneling processes
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between degenerate classical vacuum states. Their existence gives rise to
the #-vacuum structure of non-Abelian gauge theories.

Here we concentrate on SU(2). This is sufficient, because we have seen
that the SU(N) topological charge can be reduced to the SU(2) case. In
this section we go back to an infinite space with a boundary sphere S3,
and we demand that the gauge field has finite action. Then at space-time
infinity the gauge potential is in a pure gauge

Golx) = g(2)d,g(a). (10.4.1)

Provided the gauge field is otherwise smooth, the topology resides entirely
in the map g. We want to construct a field configuration with topological
charge @ = 1, i.e. one in which the map g covers the group space SU(2) =
S3 once as we integrate over the boundary sphere S®. The simplest map
of this sort is the identity, 7.e. each point at the boundary of space-time is
mapped into the corresponding point in the group space such that

Ty + -0 o
g(x) = T ) = \/22 + | Z)2. (10.4.2)

Next we want to extend the gauge field to the interior of space-time without
introducing singularities. We cannot simply maintain the form of eq.(10.4.1)
because ¢ is singular at x = 0. To avoid this singularity we make the ansatz

Gu() = f(lz])g(2)0ug(x)", (10.4.3)

where f(oo) =1 and f(0) = 0. For any smooth function f with these prop-
erties the above gluon field configuration has ¢ = 1. Still, this does not
mean that we have constructed an instanton. Instantons are field configu-
rations with @) # 0 that are in addition solutions of the Fuclidean classical
equations of motion, 7.e. they are minima of the Euclidean action

sG] = / di 2—;2Tr[GW(:E)GW(a:)]. (10.4.4)

Let us consider the following integral

1

[ TG0 £ 500 G (1) Gole) £ 5nrGoa(2) =

/d43j Tr[G ()G (%) £ €po G (2) G oo () + G (2) G ()] =
4¢2S1G,) £ 327°Q[G,]. (10.4.5)
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We have integrated a square. Hence it is obvious that
872 872
S[Gu] £ ?Q[Gu] >0 = S[G,] > ?|Q[Gu]|, (10.4.6)

i.e. a topologically non-trivial field configuration costs at least a minimum
action proportional to the topological charge. Instantons are configurations
with minimum action, 7.e. for them

872
SIG,) = T 1QIG,). (10.4.7)
From the above argument it is clear that a minimum action configuration
arises only if

1
Gu(z) = :I:EEWWGW(QJ). (10.4.8)

Configurations that obey this equation with a plus sign are called selfdual.
The ones that obey it with a minus sign are called anti-selfdual. It is
instructive to convince oneself that the above gluon field with

) = (10.49)

z|) = ———— 4.
|z ]? + p?

is indeed an instanton for any value of p. The instanton configuration hence

takes the form

= ———g(2)0u9(x)". (10.4.10)

There is a whole family of instantons with different radii p. As a consequence
of scale invariance of the classical action they all have the same action

S|G,] = 87?/4>.

10.5 6#-Vacua

The existence of topologically non-trivial gauge transformations has drastic
consequences for non-Abelian gauge theories. In fact, there is not just
one classical vacuum state, but there is one for each topological winding
number. Instantons describe tunneling transitions between topologically
distinct vacua. Due to tunneling the degeneracy of the classical vacuum
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states is lifted, and the true quantum vacuum turns out to be a f-state, i.e.
one in which configurations of different winding numbers are mixed.

In the following we fix to G4(x) = 0 gauge, and we consider space to
be compactified from R® to S3. This is just a technical trick which makes
life easier. Using transition functions one could choose any other compact-
ification, e.g. on a torus T2, or one could choose appropriate boundary
conditions on R? itself. The classical vacuum solutions of such a theory are
the pure gauge fields

Gi(x) = g(x)0g(x)". (10.5.1)

Since we have compactified space, the classical vacua can be classified by
their winding number

n € I3[SU(3)] = Z, (10.5.2)
which is given by

1
n =
2472

/33 Bz €1, Tr[g(7)0;9(z) g(2)0;9(x) g(z)Okg(x)T].  (10.5.3)

One might think that one can construct a quantum vacuum |n) just by con-
sidering small fluctuations around a classical vacuum with given n. Quan-
tum tunneling, however, induces transitions between the various classical
vacua. Imagine the system is in a classical vacuum state with winding
number m at early times t = —oo, then it changes continuously (now de-
viating from a pure gauge), and finally at ¢ = oo it returns to a classical
vacuum state with a possibly different winding number n. The time evolu-
tion corresponds to one particular path in the Feynman path integral. The
corresponding gauge field smoothly interpolates between the initial and fi-
nal classical vacua. When we calculate its topological charge, we can use
Gauss’ law, which yields an integral of the 0-cochain over the space-time
boundary, which consists of the spheres S® at t = —oo and at ¢t = co. At
each boundary sphere the gauge field is in a pure gauge, and the integral
yields the corresponding winding number such that

Q=n—m. (10.5.4)

Hence, a configuration with topological charge () induces a transition from
a classical vacuum with winding number m to one with winding number
n =m + Q. In other words, the Feynman path integral that describes the
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amplitude for transitions from one classical vacuum to another is restricted
to field configurations in the topological sector @), such that

(n|U (o0, —00)|m) = /DGL"_’”) exp(—S[G,)). (10.5.5)

Here GLQ) denotes a gauge field with topological charge @, and U(t',t) is
the time evolution operator.

It is crucial to note that the winding number n is not gauge invariant.
In fact, as we perform a gauge transformation with winding number 1 the
winding number of the pure gauge field changes to n + 1. In the quantum
theory such a gauge transformation g is implemented by a unitary operator
T that acts on wave functionals ¥[G;] by gauge transforming the field Gj,
i.e.

TY[G;] = V[g(G; + 8y)g']. (10.5.6)

In particular, acting on a state that describes small fluctuations around a
classical vacuum one finds

T|n) = |n+1), (10.5.7)

i.e. T acts as a ladder operator. Since the operator T implements a special
gauge transformation, it commutes with the Hamiltonian, just the theory is
gauge invariant. This means that the Hamiltonian and 7" can be diagonal-
ized simultaneously, and each eigenstate can be labelled by an eigenvalue of
T. Since T is a unitary operator its eigenvalues are complex phases exp(if),
such that an eigenstate — for example the vacuum — can be written as |6)
with

T10) = exp(i6)]0). (10.5.8)

On the other hand, we can construct the #-vacuum as a linear combination

10) =) " caln). (10.5.9)

n

Using

T)0)

chT|n> = ch|n + 1)

n n

= D cualn) = exp(if) Y caln), (10.5.10)

n n
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one obtains ¢,_1 = exp(if)c, such that ¢, = exp(—in#) and
16) =) _ exp(—ind)|n). (10.5.11)

The true vacuum of a non-Abelian gauge theory is a linear combination
of classical vacuum states of different winding numbers. For each value of
0 there is a corresponding vacuum state. This is analogous to the energy
bands in a solid. There a state is labelled by a Bloch momentum as a
consequence of the discrete translation symmetry. In non-Abelian gauge
theories T' induces discrete translations between classical vacua, with anal-
ogous mathematical consequences.

Now let us consider the quantum transition amplitude between different
f-vacua

(0|U (00, —00)|8') = Zexp(in@) exp(—imb")(n|U (oo, —o0)|m)

m,

= Z exp(inf —i(n — Q)0) /DG,SQ) exp(—S[G.])

n,Q=n—m

=36 -6)Y [ DO exp(-S(G, ) exp(i8QIG, )
Q

_ / DG, exp(—S4[G)). (10.5.12)

There is no transition between different #-vacua, which confirms that they
are eigenstates. Also we can again identify the action in a #-vacuum as

SolG.] = S[G,] — i0Q[G,]. (10.5.13)

Finally, let us consider the theory with at least one massless fermion. In
that case the Dirac operator v,(G,(z) + 0,) has a zero mode. This follows
from an index theorem due to Atiyah and Singer. They considered the
eigenvectors of the Dirac operator with zero eigenvalue

Yu(Gu(x) + 8,) ¥ () = 0. (10.5.14)

These eigenvectors have a definite handedness, i.e.

S0 0) W () = W), (10.5.15)
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because
V5 Yu(Gu(x) + 0,)¥(2) = —vu(Gpu(z) + 9,) ¥ (z) = 0. (10.5.16)
The Atiyah-Singer index theorem states that
Q =ng —ng, (10.5.17)

where n; and ng are the numbers of left- and right-handed zero modes.
Hence, a topologically non-trivial gauge field configuration necessarily has
at least one zero mode. This zero mode of the Dirac operator eliminates
topologically non-trivial field configurations from theories with a massless
fermions, i.e. then Q[G,] = 0 for all configurations that contribute to the
Feynman path integral. In that case the #-term in the action has no effect,
and all #-vacua would be physically equivalent. This scenario has been
suggested as a possible solution of the strong CP problem. If the lightest
quark (the u quark) would be massless, § would not generate an electric
dipole moment for the neutron. There is still no agreement on this issue.
Some experts of chiral perturbation theory claim that a massless u-quark
is excluded by experimental data. However, the situation is not clear. For
example, the pion mass depends only on the sum m,+mg4, and one must look
at more subtle effects. Most likely the solution of the strong CP problem is
beyond the standard model. We will soon discuss extensions of the standard
model with an additional U(1)pq Peccei-Quinn symmetry, which will allow
us to rotate 6 to zero. As a consequence of spontaneous U(1)pg breaking,
we will also find a new light pseudo-Nambu-Goldstone boson — the axion.

10.6 The U(1)-Problem

The topological properties of the gluon field give rise to several questions in
the standard model. One is the strong CP problem related to the presence
of the #-vacuum angle. A naive hope to avoid this problem might be to
assume that gluon field configurations with non-vanishing topological charge
are negligible in the QCD path integral. This, however, does not work
because there is also the so-called U(1)-problem in QCD. The problem is
to explain why the 7’-meson has a large mass and hence is not a Nambu-
Goldstone boson. This is qualitatively understood based on the Adler-Bell-
Jackiw anomaly — the axial U(1) symmetry of QCD is simply explicitly
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broken. To solve the U(1)-problem quantitatively — i.e. to explain the
large value of the n’-mass — requires gluon field configurations with non-
zero topological charge to appear frequently in the path integral. This is
confirmed by lattice calculations and indeed offers a nice explanation of the
U(1)-problem. However, if we use topologically non-trivial configurations
to solve the U(1)-problem, we cannot ignore these configurations when we
face the strong C' P-problem.

The chiral symmetry of the classical QCD Lagrange function is U(Ny) ,®
U(Ny)r, while in the spectrum only the flavor and baryon number symme-
tries SU(Ny)p+r ® U(1)—p = U(Ny)r—g are manifest. According to the
Goldstone theorem one might hence expect N7 4+ N7 — N7 = N7 Nambu-
Goldstone bosons, while in fact one finds only N]% — 1 Nambu-Goldstone
bosons in QCD. The missing Nambu-Goldstone boson should be a pseu-
doscalar, flavorscalar particle. The lightest particle with these quantum
numbers is the n’-meson. However, its mass is M,, = 0.958 GeV, which is
far too heavy for a Nambu-Goldstone boson. The question why the n’-meson
is so heavy is the so-called U(1)-problem of QCD. At the end the question
is why the axial U(1) symmetry is not spontaneously broken, although it
is also not manifest in the spectrum. It took a while before 't Hooft real-
ized that axial U(1) is not a symmetry of QCD. Although the symmetry
is present in the classical Lagrange density, it cannot be maintained un-
der quantization because it has an anomaly. This explains qualitatively
why the 7n'-meson is not a Nambu-Goldstone boson. To understand the
problem more quantitatively, one must consider the origin of the quantum
mechanical symmetry breaking in more detail. It turns out that topologi-
cally non-trivial configurations of the gluon field — for example instantons
— give mass to the n-meson. If the color symmetry would be SU(N.,)
instead of SU(3), the explicit axial U(1) breaking via the anomaly would
disappear in the large N, limit. In this limit the 7n’-meson does indeed be-
come a Nambu-Goldstone boson. For large but finite IV, the n’-meson gets
a mass proportional to the topological susceptibility — the vacuum value of
the topological charge squared per space-time volume — evaluated in the
pure glue theory.

Qualitatively one understands why the 7’-meson is not a Nambu-Goldstone
boson, because the axial U(1)-symmetry is explicitly broken by the Adler-
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Bell-Jackiw anomaly
0 (x) = 2Ny P(x), (10.6.1)

where P is the Chern-Pontryagin density. However, the question arises how
strong this breaking really is, and how it affects the n’-mass quantitatively.
To understand this issue we consider QCD with a large number of colors,
i.e we replace the gauge group SU(3) by SU(N,).

It is interesting that large N, QCD is simpler than real QCD, but still
it is too complicated to solve it analytically. Still, one can classify the
subset of Feynman diagrams that contribute in the large N, limit. An
essential observation is that for many colors the distinction between SU(N,)
and U(N,) becomes irrelevant. Then each gluon propagator in a Feynman
diagram may be replaced formally by the color flow of a quark-antiquark
pair. In this way any large N, QCD diagram can be represented as a quark
diagram. For the gluon self-energy diagram, for example, one finds an
internal quark loop which yields a color factor V. and each vertex gives a
factor g, such that the diagram diverges as g>N.. We absorb this divergence
in a redefinition of the coupling constant by defining

g° = g>N., (10.6.2)

and we perform the large N, limit such that g goes to zero but g remains
finite. Let us now consider a planar 2-loop diagram contributing to the
gluon self-energy. There are two internal loops and hence there is a factor
N2, Also there are four vertices contributing factors g = ¢g*/N? and the
whole diagram is proportional to g* and hence it is finite. Let us also
consider a planar 4-loop diagram. It has a factor N? together with six
3-gluon vertices that give a factor g6 = ¢%/N3 and a 4-gluon vertex that
gives a factor g2 = g?/N,. Altogether the diagram is proportional to ¢® and
again it is finite as N, goes to infinity. Next let us consider a non-planar
4-loop diagram. The color flow is such that now there is only one color
factor N, but there is a factor ¢¢ = ¢%/N3 from the vertices. Hence the
total factor is g%/N? which vanishes in the large N, limit. In general any
non-planar gluon diagram vanishes in the large N, limit. Planar diagrams,
on the other hand, survive in the limit. In particular, if we add another
propagator to a planar diagram such that it remains planar, we add two
3-gluon vertices and hence a factor g> = ¢g*/N., and we cut an existing
loop into two pieces, thus introducing an extra loop color factor N.. The
total weight remains of order 1. Now consider the quark contribution to
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the gluon propagator. There is no color factor N, for this diagram, and
still there are two quark-gluon vertices contributing a factor ¢?> = ¢?/N.,.
Hence this diagram disappears in the large N, limit. Similarly, all diagrams
with internal quark loops vanish at large N.. Even though this eliminates
a huge class of diagrams, the remaining planar gluon diagrams are still too
complicated to be summed up analytically. Still, the above N. counting
allows us to understand some aspects of the QCD dynamics.

In the large N, limit, QCD reduces to a theory of mesons and glueballs,
while the baryons disappear. This can be understood in the constituent
quark model. In SU(N,) a color singlet baryon consists of N, quarks, each
contributing the constituent quark mass to the total baryon mass. Hence
the baryon mass is proportional to N, such that baryons are infinitely heavy
(and hence disappear) in the large N, limit. Mesons, on the other hand, still
consist of a quark and an anti-quark, such that their mass remains finite.

Also the topology of the gluon field is affected in the large N, limit. We
have derived the instanton action bound

872 8m2N,
S[Gu] = ?|Q[Gu]| =—

S

QIG,], (10.6.3)

which is valid for all SU(N.). In the large NV, limit the action of an instanton
diverges, and topologically non-trivial field configurations are eliminated
from the Feynman path integral. This means that the source of quantum
mechanical symmetry breaking via the anomaly disappears, and the 7'-
meson should indeed become a Nambu-Goldstone boson in the large N.
limit. In that case one should be able to derive a mass formula for the 7'-
meson just like for the Nambu-Goldstone pion. The pion mass resulted from
an explicit chiral symmetry breaking due to a finite quark mass. Similarly,
the n'-mass results from an explicit axial U(1) breaking via the anomaly
due to finite N.. This can be computed as a 1/N, effect.

Let us consider the so-called topological susceptibility as the integrated
correlation function of two Chern-Pontryagin densities

Xt = /d% 0g(O|P(0)P(2)]0),, = <?/2> (10.6.4)

in the pure gluon theory (without quarks). Here |0),, is the vacuum of the
pure gluon theory, and V' is the volume of space-time. When we add massless
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quarks, the Atiyah-Singer index theorem implies that the topological charge
— and hence x; — vanishes, because the zero-modes of the Dirac operator
eliminate topologically non-trivial field configurations. Therefore in full
QCD (with massless quarks)

/d4x (0|P(0)P(x)|0) = 0, (10.6.5)

where |0) is the full QCD vacuum. In the large N, limit the effects of
quarks are 1/N, suppressed. Therefore it is unclear how they can eliminate
the topological susceptibility of the pure gluon theory. In the large N, limit
the quark effects manifest themselves entirely in terms of mesons. One finds

-y <0’P’mj\>4<2m’P’0> —0, (10.6.6)

m

where the sum runs over all meson states and M,, are the corresponding
meson masses. Using large N, techniques one can show that [(0|P|m)|? is
of order 1/N,, while y; is of order 1. If also all meson masses would be of
order 1 there would be a contradiction. The puzzle gets resolved when one
assumes that the lightest flavorscalar, pseudoscalar meson — the n’ — has
in fact a mass of order 1/N,, such that

[{01P]') |

xe = L (10.6.7)
M2

Using the anomaly equation one obtains

1
V2N,

In the large N, limit f,; = f; and we arrive at the Witten-Veneziano formula

/ ]‘ /
(011 = 53 00 A} =~ M (10.6.8)

202
Xt = o
2Ny

(10.6.9)

In this equation Y is of order 1, f2 is of order N, and Mg, is of order 1/N.,..
This means that the 7’-meson is indeed a Nambu-Goldstone boson in a world
with infinitely many colors. At finite N, the anomaly arises leading to an
explicit axial U(1) symmetry breaking proportional to 1/N.. The pseudo-
Nambu-Goldstone boson mass squared is hence proportional to 1/N.. So
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far we have assumed that all quarks are massless. When a non-zero s quark
mass is taken into account, the formula changes to

1
Xe = F2(ME + M — 2MF) = (0.180GeV)*. (10.6.10)

Lattice calculations are at least roughly consistent with this value, which
supports this solution of the U(1)-problem.

10.7 Baryon Number Violation in the Stan-
dard Model

The classical Lagrange density of the standard model does not contain
baryon number violating interactions. However, this does not imply that
the standard model conserves baryon number after quantization. Indeed,
due to the chiral couplings of the fermions, the baryon number current has
an anomaly in the standard model. Although the Lagrange density has a
global U(1) baryon number symmetry, this symmetry is explicitly broken in
the quantum theory. The same is true for lepton number. The difference,
B — L, on the other hand, remains conserved. The existence of baryon
number violating processes at the electroweak scale may change the baryon
asymmetry that has been generated at the GUT scale.

Let us consider the vacuum structure of a non-Abelian gauge theory
(like the SU(2) sector of the standard model). A classical vacuum solution

| O(7) = ( 23(%) ) = ( 2 ) , Ay(T) = 0. (10.7.1)

is
Of course, gauge transformations of this solution are also vacua. However,
states that are related by a gauge transformation are physically equivalent,
and one should not consider the other solutions as additional vacua. Still,
there is a subtlety, because there are gauge transformations with different
topological properties. First of all, there are the so-called small gauge trans-
formations, which can be continuously deformed into the identity, and one
should indeed not distinguish between states related by small gauge trans-
formations. However, there are also large gauge transformations — those
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that can not be deformed into a trivial gauge transformation — and they
indeed give rise to additional vacuum states. The gauge transformations

g:R* = SU(2) (10.7.2)

can be viewed as maps from coordinate space into the group space. When
one identifies points at spatial infinity R® is compactified to S%. On the other
hand, the group space of SU(2) is also S®. Hence, the gauge transformations
are maps

g: S — S5 (10.7.3)

Such maps are known to fall into topologically distinct classes characterized
by a winding number

nlg] € 13[SU(2)] =Z (10.7.4)

from the third homotopy group of the gauge group. In this case, maps with
any integer winding number are possible. Denoting a map with winding
number n by g, we can thus construct a set of topologically inequivalent
vacuum states

0
v

M (7)) = g, (%) < ) L A(Z) = g0 (2)Dign(D). (10.7.5)
Topologically distinct vacua are separated by energy barriers, and thus there

is a periodic potential in the space of field configurations.

Classically, the system is in one of the degenerate vacuum states. Quan-
tum mechanically, however, the system can tunnel from one vacuum to
another. It turns out that a transition from the vacuum (m) to the vac-
uum (n) is accompanied by a baryon number violating process of strength
AB = Ny(n —m), where N, is the number of generations of quarks and
leptons. Also the lepton number changes by AL = Ny(n —m), such that
B — L is conserved. The tunnel amplitude — and hence the rate of baryon
number violating processes — is controlled by the barrier height between
adjacent classical vacua. The unstable field configuration at the to of the
barrier is known as a sphaleron (meaning ready to decay). In the standard
model the height of the barrier (the sphaleron energy) is given by 4mwv/g
and the resulting tunneling rate is

8
exp(—?) ~ exp(—200), (10.7.6)
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which is totally negligible. Hence, for some time people assumed that
baryon number violation in the standard model is only of academic in-
terest. However, it was overlooked that in the early Universe one need
not tunnel through the barrier — one can simply step over it classically
due to large thermal fluctuations. Then one must assume that in the TeV
range baryon number violating processes are un-suppressed in the standard
model. This means that any pre-existing baryon asymmetry — carefully
created at the GUT scale — will be washed out, because baryon number
violating processes are again in thermal equilibrium. Since the electroweak
phase transition is of second or of weakly first order, it is unlikely (but
not excluded) that a sufficient baryon asymmetry is re-generated at the
electroweak scale.

However, we should not forget that B — L is conserved in the standard
model. This means that this mode is not thermalized. When baryon and
lepton asymmetries AB; and AL; have been initially generated at the GUT
scale, equilibrium sphaleron processes will imply that finally

A(Bf + Lf) =0, (1077)

but still
A(By — Ly) = A(B; — L;) = 0. (10.7.8)

Hence, the present baryon and lepton asymmetries then are
1
ABy=—-AL; = éA(Bi — L. (10.7.9)

This again leads to a problem, because also the minimal SU(5) model con-
serves B — L. An asymmetry A(B; — L;) must hence be due to processes in
the even earlier Universe. Then we would know as much as before. Fortu-
nately, there is a way out. Other GUTs like SO(10) and Ejg are not ruled
out via proton decay and indeed do not conserve B — L. The reason for
B — L violation in these models is related to the existence of massive neu-
trinos. The so-called “see-saw” mechanism gives rise to one heavy neutrino
of mass 10* GeV and one light neutrino of mass in the eV range, that is
identified with the neutrinos that we observe. Hence, we can explain the
baryon asymmetry using GUTs only if the neutrinos are massive. Other-
wise, we must assume that it was generated at times before 1073* sec after
the Big Bang, or we must find a way to go sufficiently out of thermal equi-
librium around the electroweak phase transition and generate the baryon
asymmetry via sphaleron processes.



Chapter 11

The Strong CP-Problem

We have seen that non-Abelian SU(N) gauge fields have nontrivial topo-
logical structure. In particular, classical vacuum (pure gauge) field configu-
rations are characterized by an integer winding number from the homotopy
group II3[SU(N)] = Z. Instantons are examples of Euclidean field config-
urations with topological charge () that describe tunneling between topo-
logically distinct classical vacua. Due to tunneling, the quantum vacuum
is a linear superposition of classical vacua characterized by a vacuum angle
0 € [—m,7n]. In the Euclidean action the vacuum angle manifests itself as
an additional term 60Q). For # # 0,7 this term explicitly breaks the CP
symmetry. As a consequence, the neutron would have an electric dipole
moment proportional to 6, while without CP violation the dipole moment
vanishes. Indeed, the observed electric dipole moment of the neutron is
indistinguishable from zero. This puts a stringent bound on the vacuum
angle |0] < 107°. The question arises why in Nature § = 0 to such a high
accuracy. This is the strong CP-problem.

Within QCD itself, one could “solve” the strong CP-problem simply by
demanding CP symmetry. In the standard model, however, the Yukawa
couplings already lead to CP violation which is indeed observed in the neu-
tral kaon system. This effect is rather subtle and requires the presence of
at least three generations. If there were CP violation in the strong interac-
tions, it would give rise to much more drastic effects. Naively, one might
hope to solve the strong CP-problem by the assumption that gluon fields
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with @) # 0 are very much suppressed. However, this probably does not
work. First of all, the quantitative solution of the U(1)-problem relies on
the fact that gluon fields with @ # 0 appear frequently in the pure gauge
theory. Of course, this need not necessarily be the case in full QCD with
quarks. Indeed, if the up quark would be massless, the Atiyah-Singer index
theorem would imply that fermionic zero-modes of the Dirac operator com-
pletely eliminate gluon fields with ) # 0 from the path integral. In that
case, the f-vacuum term would vanish and all #-vacua would be physically
equivalent and thus CP conserving. It is a controversial issue if the up quark
might indeed be massless, but most experts of chiral perturbation theory
believe that this possibility is excluded. In any case, if the up quark would
indeed be massless, and we would solve the CP problem in that way, we
would immediately face the m,-problem: why is the up quark massless?

We have seen already that the Chern-Pontryagin topological charge den-
sity is intimately connected with the divergence of the flavor-singlet axial
current. This implies that the vacuum angle can be rotated using an axial
U(1) transformation. In this way, one can indeed get rid of any hypothet-
ical @'-angle in the electroweak SU(2); gauge field. The strong SU(3).
f-vacuum angle, on the other hand, cannot be rotated away in this fashion,
because it just gets transformed into a complex phase of the determinant
of the quark mass matrix. Still, such a transformation can be quite useful,
for example, because we can then investigate the 6-vacuum dynamics using
chiral Lagrangians. For example, for unequal up and down quark masses,
one finds a phase transition at # = m at which CP is spontaneously broken.
Hence, despite the fact that § = 7 does not break CP explicitly, the CP
symmetry is now broken dynamically. This means that 6 cannot be 7 in
Nature and must indeed be zero.

The chiral Lagrangian method also allows us to study #-vacuum effects
in the large N, limit. In this limit, the axial U(1) anomaly vanishes and
the n’-meson becomes a massless Goldstone boson. In fact, the n’-meson
couples to the complex phase of the quark mass matrix — and hence to
@ — and can indeed be used to rotate 6 away. Hence, there is no strong
CP-problem at N, = oco. Of course, we know that in our world N, = 3
(although some of the textbook arguments for this (anomaly cancellation,
70 decay) are incorrect), and we indeed face the strong CP-problem.

A very appealing solution of the strong CP-problem was suggested by
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Peccei and Quinn. They suggested an extension of the standard model with
two Higgs doublets. This situation also naturally arises in supersymmetric
extensions of the standard model. As a consequence of the presence of the
second Higgs field, there is an extra U(1)pg — a so-called Peccei-Quinn
symmetry — which allows one to rotate # away even at finite N.. When
SU(2),®U(1)y breaks down to U(1).y,, the Peccei-Quinn U (1) pg symmetry
also gets spontaneously broken. It was first pointed out by Weinberg and
Wilczek that this leads to a new pseudo-Goldstone boson — the axion.
Unfortunately, so far nobody has ever detected an axion despite numerous
experimental efforts and it is still unclear if this is indeed the correct solution
of the strong CP problem. Although the original Peccei-Quinn model was
soon ruled out by experiments, the symmetry breaking scale of the model
can be shifted to higher energy scales making the axion more or less invisible.

Axions are very interesting players in the Universe. They couple only
weakly to ordinary matter, but they still have interesting effects. First of
all, they are massive and could provide enough energy to close the Universe.
If it exists, the axion can also shorten the life-time of stars. Stars live so
long, because they cannot get rid of their energy by radiation very fast.
For example, a photon that is generated in a nuclear reaction in the cen-
ter of the sun spends 107 years before it reaches the sun’s surface, simply
because its electromagnetic cross section with the charged matter in the
sun is large. An axion, on the other hand, interacts weakly and can thus
get out much father. Like neutrinos, axions can therefore act as a super
coolant for stars. The observed life-time of stars can thus be used to put
astrophysical limits on axion parameters like the axion mass. Axions can
be generated in the early Universe in multiple ways. First, they can sim-
ply be thermally produced. Then they can be generated by a disoriented
U(1)pg condensate. This mechanism is similar to the recently discussed
pion production via a disoriented chiral condensate in a heavy ion collision
generating a quark-gluon plasma. Also, the spontaneous breakdown of a
U(1) symmetry is accompanied by the generation of cosmic strings. Indeed,
if the axion exists, axionic cosmic strings should exist as well. A network of
such fluctuating strings could radiate energy by emitting the corresponding
Goldstone bosons, namely axions.
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11.1 Rotating 6 into the Mass Matrix

Let us assume that there is a #-vacuum term i6(Q) in the Euclidean action of
QCD. We have seen already that such a term is intimately connected with
the flavor-singlet axial U(1) symmetry. Indeed, due to the axial anomaly,
the fermionic measure is not invariant under axial U(1) transformations.
Let us discuss this in the theory with N; quark flavors. Under an axial
U(1) transformation

q;, = exp(—i0/2N¢)qr, qr = exp(i0/2N¢)qr, (11.1.1)

the fermion determinant in the background of a gluon field with topological
charge () is not invariant. In fact, it changes by exp(i6(Q)). Hence, the above
axial transformation can be used to cancel any pre-existing #-vacuum term
in the QCD action. Of course, the transformation must be applied con-
sistently everywhere. It cancels out in the quark-gluon gauge interactions
which are chirally invariant, but not in mass terms. In fact, the mass matrix
M = diag(m., mg, ..., my,;) now turns into

M’ = diag(m,, exp(i /Ny), mqexp(i0/Ny), ..., mn, exp(i0/Ny)), (11.1.2)

i.e. 6 turns into the complex phase of the determinant of the quark mass
matrix. If one of the quarks is massless, the determinant vanishes and
its phase becomes physically irrelevant. Interestingly, strong CP violation
manifests itself by a complex phase in the quark mass matrix, while the CP
violation due to the Yukawa couplings leads to the complex phase in the
Cabibbo-Kobayashi-Maskawa quark mixing matrix.

The strong interaction #-angle cannot be completely rotated away, be-
cause both left- and right-handed quarks are coupled to the gluons. A
potential electroweak interaction #’-angle, on the other hand, can simply be
rotated away, because only the left-handed fermions couple to the SU(2).,
gauge field. For example, in order to remove a #’-angle, one just performs
a left-handed U(1) transformation

( VGLL ) = exp(—if) ( ”ej ) . (11.1.3)

The change of the fermion measure under the transformation cancels against
the &’-term, the gauge interactions remain unchanged, but the mass terms
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are again affected. However, we can now simply rotate the right-handed
fields as well

Vip = exp(—iff )ver, € = exp(—if)ex, (11.1.4)

which then leaves the mass term invariant. Unlike in the QCD case, this
does not regenerate the #’-term because the right-handed fermions do not
couple to the SU(2), gauge field.

11.2 The 6-Angle in Chiral Perturbation The-
ory

Let us now discuss how the vacuum angle affects the low-energy QCD dy-
namics. Since we know how the quark mass matrix enters the chiral La-
grangian, and since # is just the complex phase in that matrix, it is clear
how to include # in chiral perturbation theory. To lowest order the chiral
perturbation theory action then takes the form

2
S[U] = / di {%Tr[@“UTauU] $ o (WY TMUT + UM}, (11.21)
f

where M’ is the #-dependent quark mass matrix of eq.(11.1.2). The above
action is not 27m-periodic in . Instead, it is only 27 Ny-periodic. Still, it
is easy to show that the resulting path integral is indeed 2m-periodic. The
situation in QCD itself is similar. While the contribution 26¢) to the action
itself is not periodic in 6, it enters the path integral through the 27-periodic
Boltzmann factor exp(i#@). Hence, the path integral is periodic while the
action itself is not. Let us check that a non-zero vacuum angle indeed breaks
CP. On the level of the chiral Lagrangian charge conjugation corresponds
to U = UT, while parity corresponds to U (&, t) = U(—%,t)!. The action
from above breaks P while it leaves C invariant, and hence it indeed violates

CP.

Let us now examine the effect of § on the vacuum of the pion theory in
the Ny = 2 case. Then the mass matrix takes the form

M’ = diag(m, exp(if/2), mqexp(if/2)). (11.2.2)
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In order to find the vacuum configuration, we must minimize the potential
energy, and hence we must maximize

6 6
TAMUT + UMY =m, cos(§ + ) +mq cos(§ — ). (11.2.3)
Here we have parametrized U = diag(exp(iy), exp(—ip)). The minimum
energy configuration has

tan @ = Md = ™ o =, (11.2.4)

As expected, for 6 = 0 one obtains ¢ = 0 and hence U = 1. It is interest-
ing that the f-angle affects the pion vacuum only for nondegenerate quark
masses. At 6 = £7 the pion vacuum configuration has ¢ = +7/2, i.e.
U = +diag(i,—i). These two vacua are both not CP invariant. Instead,
they are CP images of one another. This indicates that, at § = £, the
CP symmetry is spontaneously broken. Hence, despite the fact that for
0 = *7 there is no explicit CP violation, the symmetry is still not intact.
This means that in Nature we have § = 0, not 6 = 7.

11.3 The 0-Angle at Large N,

We have seen that the U(1) problem can be understood quantitatively in the
limit of many colors N.. At N. = co the anomalous axial U(1) symmetry is
restored and the n’-meson becomes a Goldstone boson. At large but finite
N. the n’-meson is a pseudo-Goldstone boson with a mass

N

o VXt
My, = F—Tg, (11.3.1)
proportional to 1/N, (note that F? is of order N.). Here x; = (Q?)/V is
the topological susceptibility of the pure gauge theory which is of order one

in the large N, limit.

Since for large N, the n’-meson becomes light, it must be included in
the low-energy chiral Lagrangian. Since the axial U(1) symmetry is re-
stored at N, = oo and is then spontaneously broken, the chiral symmetry is
now U(Ny), ® U(Ny)g broken to U(Ny)—g. Consequently, the Goldstone
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bosons now live in the coset space U(Ny), @ U(Ns)r/U(Ny)r=r = U(Ny).
Hence, now there are N]% Goldstone bosons. The additional 1’ Goldstone
boson is described by the complex phase of the determinant of a unitary
matrix U, which would have determinant one if the 7/-meson were heavy.
For large N, the chiral perturbation theory action takes the form

2 ~ ~ —_ ~ ~
S| = / i {%Tr[@“UT&LU]+%(\I}\I}>Tr[M’UT+UM’T]
f
+  Njpxi(ilogdetlU)?}. (11.3.2)

If there is a f-angle in the quark mass matrix, this angle can now be absorbed
into the n-meson field, i.e. in the complex phase of the determinant of the
Goldstone boson field U. Then the action turns into
T T L L g T gt
f
+ Nyxi(ilogdetU — 6)?}. (11.3.3)

In the large N, limit the last term which is of order one can be neglected
compared to the other terms which are of order N.. Hence, at N, = oo,
the vacuum angle drops out of the theory, and all #-vacua become physi-
cally equivalent. Hence, for infinitely many colors there is no CP problem.
Essentially, the restored U(1) symmetry then allows us to rotate 6 away,
despite the fact that it is still explicitly broken by the quark masses.

11.4 The Peccei-Quinn Symmetry

At finite V., the axial U(1) symmetry is inevitably broken by the anomaly.
Hence, we will not be able to rotate ¢ away using that symmetry. The
idea of Peccei and Quinn was to introduce another U(1)pg symmetry —
now known as a Peccei-Quinn symmetry — that will allow us to get rid of
0 despite the fact that the axial U(1) symmetry is explicitly anomalously
broken. We will discuss the Peccei-Quinn symmetry in the context of the
single generation standard model. The generalization to more generations
is straightforward. Of course, it should be noted that with less than three
generations, there is no CP violating phase in the quark mixing matrix and
6 would be the only source of CP violation. Let us first remind ourselves
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how the up and down quarks get their masses in the standard model. As
we have seen earlier, the mass of the down quark myg = fyv is due to the
Yukawa coupling

L(uy,dp, dr, ) = foldr(P} ;) ( ry ) + (ardy) ( ‘iz )dR], (11.4.1)

while the mass of the up quark m, = f,v is due to the term

E(uL,dL,dR,CI)) = fd[ﬂR((I)g*q)/j> ( ZL ) + (@LCZL) ( (}{))/6 )UR] (1142)
L —

In the standard model the Higgs field &’ is constructed out of the Higgs

field ® as )
d o
cp/:( o>:( 0*>. 1143
o’ " (114.3)

When we write the Higgs field as a matrix

o D
o = 0 + 11.4.4
(—@: <I>o> | )

both Yukawa couplings can be combined into one expression

,C(U,L,dL,U,R,dR, (I)) = (QRJR)fTCDT ( ZL )+(ULdL)(I).F( ZR ) s (1145)
L R

where F = diag( f,, fq) is the diagonal matrix of Yukawa couplings. When a
f-term is present in the QCD Lagrangian, it can be rotated into the matrix
of Yukawa couplings by the transformation

( Z% ) = exp(—i0/4) ( Zi ) : ( Z:f; ) — exp(—if/4) < Zi ) . (11.4.6)

This turns the matrix of Yukawa couplings into
F' = diag(f, exp(i0/2), faexp(if/2)). (11.4.7)

Since the Higgs field matrix @ is proportional to an SU(2) matrix, the com-
plex phase exp(if) of the matrix of Yukawa couplings cannot be absorbed
into it, and hence # cannot be rotated away. Here we have assumed that
fu and f; are real. Otherwise, the effective vacuum angle would still be the
complex phase of the determinant of F.
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It is instructive to include the Yukawa couplings in the chiral perturba-
tion theory action

2
S[U, @] = / d*z {%Tr[@“UT 0,U] + L<\In11>Tr[eI>JT’UT + UF1o1}.

2Ny

(11.4.8)
Again, the complex phase in F’ cannot be absorbed into the Higgs field
matrix & because it is proportional to an SU(2) matrix. The Goldstone
boson matrix U is also an SU(2) matrix, and hence 6 cannot be rotated
away. As we have seen, 6 can actually be rotated away if the Goldstone
boson matrix is in U(2) and contains the 7’-meson field as a complex phase
of its determinant. This, however, is the case only at large N..

The basic idea of Peccei and Quinn can be boiled down to extending
the standard model Higgs field to a matrix proportional to U(2) — not
just to SU(2). The extra U(1)pg Peccei-Quinn symmetry then allows us to
rotate 6 away. The actual proposal of Peccei and Quinn does a bit more. It
introduces two completely independent Higgs doublets ® and ®’ which can
be combined to form a GL(2,C) matrix. Working with GL(2,C) rather
than with U(2) matrices ensures that the Higgs sector is described by a
perturbatively renormalizable linear o-model, instead of a perturbatively
nonrenormalizable nonlinear o-model. Still, this is not too relevant since,
as we have discussed earlier, both the linear and the nonlinear o-model are
trivial in the continuum limit, and physically equivalent. For simplicity,
we will not follow Peccei and Quinn all the way and introduce two Higgs
fields. Instead we will just extend the standard Higgs field to a matrix
® proportional to a U (2) matrix. This means that we introduce just one
additional degree of freedom, while Peccei and Quinn introduced four. The
complex phase in F' can then be absorbed in a redefinition of ® and one
obtains

~ 2 —_ ~ ~
S[U, @] = / d'z {%Tr[@“UT(‘?MU} + ﬁmm[@m + UF o1}
(11.4.9)

Since this expression now contains the original real Yukawa coupling matrix
F, all signs of the vacuum angle have completely disappeared from the
theory. Instead the complex phase exp(ia/v) of ® now plays the role of 6.
In particular, the axion field a(x)/v behaves like a space-time dependent
f-vacuum angle.
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11.5 U(1)pg Breaking and the Axion

The scalar potential V(@) in the extension of the standard model is invariant
against SU(2), ® SU(2)r ® U(1)pq transformations. In the vacuum the
Higgs field takes the value ® = diag(v,v), which breaks this symmetry
down spontaneously to SU(2),—g. Hence, there are 3+3+1—-3 =4
massless Goldstone bosons. As usual, we then gauge SU(2)., as well as the
U(1)y subgroup of SU(2)g, which amounts to a partial explicit breaking
of SU(2)g. The unbroken subgroup of SU(2)—g then is just U(1).,. Via
the Higgs mechanism, three of the four Goldstone bosons are eaten by the
gauge bosons and become the longitudinal components of Z, and W=. Since
U(1)pq remains a global symmetry, the fourth Goldstone boson does not
get eaten. This Goldstone boson is the axion.

Let us construct a low-energy effective theory that contains all Gold-
stone bosons of the extended standard model, namely the pions and the
axion. This is easy to do, because we have already included ® in the chiral
Lagrangian. After spontaneous symmetry breaking at the electroweak scale
v, We can write

& = vdiag(exp(ia/v), exp(ia/v)), (11.5.1)

where a parametrizes the axion field. Similarly, we can write
U = diag(exp(in’/F), exp(—in"/ F},)). (11.5.2)

Of course, the field U also contains the charged pions. At this point, we
are interested in axion-pion mixing. Since the axion is electrically neutral,
it cannot mix with the charged pions and we thus ignore them. Let us first
search for the vacuum of the axion-pion system. Minimizing the energy
implies maximizing

Tr[®FUT+UFI® = m, cos(a/v+7°/Fy) +mgcos(a/v—n/Fy). (11.5.3)

Obviously, this expression is maximized for a = 7% = 0. Next we expand
around this vacuum to second order in the fields. The resulting mass squared
matrix takes the form

o (W) ' (my +ma)/F2 (m, —ma)/Fr
M < : ) (11.5.4)

T4 my = ma)/Frv (may + ma)/v*
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In the limit v — oo this matrix turns into

M2 <\II\II> ( (mu"‘md)/FT% 0 > ’ (11.5.5)

-y 0 0

from which we read off the familiar mass squared of the pion

T (my,
Mz = >(Z?2+md>. (11.5.6)

In this limit the axion remains massless and there is no axion-pion mixing.
Next, we keep v finite, but we still use v > F,. Then there is a small
amount of mixing between the axion and the pion, but the pion mass is to
leading order unaffected. The determinant of the mass squared matrix is
given by

dm,my

(U2 (my +mg)?  (my, —mg)? -
16 [ 22 F2p2 | = T2 M_M;. (11.5.7)
Hence, the axion mass squared is given by
UUhm,
ap = W) mama (11.5.8)

(my, + mg)v?

It vanishes in the chiral limit, and even if just one of the quark masses is
zero. The ratio of the axion and pion mass squares is

M? AmymgF?
e % T T 11.5.9
M2 (my + mg)?v? ( )
Hence, for m, = mg we have
M, F. 250GeV 0.14GeV
=" =2500 = M,~ ———— ~ 50keV. 11.5.10
M, v~ 01GeV 2500 V. )

This is an unusually light particle that should have observable effects. In-
deed, there have been several experimental searches for this “standard”
axion, but they did not find anything. The only exception was an experi-
ment performed in Aachen (Germany). The signature they saw was called
the “Aachion” but it was not confirmed by other experiments, and the stan-
dard axion with a mass around 50keV has actually been ruled out. Still,
by pushing the U(1)pg breaking scale far above the electroweak scale one



210 CHAPTER 11. THE STRONG CP-PROBLEM

can make the axion more weakly coupled and thus make it invisible to all
experiments performed so far. Presently, there are still searches going on
that attempt to detect the “invisible” axion. Before they are successful, we
cannot be sure that Peccei and Quinn’s elegant solution of the strong CP
problem is actually correct.

Invisible axions are light and interact only weakly, because the axion
coupling constants are proportional to the mass. Still, unless they are too
light — and thus too weakly interacting — axions can cool stars very effi-
ciently. Their low interaction cross section allows them to carry away energy
more easily than the more strongly coupled photon. A sufficiently interact-
ing axion could shorten the life-time of stars by a substantial amount. From
the observed life-time one can hence infer an upper limit on the axion mass.
In this way invisible axions heavier than 1 eV have been ruled out. This
implies that the Peccei-Quinn symmetry breaking scale must be above 107
GeV. If they exist, axions would also affect the cooling of a neutron star
that forms after a supernova explosion. There would be less energy taken
away by neutrinos. The observed neutrino burst of the supernova SN 1987A
would have consisted of fewer neutrinos if axions had also cooled the neu-
tron star. This astrophysical observation excludes axions of masses between
1072 and 0.02 MeV — a range that cannot be investigated in the laboratory.

There are various mechanisms in the early Universe that can lead to
the generation of axions. The simplest is via thermal excitation. One can
estimate that thermally generated axions must be rather heavy in order
to contribute substantially to the energy density of the Universe. In fact,
thermal axions cannot close the Universe, because the required mass is al-
ready ruled out by the astrophysical limits. Another interesting mechanism
for axion production relies on the fact that the axion potential is not com-
pletely flat but has a unique minimum. At high temperatures the small
axion mass is irrelevant, the potential is practically flat and corresponds to
a family of degenerate minima related to one another by U(1)pg symme-
try transformations. Hence, there are several degenerate vacua labeled by
different values of the axion field (hence with different values of ) and all
values of 6 are equally probable. Then different regions of the hot early
Universe must have been in different #-vacua. When the temperature de-
creases, a = 0 is singled out as the unique minimum. In order to minimize
its energy, the scalar field then “rolls” down to this minimum, and oscillates
about it. The oscillations are damped by axion emission, and finally a = 0
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is reached everywhere in the Universe. The axions produced in this way
would form a Bose condensate that could close the Universe for an axion
mass in the 107 eV range. This makes the axion an attractive candidate
for dark matter in the Universe. This axion production mechanism via a
disoriented Peccei-Quinn condensate is very similar to the pion-production
mechanism that has been discussed via disorienting the chiral condensate in
a heavy ion collision. At temperatures high above the QCD scale, U(1)pq is
almost an exact global symmetry, which gets spontaneously broken at some
high scale. This necessarily leads to the generation of a network of cosmic
strings. Such a string network can lower its energy by radiating axions.
Once the axion mass becomes important, the string solutions become un-
stable, and the string network disappears, again leading to axion emission.
This production mechanism may also lead to enough axions to close the
Universe.
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Appendix A

Units, Scales, and Hierarchies
in Particle Physics

Physical units represent man-made conventions influenced by the historical
development of physics. Interestingly, there are also natural units which
express physical quantities in terms of fundamental constants of Nature:
Newton’s gravitational constant G, the velocity of light ¢, and Planck’s
action quantum h. In this appendix we consider the units commonly used
in particle physics, and we discuss energy scales and mass hierarchies.

A.1 Man-Made versus Natural Units

The most basic physical quantities — length, time, and mass — are mea-
sured in units of meters (m), seconds (sec), and kilograms (kg). Obviously,
these are man-made units appropriate for the use at our human scales. For
example, the length of a step is roughly one meter, the duration of a heart
beat is about one second, and one kilogram is a reasonable fraction of our
body weight, e.g. the weight of a loaf of bread.

Time is measured by counting periodic phenomena. An individual ce-
sium (Cs) atom is an extremely accurate clock. In fact, 1 second is defined
as 9192631770 periods of a particular microwave transition of the Cs atom.
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While the meter was originally defined by the length of the meter stick
kept in the “Bureau International des Poids et Measure” in Paris, one now
defines the meter through the speed of light ¢ and the second as

1 m = 3.333564097 x 10~ "¢ sec . (A.1.1)

In other words, the measurement of distance is reduced to the measurement
of time by invoking a natural constant. Together with the meter stick, a
certain amount of platinum-iridium alloy was deposited in Paris more than
hundred years ago. The corresponding mass was defined to be one kilogram.

Expressed in those man-made units, Nature’s most fundamental con-
stants are the speed of light

c = 2.99792458 x 10°m sec™' | (A.1.2)
Planck’s action quantum (divided by 27)
h = 1.05457163(5) x 10~ kg m?*sec™" , (A.1.3)
and Newton’s gravitational constant
G = 6.6743(1) x 107" m3 kg sec™? . (A.1.4)

Appropriately combining these fundamental constants, Nature provides us
with her own natural units (also known as Planck units): the Planck length

[Gh
IPlanck = — = 16160 x 107%m , (A.1.5)

and the Planck time

|Gh
pranck = |/ —5 = 5.3004 x 10~ * sec | (A.1.6)

which represent the shortest distances and times relevant in physics. Today
we are very far from exploring such short length- and time-scales experi-
mentally. It is even expected that our classical concepts of space and time
may break down at the Planck scale. One might speculate that, at the
Planck scale, space and time are not resoluble any more, and that lpjanex
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and tpranac may represent the shortest elementary quantized units of space
and time. We can also define the Planck mass

n
Mpianer = ,/Ec — 21768 x 10~* kg . (A.1.7)

Planck units are not very practical in our everyday life. For example, a
step has a length of about 103 Ipjane, a heart beat lasts roughly 10* tpiane,
and the mass of our body is about 10'° Mpianck. Still, Iplanck, tplanck, and
Mpiane are the most fundamental basic units that Nature provides us with.
It is interesting to ask why we exist at scales so far removed from the Planck
scale. For example, why does a kilogram correspond to about 10® Mpianeic?
In some sense, this is a “historical” question. The amount of platinum-
iridium alloy deposited in Paris a long time ago, which defines the kilogram,
obviously is an arbitrarily chosen man-made unit. Why was it chosen in this
particular manner? If we assume that the kilogram was chosen because it
is a reasonable fraction of our body weight, we may rephrase the question
as a biological one: Why do intelligent beings weigh about 10 Mpp,ac? If
biology could explain the number of cells in our body and, with some help
from chemistry, could also explain the number of atoms necessary to form
a cell, we can reduce the question to a physics problem. Since atoms get
their mass from protons and neutrons (which have about the same mass),
we are led to ask: Why is the proton mass

M, = 1.67266 x 10" kg = 7.6840 x 107 Mpyapex (A.1.8)

so light compared to the Planck mass? This hierarchy puzzle, which is dis-
cussed in Chapter 777, has been understood at least qualitatively using the
property of asymptotic freedom of Quantum Chromodynamics — the quan-
tum field theory of quarks and gluons whose interaction energy explains the
mass of the proton. As discussed in Chapter 777, eq. (A.1.8) also explains
why gravity is an extremely weak force.

Since, the ratio M,/Mpana &~ 1071 is so tiny, it is unpractical to use
Mprana as a basic unit of mass in particle physics. Instead it is common to
use one electron Volt, the energy that an electron (of charge —e) picks up
when it is accelerated by a potential difference of one Volt,

leV =1.6022 x 107 kg m*sec™2 , (A.1.9)
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as a basic energy unit. Obviously, the Volt, and therefore also the eV, is
again a man-made unit — as arbitrarily chosen as, for example, 1 kg. The
rest energy of a proton is then given by

M,c* = 0.93827203(8) GeV . (A.1.10)

In particle physics it is common practice to put h = ¢ = 1. Then masses and
momenta are measured in energy units, and lengths and times are measured
in units of inverse energy. In particular, one has

hic = 3.1616 x 107 kg m®sec™? | (A.1.11)
such that hc = 1 implies

1fm =10""m = (0.1973 GeV) " (A.1.12)

for the scale of nuclear radii.

The strength of the electromagnetic interaction is determined by the
quantized charge unit e (the electric charge of a proton). In natural units
it gives rise to the experimentally determined fine-structure constant

e? 1
_ , A113
= he T 137.03599968(1) ( )

The strength of electromagnetism is determined by this pure number which
is completely independent of any man-made conventions. An interesting
question (that e.g. Wolfgang Pauli was faszinated by) is why « takes this
particular value. At the moment, we have no clue how to answer this
question. Some physicists like to use the anthropic principle: if a would
be different, atomic physics and thus chemistry would work differently, and
life as we know it would be impossible. Obviously, we can only exist in
a Universe with a value of « that is hospitable to life. According to the
anthropic principle, our existence may “explain” the value of . The authors
prefer not to subscribe to this way of thinking. In particular, the anthropic
principle should only be used as a last resort, when all other explanations
fail (which may still turn out to be the case for a). Let us be more optimistic
and hope that some extension of the Standard Model will eventually explain
the measured value of a.
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A.2 Energy Scales and Particle Masses

Table A.1 lists the charges, masses, and life times of some important par-
ticles. The photon is, as far as we can tell, exactly massless, in agreement
with the unbroken gauge symmetry U(1)en. Then it cannot possibly decay
into anything lighter and is therefore stable.! Just as the photon mediates
the electromagnetic interaction, the heavy gauge bosons W+, W=, and Z
mediate the weak interaction. Unlike the photon, the electroweak gauge
bosons are unstable against the decay into other particles and live only for
about 1072 sec. Due to their large mass, there is a large phase space for
the decay into light particles which causes the short life times of the W-
and Z-bosons. The inverse of their mass determines the very short range
107" m of the weak interaction.

Ordinary matter consists of protons and neutrons forming atomic nuclei
which are surrounded by a cloud of electrons. While the life time of an
isolated neutron is finite (about 13.5 minutes), because it decays into proton,
electron, and anti-neutrino, a neutron bound inside a stable atomic nucleus
cannot decay. Despite numerous experimental searches, protons have never
been observed to decay. Still, as discussed in Chapter 777, the Standard
Model does predict proton decay, however, at such a tiny rate that its
experimental confirmation is practically impossible. Grand Unified Theories
(GUTs) predict proton decay at a larger and perhaps detectable rate. Such
theories may eventually explain the baryon asymmetry — the fact that
there is more matter than anti-matter in the Universe.

The pions 77, 7°, and 7~ are the lightest hadrons. They are responsible
for the large-distance contribution to the (still very short-ranged) nuclear
force between protons and neutrons. The charged pions 7% are relatively
long lived, because they decay only through processes of the weak interac-
tions. The neutral pion ¥, on the other hand, lives much shorter, because
(as discussed in Chapter 77?7) it can decay electromagnetically into two
photons. The Standard Model Lagrangian contains only one dimensionful
parameter — the vacuum expectation value v of the Higgs field — which

!Since photons can be emitted or absorbed by charged particles, their number is not
conserved.
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Particle Particle | Electric Mass [GeV] Life time

Type Charge

Gauge | Photon 7 0 <107% stable

Bosons | W#*-bosons +1 80.398(25) 3.07(6) x 1072 sec
Z-boson 0 91.1876(21) 2.64(3) x 1072 sec

Leptons | Neutrino v, 0 <2x107? unknown
Electron e -1 0.51099891(1) x 1073 | > 2 x 10?2 years

Baryons | Proton p 1 0.93827203(8) > 2.1 x 10%” years
Neutron n 0 0.93956536(8) 885(1) sec

Mesons Pion 7° 0 0.1349766(6) 8.4(6) x 10717 sec
Pions 7+ | 1 0.1395702(4) 2.6033(5) x 1078 sec

Table A.1: Electric charges (in units of e), masses, and life times of some
particles.

takes the experimentally determined value

v =246 GeV = 2.02 X 10~ " Mplanck - (A.2.1)

There is a huge hierarchy separating the electroweak scale v from the Planck
scale Mpanck set by the gravitational force. Since v is a free parameter of the
Standard Model, at present we don’t know where the hierarchy originates
from. Indeed, in order to adjust v at its experimental value, the bare mass
parameter of the Higgs field must be fine-tuned to a large number of decimal
places. Many physicists consider this unnatural. Some theories beyond
the Standard Model (e.g. those based on technicolor) attempt to solve the
hierarchy problem by explaining the ratio v/Mpjane Without any need for
fine-tuning.

The charges and masses of the leptons are listed in table A.2. There
are three generations of leptons containing the charged leptons — electron,
muon, and tau — as well as the corresponding neutrinos. The masses of
the charged leptons are experimentally known to a high accuracy. In the
Standard Model the lepton masses are free parameters, resulting from the
Yukawa couplings to the Higgs field. At present, we have no clue either
why the lepton masses take their respective values. In particular, we do
not understand why the masses of the electron and the tau-lepton differ by
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more than three orders of magnitude, or why the electron mass is more than
five orders of magnitude smaller than the electroweak scale v.

Currently, only upper bounds exist for the neutrino masses. Indeed, in
the Standard Model the neutrinos are exactly massless. However, the recent
observations of neutrino oscillations imply that (at least some) neutrinos
must have a non-zero mass. In certain extensions of the Standard Model
(e.g. in Grand Unified Theories) the so-called see-saw mechanism, which
is discussed in Chapter 777, can explain very small neutrino masses, at
the expense of introducing a new GUT energy scale Agyr ~ 10! GeV. In
these theories, besides additional gauge bosons, there are extremely heavy
Majorana neutrinos at this energy scale.

Generation Lepton Electric Mass [GeV]
Charge
1. Electron-Neutrino v, 0 <2x107°
Electron e -1 0.51099891(1) x 1073
2. Muon-Neutrino v, 0 < 0.17 x 1073
Muon g -1 0.105658367(4)
3. Tau-Neutrino v, 0 <155 x 1073
Tau 7 -1 1.7768(2)

Table A.2: Electric charges (in units of €) and masses of the three genera-
tions of leptons.

Table A.3 summarizes the charges and masses of quarks. Again, quarks
appear in three generations, with the up and down quark forming the first,
the charm and strange quark the second, and the top and bottom quark the
third generation. The electric charges of quarks are either 2/3 or —1/3 of
the elementary charge e. However, since quarks do not exist as individual
objects but are confined inside hadrons, in agreement with Millikan-type
experiments, at a fundamental level no fractionally charged physical states
seem to exist in Nature.? Confinement also implies that quark masses do not
represent the inertia of physical objects. Only the masses of the resulting

2Charge fractionalization of electrons is known to occur as a collective phenomenon
in the condensed matter physics of the fractional quantum Hall effect.
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hadrons are truly physical masses measuring inertia and gravitational cou-
pling strength. Like other quantities in quantum field theory, quark masses
are running, ¢.e. they depend on the chosen renormalization scheme and
scale. The quark masses in table A.3 are defined in the so-called MS min-
imal substraction renormalization scheme. The masses of the light quarks
up, down, and strange are quoted at a scale of 2 GeV, while the masses
of the heavy quarks charm, bottom, and top are quoted at the scale of the
respective mass itself. The quark masses are given by the scale v — the only
dimensionful parameter in the Standard Model Lagrangian — multiplied by
the respective Yukawa couplings to the Higgs field. Again, we presently do
not understand why the quark masses take these specific values. In partic-
ular, we don’t know why the masses of the up and the top quark differ by
more than four orders of magnitude.

Generation | Quark | Electric | Mass [GeV]
Charge
L. up u 2/3 0.003(1)
downd | —1/3 | 0.006(1)
2. charm c 2/3 1.24(9)
strange s | —1/3 0.10(2)
3. fop 2/3 173(3)
bottom b | —1/3 4.20(7)

Table A.3: Electric charges (in units of e) and running masses (in the MS
scheme at the respective mass scales) of the three generations of quarks.

It is interesting to note that the masses of the proton and other hadrons
are not proportional to v. In QCD hadrons arise non-perturbatively as
states containing confined quarks and gluons. Remarkably, the proton mass
is still about 0.9 GeV even when the quark masses are set to zero. For
massless quarks (i.e. in the chiral limit), the QCD action contains no di-
mensionful parameter and is thus scale invariant. However, scale invariance
is anomalous, 7.e. although it is present in the classical theory, it is explicitly
broken at the quantum level. Since quantum field theories must be regular-
ized and renormalized, upon quantization a dimensionful cut-off parameter
enters the theory. Even when the cut-off is removed, a dimensionful scale is
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left behind. This phenomenon — which is known as dimensional transmu-
tation — is visible already in perturbation theory. In particular, in the MS
renormalization scheme the perturbatively defined scale Ajg arises, whose
value in the two flavor theory (with up and down quarks only) is given by

Agrs = 0.260(40) GeV | (A.2.2)

In the chiral limit Ayg is the only scale of QCD, to which all hadron masses
are proportional. For example, the ratio M,/Ayg is a dimensionless num-
ber predicted by non-perturbative QCD without any adjustable parame-
ters. While the proton mass is provided by Nature, the scale Ayg is again
a man-made unit, introduced by theoretical physicists to ease perturbative
calculations in QCD. Of course, in contrast to the kg, which was chosen
at our human scales, Ay is chosen at the relevant energy scale of the
strong interaction. As mentioned before, as a consequence of the property
of asymptotic freedom of QCD, it is natural that the proton mass M, (and
hence the QCD scale Ayg) is much smaller than the Planck scale Mpapck.
On the other hand, since the Higgs sector of the Standard Model is not
asymptotically free, the hierachy problem arises: Why is v so much smaller
than Mpiana? As long as this problem remains unsolved, we will not un-
derstand either why Ajg is about three orders of magnitude smaller than
v.

Just as the fundamental electric charge e determines the strength of the
electromagnetic interaction between photons and electrons or other charged
particles, the strong coupling constant g, determines the strength of the
strong interaction between quarks and gluons. Like the quark masses, the
QCD analog a; = g2/hc of the fine-structure constant o = e?/hic also de-
pends on the renormalization scale and scheme. Asymptotic freedom implies
that ag goes to zero in the high energy limit, i.e. the strong interaction be-
comes weak at high momentum transfers. At the scale of the Z-boson mass
the quark-gluon coupling constant is given by

as(Mz) =0.1176(20) . (A.2.3)
The parameter Ayg sets the energy scale at which o, becomes strong.

The electroweak interactions are described by the gauge group SU(2), x
U(1)y with two corresponding gauge coupling constants g and ¢’. At tem-
perature scales below v, in particular in the vacuum, the SU(2), x U(1)y
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symmetry is spontaneously broken down to the U(1)ey, gauge group of elec-
tromagnetism with the elementary electric charge given by

S — (A.2.4)

The ratio of the W- and Z-boson masses is given by
Mw g
Mz g +4”

which defines the Weinberg angle Oy . Its measured value is given by

= cos By , (A.2.5)

12

g 0.2226(5) . (A.2.6)

.2
sin® Oy F i
Just as the value of the fine-structure constant o &~ 1/137 is not understood
theoretically, the values of the three gauge couplings g, g, and ¢" associated
with the Standard Model gauge group SU(3). x SU(2); x U(1)y are not
understood either. When one uses the renormalization group to evolve the
three gauge couplings from the currently experimentally accessible energy
scales all the way up to the GUT scale Agyr, in a supersymmetric GUT
extension of the Standard Model the couplings converge to one unified value.
Hence, properly designed GUT theories are indeed able to relate the values
of the gauge couplings g, g, and ¢', or equivalently Ay, sin® Oy, and a.

A.3 Fundamental Standard Model Parame-
ters

Let us consider the fundamental Standard Model parameters. While their
values can be determined experimentally, they are not understood on the-
oretical grounds. In fact, achieving a deeper understanding of these free
parameters would require the discovery of even more fundamental struc-
tures underlying the Standard Model.

First, we concentrate on the minimal Standard Model with massless neu-
trinos and we consider its parameters in the order in which they appear in
the book. Since the Standard Model is renormalizable, only a finite number
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of terms enter its Lagrangian. Consequently, the number of fundamental
Standard Model parameters is also finite.

Chapter ?? addresses the Higgs sector of the Standard Model, whose
Lagrangian contains two fundamental parameters — v and A — which de-
termine the quartic potential V(®) = \/4!(®T® — v?)2. The vacuum ex-
pectation value v = 246 GeV of the Higgs field is the only dimensionful
parameter that enters the Lagrangian of the minimal Standard Model. In
particular, in combination with the scalar self-coupling A it determines the

Higgs boson mass my = 1/ A/3v.

Chapter ??7 extends the Higgs sector by gauging its SU(2),x U(1)y
symmetry. In this way, two additional fundamental parameters — the
gauge couplings ¢g and ¢’ — arise, which (together with v) determine the
masses of the W- and Z-bosons, my = %gv and my = %\/g2 + g%, as
well as the Weinberg angle cosfy = g//g? + ¢’* and the electric charge

e=99/Vg*+9"

In Chapter ?? the gluon field appears as the SU(3). gauge field medi-
ating the strong interaction, with the corresponding gauge coupling gs as
another fundamental Standard Model parameter. By dimensional transmu-
tation, the dimensionless coupling gs is traded for the dimensionful param-
eter Aqecp = 0.777 GeV, that sets the energy scale at which the running
gauge coupling becomes strong. Besides v (which enters the theory via the
Lagrangian), Aqcep (which appears in the process of renormalization) is the
only dimensionful parameter of the minimal Standard Model.

Many more parameters arise from the Yukawa couplings between the
Higgs field and the lepton and quark fields, which are addressed in Chapters
?? and ??. In the minimal Standard Model with massless neutrinos there
are three dimensionless Yukawa couplings f., fu, and f., which determine
the masses of the charged leptons m. = fov, m, = f,v, and m, = frv.
Similarly, there are six Yukawa couplings f., fa, fe, fs» fi, and fp, for the
different quark flavors. Besides these, there are four more parameters which
determine the Cabibbo-Kobayashi-Maskawa quark mixing matrix: three
angles (including the Cabibbo-angle) and one CP-violating phase. Hence,
including the Higgs self-coupling A as well as the vacuum expectation value
v, altogether there are 2 +3 4+ 6 + 4 = 15 fundamental Standard Model
parameters associated with the non-gauge interactions between Higgs and
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matter fields.

Besides the three gauge couplings g, ¢’, and g, as discussed in Chapters
7?7 and 77, the gauge interactions also give rise to the strong and electro-
magnetic vacuum angles ¢ and 0qrp. The weak interaction vacuum angle,
on the other hand, is unphysical and can be absorbed by a field redefini-
tion (cf. Chapter ?7). The experimentally determined QCD vacuum angle
|0] < 1071 leads to the strong CP-problem: Why is @ consistent with zero?
Like understanding the value of any other fundamental Standard Model pa-
rameter, solving this problem requires to go beyond the Standard Model.
The value of the electromagnetic vacuum angle 0qrp is not known. In fact,
this parameter is often ignored and indeed deserves more attention than it
has received until now (cf. Chapter ?7?).

Altogether the gauge and non-gauge interactions of the minimal Stan-
dard Model give rise to 5 + 15 = 20 fundamental parameters.

Since the discovery of neutrino oscillations, it is clear that neutrinos
have mass. As discussed in Chapter 77, this can be accounted for by adding
non-renormalizable dimension 5 operators to the minimal Standard Model,
thus treating it as a low-energy effective theory. Once non-renormalizable
terms are included, the number of free parameters grows very quickly, in
principle even to infinity. Hence, in order to continue counting a finite
number of fundamental parameters, we now consider the renormalizable
extension of the minimal Standard Model by right-handed neutrino fields
(cf. Chapter ?7). In this way, three Dirac mass parameters m,,, m,,, and
m,,. (or, equivalently, three corresponding dimensionless Yukawa couplings
fve> fu.s and f,,) as well as three dimensionful Majorana mass parameters
M; (i € {1,2,3}) enter the extended Lagrangian. In this way, besides
v and Aqcp, the high-energy scales M, are introduced, which — via the
see-saw mass mixing mechanism — give rise to small neutrino masses. In
addition, as an analog of the CKM matrix, the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) lepton mixing matrix arises. As discussed in Chapter ?7?, it
contains three mixing angles as well as two CP-violating phases and thus it
contributes five additional fundamental parameters. Hence, in the extended
renormalizable Standard Model with right-handed neutrino fields, there are
3+ 3+ 5 =11 additional fundamental parameters.

As discussed in Chapter ?? the minimal Standard Model extended by
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right-handed neutrino fields may provide us with a viable dark matter can-
didate as well as with a satisfactory explanation of the baryon asymme-
try. Hence, it may account for all observed fundamental phenomena with
the exception of gravity. As discussed in Chapter 7?7, perturbative quan-
tum gravity can indeed be incorporated in the Standard Model, at least
as an effective low-energy theory. At leading order, the corresponding La-
grangian is the one of classical general relativity, with Newton’s constant G
(or equivalently the Planck mass Mpjanek) and the cosmological constant A,
as two additional dimensionful fundamental parameters. Further extended
by gravity in this way, the Standard model then contains 20 + 11 + 2 = 33
fundamental parameters. This model might, in fact, be valid all the way
up to the Planck scale, where it would necessarily have to be replaced by a
theory of non-perturbative quantum gravity.

Until now we have counted those fundamental Standard Model parame-
ters that take continuous values. In addition, there are many hidden discrete
parameters, such as, for example, the number of generations or the number
of quark colors N, which indeed plays a prominent role in this book. Other
discrete parameters are associated with the number of fundamental fields
and their representations under the various gauge groups. What one con-
siders a discrete parameter is a matter of choice, and thus counting them is
ambiguous. There are many deep questions beyond the Standard Model re-
lated to its discrete parameters, such as: Why are there three generations?
Why is the gauge group SU(3).x SU(2) x U(1)? Why do quarks transform
in the fundamental representation of SU(3).? Why are there three space
and one time dimension? This list could easily be extended further and we
have no clue how to answer any of these deep questions.

One could have argued that the weak hypercharges of the leptons and
quarks, Yy, , Yo, Yy, Yug, and Yy, should be counted as additional continu-
ous parameters. While this would indeed be correct at the classical level, as
we have seen in Chapter 77, at the quantum level these parameters are fixed

by anomaly cancellation and should thus not be counted as free parameters.

While the total number of 33 continuous fundamental parameters may
seem quite large, we should not forget that all other physical quantities
(and, in fact, all other natural phenomena), at least in principle, originate
from those parameters. In addition, while many of the parameters — in-
cluding, for example, the masses and mixing angles of the heavy quarks or
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the neutrinos — are relevant in particle physics, their values have hardly
any impact on the rest of physics. Only a few parameters — namely the
masses of the light quarks and the electron, the Cabibbo angle, and the
three gauge couplings, as well as v — at least in principle, determine all of
nuclear and atomic physics (and hence condensed matter physics, chemistry,
biology, and everything else that may eventually be related to fundamental
physical processes). Of course, one should not forget that, in practice, the
predictive power of the Standard Model is limited. While it forms a the-
oretical foundation for other subfields of physics, in no way does it make
them any less important.



Appendix B

Basics of Quantum Field
Theory

This chapter presents an introduction to the structure of quantum field
theory. Classical field theories are introduced as a generalization of point
mechanics to systems with infinitely many degrees of freedom — some num-
ber in each space point. Similarly, quantum field theories are just quantum
mechanical systems with infinitely many degrees of freedom. In the same
way as point mechanics, classical field theories can be quantized by means of
the path integral — or functional integral — method. A schematic overview
is sketched in Figure 1.B.

The transition to Euclidean time (Wick rotation) is favorable for the
convergence of functional integrals. The resulting quantum field theories in
Fuclidean space have a close analogy to statistical mechanics. In this con-
text, we also address the lattice regularization, which provides a formulation
of quantum field theories beyond perturbation theory. In order to capture
fermions, we introduce Grassmann variables and discuss the integration of
Grassmann fields.

229
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Figure B.1: Overview of the transitions between different branches of
physics: we proceed from mechanics to field theory (left to right), and from
classical physics to quantum physics (top to bottom).

B.1 From Point Particle Mechanics to Clas-
sical Field Theory

Point mechanics describes the dynamics of classical, non-relativistic point
particles. The coordinates of the particles represent a finite number of
degrees of freedom. In the simplest case — a single particle moving on a
line — this degree of freedom is just given by the particle position® z, as a
function of the time ¢. The dynamics of a particle of mass m moving in an
external potential V(x) obeys Newton’s equation

F(z)=mi = -V'(z) (B.1.1)

(where m is constant). Once the initial conditions are specified, this ordi-
nary second order differential equation determines the path of the particle,

x(t).

'For the considerations here, and in Section 1.2 and 1.3, the space dimension hardly
matters. For simplicity we set it to 1, but a generalization to higher dimension is trivial;
one just does the same in each dimension, and replaces x by & everywhere.
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Newton’s equation can be obtained from the wvariational principle by
minimizing the action,

ﬂﬂz/ﬁﬂ@@, (B.1.2)

in the set of all paths z(¢).? The action is a functional (a function whose
argument is itself a function) that results from the time integral of the
Lagrange function

M@@Z%ﬁ—vu) (B.1.3)

over some particle path with fixed end-points in space and time. Now the
variational condition 0.5 = 0 implies the Fuler-Lagrange equation

0L 6L
- T B.1.4
% 0t Ox 0, ( )

which coincides with Newton’s equation (B.1.1) at any time t.

Classical field theories are a generalization of point mechanics to
systems with infinitely many degrees of freedom — a given number for each
space point Z. In this case, the degrees of freedom are the field values ¢(7, t),
where ¢ represents an arbitrary field. We mention a few examples:

e In the case of a neutral scalar field, ¢ is simply a real number repre-
senting one degree of freedom per space point.

e A charged scalar field, on the other hand, is described by a complex
number. Hence it represents two degrees of freedom per space point.

e The Higgs field ¢*(Z,t) (with a € {1,2}), which is part of the Stan-
dard Model, is a complex doublet; it has four real degrees of freedom
per space point.

e An Abelian gauge field A,(Z,t) (with index p € {0,1,2,3}) — in
particular the photon field in electrodynamics — is a neutral vector
field, which seems to have 4 real degrees of freedom per space point.

2More precisely, one identifies a stationary point in the set of possible paths connecting
fixed end-points.
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However, two of them are redundant due to the U(1) gauge symmetry.?
Hence the Abelian gauge field has two physical degrees of freedom per
space point, which correspond to the two polarization states of the
(massless) photon.

e A non-Abelian gauge field Af(Z,t) is charged and has an additional
index a. For example, the gluon field in chromodynamics with a color
index a € {1,2,...,8} represents 2 x 8 = 16 physical degrees of free-
dom per space point, again because of some redundancy due to the
SU(3) color gauge symmetry.

The field that represents the W - and Z-bosons in the Standard Model
has an index a € {1,2,3} and transforms under the gauge group
SU(2). Thus, to start with, it represents 2 x 3 = 6 physical degrees
of freedom. However, in contrast to the photon and the gluons, the
W- and Z-bosons are massive due to the Higgs mechanism, to be
discussed later. Therefore they are equipped with three (not just two)
polarization states. The three extra degrees of freedom are provided
by the Higgs field, which is then left with only one degree of freedom
in each space point.

The analogue of Newton’s equation in field theory is the classical field
equation of motion. For instance, for a neutral scalar field it reads

w,_ dV(9)
0,0"¢ = e (B.1.5)
Again, after specifying appropriate initial conditions it determines the clas-
sical field configuration ¢(z), i.e. the values of the field ¢ in all space-time
points = = (Z,t). Hence, the role of time in point mechanics is played by
space-time in field theory, and the role of the point particle coordinates
is now played by the field values. As before, the classical equation of

motion results from minimizing the action, which now takes the form

Slo| = /d4x L(¢,0,6), where d'zx=d*zdt. (B.1.6)

3For instance, the Lorenz gauge condition " A, = 0 leaves the Abelian gauge field
with 3 degrees of freedom (in each space point), but it does still not fix the gauge
completely. Doing so swallows yet another degree of freedom.



B.2. THE QUANTUM MECHANICAL PATH INTEGRAL 233

The integral over a time interval in eq. (B.1.2) is extended to an integral over
a volume in space-time, and the Lagrange function L of point mechanics is
replaced by the Lagrange density, or Lagrangian,®

£(¢,8“q5) = % uﬁbauﬁb - V(Qb) . (B.l.?)

A prominent interacting field theory is the A®* model with the potential®

2 A
V()= 8+ ot (B.L8)

Classically m is the mass of the scalar field ¢, and A is the coupling strength
of its self-interaction. The mass term® corresponds to a harmonic oscilla-
tor potential in the point mechanics analogue, while the interaction term
corresponds to an anharmonic perturbation.

Here the condition 0.5 = 0 leads to the Euler-Lagrange equation

oL oL
BSra N s 0 )
0(0up)  0¢
which is the equation of motion. In particular, based on the Lagrangian

(B.1.7) we arrive at the scalar field equation (B.1.5). The analogies between
point mechanics and field theory are summarized in Table B.1.

(B.1.9)

B.2 The Quantum Mechanical Path Integral

The quantization of field theories is conveniently performed using the path
integral approach [?, ?]. We first discuss the path integral in quantum me-
chanics — quantized point mechanics — using the real time formalism. A

“Throughout this book the derivatives 9, act only on the immediately following field.
We add that other authors use the term “Lagrangian” also for the Lagrange function
(B.1.3).

5Part of the literature restricts “potentials” to the interaction terms, so the mass term
is not included, but this is just a matter of terminology.

SFor the moment we assume m? to be positive. Later we will also consider the case
m? < 0.
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Point Mechanics

Classical Field Theory

time ¢

space-time = = (¥, t)

particle coordinate x

field value ¢

particle path x(t)
(for all ¢ in some interval)

field configuration ¢(z)
(for all z in some volume)

Lagrange function Lagrangian
L(z, %) = %9&*2 —V(x) L(p,0,0) = %amaud) —V(®)
action action

Sla] = [dt L(z, %)

Sle] = [ d'z L(¢,0.0)

equation of motion

oL oL __

field equation
5L 5L
Q50,97 ~ 06 = 0

Newton’s equation

scalar field equation

. _ dv(e
mi = —V'(z) 0,0t = ——dé )
kinetic energy kinetic energy density
2 10,00"5
harmonic oscillator potential mass term
2,.2 242
SJwir 0
anharmonic potential quartic self-interaction term
ot ot
4l Al

Table B.1: A dictionary that translates 1-d point mechanics into the lan-
guage of classical field theory in 3 spatial dimensions. Thus we proceed from
one degree of freedom to an infinite number of degrees of freedom. More-

over, we consider field theories where L consists of Lorentz invariant terms,
hence this translation also provides special relativity.
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mathematically safer formulation uses an analytic continuation to the so-
called Euclidean time. This will be addressed in Section 1.3.

We use the Dirac notation, where a ket |¥) describes some state as a
unit vector in a Hilbert space, and a bra (V] its Hermitian conjugate. Thus
the bracket (V'|W) is a scalar product. The corresponding wave functions in
(one dimensional) coordinate space and in momentum space are obtained
as

U, t) = (@[¥(®),  Wipt)=({p|¥(), (B.2.1)
where |z) and |p) are the coordinate and momentum eigenstates, &|r) =
x|z), plp) = p|lp). We further denote the energy eigenstates as |n), i.e.
Hn) = E,|n), where H is the Hamilton operator and E, are the energy
eigenvalues. The spatial energy eigenfunctions are then given by (z|n).

The eigenstates |z), [p) and |n) all build complete orthonormal sets,

./Muxﬂ:/‘ 1p) (| = }:m, =1 (B.2.2)

(Of course, the meaning is to build sums and integrals whenever the set of
states is discrete resp. continuous). So we can write a scalar product as

<ww:/mwmmw:/m@ww@. (B.2.3)

The wave functions in coordinate and momentum space can be converted
into one another by the Fourier transform and its inverse,

wm>=/w@M@ww=/w5Wwww,
U(z,t) = / (.1 (B.2.4)
2mh
so that pW(z,t) = —ih L U(x,t) and 2U(p,t) = ih g W(p,t).

A Hermitian operator O(:f:), which may represent some observable, takes
the expectation value

mmm:/mwmowww. (B.2.5)
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The time evolution of a quantum system — described by a Hamilton
operator H — is given by the time-dependent Schrdodinger equation

iho [T (t)) = H|W(t)) . (B.2.6)

Like Newton’s equation, the Schrodinger equation describes the evolution
over an infinitesimal time. As in Section 1.1 we proceed to its integrated
form, i.e. to finite time steps, for which we write the ansatz

() =0 0lew)  {t'=t). (B.2.7)

U(t',t) is the evolution operator. For a Hamilton operator without explicit
time dependence it takes the simple form”

Ut 1) = exp ( - %ﬁ(t’ - t)) . (B.2.8)

Let us consider the transition amplitude (z/|U(t',t)|z) of a non-relativistic
point particle that starts at space-time point (x,t) and arrives at (a,t).
Using egs. (B.2.1) and (B.2.2) we obtain

W t) = / do (2/|0(, D)|2) Uz, 1) | (B.2.9)

i.e. (x’]U(t’,t)]x> acts as a propagator for the wave function, if we assume
t'>t.

The propagator is a quantity of primary physical interest. In particu-
lar it contains information about the energy spectrum: let us consider the
propagation from an initial position eigenstate |x) back to itself,

(O D) = (rlexp (— A~ 1))

= S lmlesn (~ B —1) . (B210)

where we applied the last relation in eq. (B.2.2). Hence the inverse Fourier
transform of the propagator yields the energy spectrum as well as the energy
eigenstates.

"In the general case the evolution operator has to be expanded by the Dyson series.
In the present case we could also just write U(t' —t). We stay with the general notation

U(t',t), however, since the crucial decomposition in eq. (B.2.15) and the central result
(B.2.17) hold in fact generally.
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Inserting now a complete set of position eigenstates at some time ¢,
with t < t; < t/, we obtain

RS

@O ey = (wlesp (= B~ 1)) exp (— 2Bl —1)la)
_ /d:c1<x’| exp (= LA — 1)) )
(aafexp ( %ﬁ(tl 1))

= /dx1<a:/\(7(t’,tl)]x1>(x1\l7(t1,t)|x) . (B.2.11)

St

X

This expression is illustrated in Figure B.2 (on top).

Obviously we can repeat this process an arbitrary number of times. This
is exactly what we do in the formulation of the path integral. Let us divide
the time interval [¢,¢'] into N equidistant time steps of size £ such that

t'—t= Ne. (B.2.12)

Inserting a complete set of position eigenstates at the intermediate times
ti=t+je,j=12,...,N —1, we arrive at

@U,t))z) = /dxl/dm /de AU 1) |en—1) - .
X (29| U(tg, tr)|x1) (21| U (81, 1) | ) . (B.2.13)

Now we are summing over all paths, as depicted (symbolically) in Figure
B.2 (below).

In the next step we focus on one of these factors. We consider a single
non-relativistic point particle moving in an external potential V(x) such

that

N 232
H="—+V(2). (B.2.14)

2m

Using the Baker-Campbell-Hausdorff formula, and neglecting terms of order
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Figure B.2: A transition amplitude with one intermediate time t; (on top),
and with a set of equidistant intermediate times t1...ty_1 (below).

2, we obtain®

. /\2 .
. B . _ lep Clee .
@il Ut t)la) = (e (= oor ) ep (= 2V(@) )
1 iep?
= 5= [ dplwialew (- 50 ) ID)

8This decomposition of exp(—iHe/k) is also known as Trotter’s formula. The fact
that it holds only up to O(g?) is the reason why we have to proceed in infinitesimal time
steps. This formula is obvious for bounded operators p 2, V, but it is highly relevant that
it also holds if these operators are only semi-bounded.
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< exp (— SV (@) )

RE S IR —

< e (- %V(xi)) . (B.2.15)

e Question : Baker-Campbell-Hausdorff formula

Let A and B be bounded operators, and ¢ is an infinitesimal parameter. For
the product exp(eA) - exp(e B) we make the ansatz

exp(eA) - exp(eB) = exp <€X +eV +37 + 0(54)> .

Compute the operators X , Y, and Z , and express them in a compact form in
terms of commutators.

This integral over p is ill-defined because the integrand is a rapidly oscil-
lating function.” To make this expression well-defined we replace the time
step € by e—ia, 0 < a < 1, 7.e. we step a little bit into a complex time plane.
After performing the integral we take the limit a — 0. We keep in mind
that the definition of the path integral requires an analytic continuation in
time. One arrives at

R m \1/2 1 [m T — T
i tit1, L i:( - ) <—[—MQ— z])
(enal0 i, )l = () oxp (e[ 5 (2 = V()
(B.2.16)
Inserting this back into the expression for the propagator we obtain

i

(m’|U(t’,t)\x>—/Dx exp (350]) |- (B.2.17)

9Moreover, there is an ambiguity in the last factor of eq. (B.2.15): one could also argue
that it should be exp{—V(2;41)} instead. In the present case this difference does not
matter for the result that we obtain in the limit ¢ — 0. This difference does matter,
however, if the potential also depends on #. This is the case for the electrodynamic
vector potential, where one runs into an ambiguity, which corresponds to the ordering
problem in operator Quantum Mechanics.
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The action has been identified in the time continuum limit as

Slal = i =30 [5 () - Vi)

e—0 2 €
_ / at [5# V()] (B.2.18)

The integration measure in eq. (B.2.17) is given by

, m o\%
/Dmll_r% (27rih5> /dwl/de.../da:Nl ) (B.2.19)

This means that we integrate over all possible particle positions at each
intermediate time ¢;. In this way we integrate over all possible paths of the
particle starting at x(t) and ending at z’(¢). Each path is weighted with
a phase factor exp(;S[z]). As in classical point mechanics, a finite time
interval is handled by the Lagrangian. In quantum mechanics this formu-
lation eliminates the operators, but it employs a (somewhat mysterious)
functional measure Dx.

If the path is varied, this phase factor undergoes an extremely fast oscil-
lation, because h is very small. The classical path of minimal action has the
least oscillations, hence its vicinity provides the largest contribution to the
path integral. In the limit 7 — 0 only the contribution of the classical path
survives, and we are back at the Euler-Lagrange equation (B.1.4). At finite
(but tiny) A the contributions of non-classical paths are still suppressed (or
“washed out”) by the rapidly oscillating phase; their remaining contribu-
tions to the path integral are the quantum effects.

Eq. (B.2.17) is the key result for the path integral formulation of quan-
tum mechanics. It provides a transparent transition from classical physics
to quantum physics as we turn on A gradually to include fluctuations around
the path of minimal action. This transition has an analogue in optics, if
we proceed from Fermat’s principle to the more fundamental Huygens prin-
ciple. Along this line, also the transition behavior of quantum particles
through double slits (and multi-slits) is obvious in view of the path in-

tegral description. More detailed presentations can be found in e.g. Ref.
[7,2,2,2,2,7,7].
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B.3 The Path Integral in Euclidean Time

As we have seen, it takes at least a small excursion into the complex time
plane to render the path integral well-defined. Now we will perform a radical
step into that plane and consider purely imaginary time, the so-called Fu-
clidean time. Remarkably, this formulation has a direct physical interpreta-
tion in the framework of statistical mechanics, as discussed comprehensively
e.g. in Ref. [?].

Let us consider the quantum statistical partition function

Z = Trexp(—SH) |, (B.3.1)

where = 1/T is the inverse temperature. It is mathematically equivalent
to the time interval that we discussed in the real time path integral. In
particular, the operator exp(—fH) turns into the time evolution operator

A

U(t',t) in eq. (B.2.8) if we identify

b=t ~1). (B.3.2)

In this sense the system at finite temperature corresponds to a system propa-
gating in purely imaginary time, i.e. in Euclidean time. The rotation of the
time coordinate by /2 in the complex plane is denoted as the Wick rota-
tion. Clearly it transforms Minkowski’s metric tensor g,, into a Euclidean

metrics o< 0,,,, cf. Chapter 4.

By dividing the Euclidean time interval into NV equidistant time steps,
i.e. by writing 8 = Na/h — and by inserting again complete sets of position
eigenstates — we now arrive at the Fuclidean time path integral 1°

Z = /Dx exp ( - %Sﬂx]) . (B.3.3)

Here the action takes the Euclidean form

Spla] = /tt/dT ga’:uwx)]

10Note that here the momentum integral corresponding to eq. (B.2.15) is well-defined
from the beginning.



242 APPENDIX B. BASICS OF QUANTUM FIELD THEORY

. m Tiy1 — T
= (111_r>r(1)a ' [5(%)2%—‘/(%)} (B.3.4)

Unlike the real time case, the measure now involves N integrals,

, m o\
lim (27rha> /d:cl/d:z:Q.../de ) (B.3.5)

Dzxr = lim

The extra integration over xy = x’ is due to the trace in eq. (B.3.1). Note
that there is no extra integration over zy, = x because the trace implies
periodic boundary conditions in the Euclidean time direction, ¢y = x .

The Euclidean path integral allows us to evaluate thermal expectation
values. For example, let us consider an operator @(i) that is diagonal in the
position state basis {|z)}. By inserting this operator into the path integral
we obtain an expression for its expectation value,

N 1 . 1
(O(2)) = ETF[O( Z)exp(— /Dx O(x(0)) exp < - ﬁSE[xD .
(B.3.6)
Since the theory is translation invariant in Euclidean time, one can place
the operator anywhere in time, e.g. at t = 0 as it is done here.

When we take the low temperature limit, 5 — oo, the thermal fluctua-
tions are switched off and only the quantum ground state |0), the vacuum,
contributes to the partition function, Z ~ exp(—fEp). In this limit the
path integral is formulated in a very long Euclidean time interval, which de-
scribes the vacuum expectation values. For instance, for the 1-point function
it reads

(0]O(#)]0) = lim —/m Oz exp<— %SE[Q;]) . (B.3.7)

B—>oo

In addition, it is very often of interest to consider 2-point functions of
operators at different instances in Euclidean time,

—
S
—~~
=
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SN—
SN—
Nyt
I

%Tr[exp(—[:[t) O(@) exp(Ht) O(&) exp(—A1)]

Dz O(x(1)) O((0)) exp - %Sﬂx]) | (B.3.8)
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Again we consider the limit § — oo, but we also separate the operators
by a large difference in Euclidean in time, i.e. we also let ¢ — oco. Then
the leading contribution is [(0|O(z)|0)|?. Subtracting this part, and thus
forming the connected 2-point function, one obtains asymptotically

lim (O((t))0(x(0))) — (O(x))|* = [(L|O(x)[0)[* exp (= (E1 — Eo)t) -

B, t—00
(B.3.9)
Here |1) is the first excited state of the quantum system, with energy Ej.
The connected 2-point function decays exponentially at large Euclidean time
separations. This decay is governed by the energy gap E1 — Ey.

At this point we anticipate that in a quantum field theory E; corre-
sponds to the energy of the lightest particle. Its mass is determined by the
energy gap F1 — Ey above the vacuum. Hence, in Euclidean field theory par-
ticle masses are evaluated from the exponential decay of connected 2-point
functions.

B.4 Spin Models in Classical Statistical Me-
chanics

So far we have considered quantum systems, both at zero and at finite
temperature. We have represented their partition functions by means of
Euclidean path integrals over configurations on a time lattice of length S.
We will now take a new start and consider classical discrete systems at fi-
nite temperature. We will see that their mathematical description is very
similar to the path integral formulation of quantum systems. The physical
interpretation, however, is basically different in the two cases. In the next
section we will set up another dictionary that allows us to translate quan-
tum physics language into the terminology of statistical mechanics. For
further reading about spin models and critical phenomena we recommend
the text books listed in Refs. [?, 7, ?].

For simplicity, let us concentrate on classical spin models. Here the
term “spin” does not mean that we deal with quantized angular momenta.
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All we do is work with classical vectors as field variables.!’ We denote these
vectors as §, = (sk,...,sY). In these models the spins live on the sites of
a d-dimensional spatial grid. Hence z denotes a corresponding lattice site.
The latter is often meant to be a crystal lattice (so typically d = 3), and
here the lattice spacing has a physical meaning. This is in contrast to the
time step that we have introduced before as a regularization in order to
render the path integral mathematically well-defined, and that we finally

send to zero to reach the temporal continuum limit.
One often normalizes the spin vectors,

|5:] =1 at all sites x . (B.4.1)

The simplest spin model of this kind is the Ising model with classical spin
variables s, = +1. Below we list some spin models, all of them with the
constraint (B.4.1) and a global O(N) spin rotation symmetry (which turns
into Z(2) for N = 1& see also Appendix A:
Ising model
N =2 : XY model
N =3 : classical Heisenberg model

N =00 : spherical model

The XY model is of theoretical interest, but it does hardly match experi-
mental phenomena. On the other hand, the classical Heisenberg model is
used for the description of ferromagnets, where the electron spins in some
crystal cell are summed up to act collectively like a classical spin. In this
case the spin space — which is completely abstract in general — is linked to
the ordinary space. The O(3) and O(4) model also occur in particle physics
(due to their local isomorphy to SU(2) and SU(2) ® SU(2)), respectively,
as we will see. The spherical model enables a number of analytical calcu-
lations, which are not feasible at finite N. Along with a 1/N expansion
one can then hope to capture some features of the physically relevant cases
N < /4.

These O(N) spin models are characterized by a (classical) Hamilton
function H (not a quantum Hamilton operator), which specifies the energy

N Quantum spin models also exist, but they are far more complicated: for instance, in
those models it is already hard to identify the ground state.
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of any spin configuration. The couplings between different spins are often
limited to nearest neighbor sites, which we denote as (zy). The standard
form of the Hamilton function reads

MH[F) =T 5 -5,-B-) 5. (B.4.2)
(zy) z

It is ferromagnetic for a coupling constant J < 0 (which favors parallel
spins), and anti-ferromagnetic for J > 0. In addition the spins prefer to be
aligned with the external “magnetic field” B = (B!,..., BY).

In particular, the partition function of the Ising model is given by
Z2=T['S exp(—H[s)/T) = / Ds exp(—H[s|/T),  (BA3)
x Sp—==*+1

where we set again the Boltzmann constant kg = 1. The sum over all spin
configurations corresponds to the summation over all possible orientations
of individual spins. For N > 2 the measure Ds can be written as

1 1
Ds = H/1 dst ... /1 dsY 6(582—1) . (B.4.4)

Thermal averages are computed by inserting appropriate quantities in
the functional integrand. For example, the magnetization is given by

(5,) = % / Ds 5, exp(—H[5]/T) . (B.A5)

Due to the translation invariance of the measure Ds, the result does not
depend on x. So we can simply write the magnetization as (§'), in analogy
to the time independence of the 1-point function (B.3.6).

Similarly, the spin correlation function is defined as
1
(5 5) = > / Ds 8, - 5, exp(—H[5]/T) , (B.4.6)

which only depends on the distance |z — y|. Subtracting again the leading
contribution, we obtain the connected spin correlation function. At large
distances it typically decays exponentially,

(e = (5 5) = (2 e () (BA7)
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where ¢ is called the correlation length. At high — or even moderate —
temperatures the correlation length can well be just a few lattice spacings;
strong thermal noise is destructive for long-range correlations.

When one models real materials, the Ising model appears as a drastic
simplification, for example because real magnets also involve couplings be-
yond nearest neighbor spins. However, the details of the Hamilton function
at the scale of the lattice spacing do not always matter. There may be a
critical temperature T, at which & diverges and a universal behavior arises.
At this temperature a second order phase transition sets in. Then the de-
tails of the model at the scale of a few lattice spacings are irrelevant for
the long-range physics that takes place at the scale of €. In fact, some real
materials do behave close to their critical temperatures just like the simple
Ising model of eq. (B.4.3). This is why this model attracts so much inter-
est. It was introduced in the 19*® century, solved in d = 1 by Ernst Ising in
1928, and in d = 2 by Lars Onsager in 1944 (this means that observables like
the correlation functions could be computed explicitly). In higher dimen-
sions an analytic solution has not be found so far, but there are analytical
approximation techniques as well as accurate numerical results.

In d = 1 there is no finite temperature 7., and Ernst Ising concluded
from this that the model is an over-simplification. There are, however, fi-
nite critical temperatures in d > 1, as first argued qualitatively by Rudolf
Peierls (1941) for the 2-d case. Hence the Ising model is of interest, and it
is in fact the most successful spin model in statistical mechanics.

The Ising model is just a very simple member of a large universality
class of different models, which all share the same critical behavior. This
does not mean that they have the same values of their critical temperatures.
However, as the temperature T approaches T, from below, their magneti-
zation M = |(5')| vanishes with the same power of T, — T.'? This universal
behavior (at B = |J§ | = 0) is characterized by the critical exponent 3,

: In M
M~ (T, —T)° i.e. by =4, B.4.8
( Cc ) Y T/‘TC 1n<TC . T) /B ( )
2In terms of thermodynamics one would write M = —g—j; |7=const., where f is the free

energy density (and the free energy is given as F = —T'In 7).
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Alternatively, if we fix the temperature T, and include an external magnetic
field B, which is then gradually turned off, the magnetization goes to zero
as M ~ B9,

On the other hand, the susceptibility y = T%—Agh:const. diverges for

T —T,as x ~|T—T.7. Also the specific heat C' = Tg—§|B:COHSt. diverges
at the critical temperature; in that case we write C' ~ |T' — T,.|~* (and

S= _g_{“‘B=const. is the thI'Opy>,

The parameters [, §, v and « are all critical exponents. For a large
variety of materials — with different T, different crystal structure etc. —
experimentalists found within a few percent

Br1/3 | ym~4/3 , d~42 , az0. (B.4.9)

Therefore these values describe a universality class which plays a prominent
role in Nature. A Table with explicit results for these critical exponents is
displayed in Appendix A.

Note that dimensional quantities — like T, — will clearly change if, for
instance, the lattice spacing of the crystal is altered, as it often happens for
materials with different kinds of molecules. On the other hand, the critical
exponents are dimensionless — as all exponents in physics — hence these
are the parameters which are suitable for an agreement within a universality
class.

B.5 Analogies between Quantum Mechanics
and Classical Statistical Mechanics

We notice a close analogy between the Euclidean path integral for a quantum
mechanical system, and a classical statistical mechanics system.

The path integral for the quantum system is defined on a 1-dimensional
Euclidean time lattice, while a spin model can be defined on a d-dimensional
spatial lattice. In the path integral we integrate over all paths, i.e. over all
“configurations of intermediate points” z; = z(¢;). In the spin model we
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sum over all spin configurations s,. Paths are weighted by their Euclidean
action Sg[z|, while spin configurations are weighted with their Boltzmann
factors based on the classical Hamilton function H/[3].

The prefactor of the action is 1/h, and the prefactor of the Hamilton
function is 1/7". Indeed h determines the strength of quantum fluctuations,
while the temperature 7" controls the strength of thermal fluctuations. The
classical limit & — 0 (only the path with the least action survives) corre-
sponds to the limit 7" — 0 (only the ground state contributes). A difference
is, of course, that T is variable in Nature, in contrast to A.

The kinetic energy 1 ((zi41 — #;)/a)? in the path integral is analogous
to the nearest neighbor spin coupling 5, - 5,4, (Where i is a vector in p-
direction with the length of one lattice unit). The potential term V' (z;) is
similar to the coupling B - S, to an external magnetic field (or éx - 8, to
make it more general).!3

The magnetization (§) corresponds to the vacuum expectation value of
an operator (O(z)), also denoted as a condensate or 1-point function, and
the spin correlation function (8, -5, ) corresponds to the 2-point correlation

function (O(z(t))O(z(0))).

The inverse correlation length 1/¢ is analogous to the energy gap E;— Ey
(and hence to a particle mass in a Euclidean quantum field theory). Finally,
the Euclidean time continuum limit a — 0 corresponds to a second order
phase transition where £ — oco. The lattice spacing in the path integral is an
artifact of our regularized description. We send it to zero at the end, and
the physical quantities emerge asymptotically in this limit. In statistical
mechanics, on the other hand, the lattice spacing is physical and hence
fixed, while the correlation length & goes to infinity at a second order phase
transition. Nevertheless, since £ sets the relevant scale, the lattice spacing
has to be measured as the ratio a/£, which vanishes in both cases. Hence
the second order phase transition is indeed equivalent to a continuum limit.
All these analogies are summarized in Table B.2.

130f course, the potential and the vacuum expectation value of any operator are more
general than the corresponding quantities that we mention for the spin models.
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Quantum Mechanics Statistical Mechanics
Euclidean time lattice d-dimensional spatial lattice
elementary time step crystal lattice spacing

particle position x; = x(¢;) classical spin variable 3,
particle path {z;} (i =1...N) | spin configuration [5] = {5,} (z € lattice)
path integral [ Dz sum over configurations [ Ds

Euclidean action Sg[z] Hamilton function #[5]

Planck constant A temperature T'
quantum fluctuations thermal fluctuations
classical limit zero temperature
kinetic energy 3 (ZH—74)2 nearest neighbor coupling J§, - 5,4,

potential energy V' (z;) external field energy B, 3,

weight of a path exp(—3Sg[z]) Boltzmann factor exp(—H[5]/T)

1-point function (O(x)) magnetization (s,)

2-point function (O(z(t)) O(x(0))) correlation function (s,s;)
energy gap F, — Ey inverse correlation length 1/¢

continuum limit a — 0 critical behavior £ — oo

Table B.2: A dictionary that translates quantum mechanics into the lan-
guage of statistical mechanics. The points x are located in physical space,
whereas S, is an unit vector in an abstract N-dimensional spin space (and
the index x represents a site on some crystal lattice).
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B.6 Lattice Field Theory

So far we have restricted our attention to quantum mechanical problems
and to statistical mechanics. The former were defined by a path integral on
a 1-dimensional Euclidean time lattice, while the latter involved spin models
on a d-dimensional spatial lattice. When we quantize field theories on the
lattice, we formulate the theory on a d-dimensional space-time lattice, i.e.
usually the lattice is 4-dimensional. Just as we integrate over all paths Z(t)
of a 3-d quantum particle, we now integrate over all configurations ¢(z) of
a quantum field defined at any Euclidean space-time point z = (7, x4)."
Again the weight factor in the path integral is given by the action Sg[¢].
Let us illustrate this for a free neutral scalar field ¢(z) € IR. Its Euclidean
action reads

2
Sulé] = / d'r [50u00,0 + 2] (B.6.1)

Interactions can be included, for example, by adding a A¢* term to the
action, as we have seen before. The partition function for this system is
formally written as

Z = /Dgzﬁexp(—Sﬂgzﬁ]) . (B.6.2)

Note that we have set h = ¢ = 1, i.e. from now on we use natural units,
which we discuss in Appendix X. The physical units can be reconstructed
at any point unambiguously by inserting the powers of A and ¢ which match
the dimensions. In natural units (excluding the Planck scale) we only deal
with one scale, which can be considered either as length or time, or its
inverse that corresponds to mass or energy or momentum or temperature.

The integral [ D¢ extends over all field configurations, which is a
divergent expression if no regularization is imposed. One can make the
expression mathematically well-defined by using the lattice regularization.
Starting from well-defined terms is essential from the conceptual point of
view. Moreover, this formulation extends to the interacting case, including
finite field couplings. Thus it is also essential in practice, if the interaction
does not happen to be small. That situation occurs in particular in QCD

4n contrast to Section 1.3, we now denote the Euclidean time as x4, following the
standard convention of field theory. In addition we adapt the usual convention to write
only lower indices in Euclidean space, cf. Chapter 4.
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at moderate or low energies, which dominate our daily life.

On the lattice, the continuum field ¢(z) is replaced by a lattice field ¢,
which is restricted to the sites x of a d-dimensional space-time lattice of
spacing a. Then the continuum action (B.6.1) has to be approximated by
discretized continuum derivatives, such as

Selél= 0% [Z (Cotim )ty m%i] . (B63)

T pn=1

where i is the vector of length a in the p-direction. This is the standard
lattice action, but different discretized derivatives (with couplings beyond
nearest neighbor sites) are equivalent in the continuum limit. The corre-
sponding lattice actions belong to the same universality class.

The integral over all field configurations now becomes a multiple integral
over all values of the field at all lattice sites,

2=T1 | do.exp(=5elo) (B.6.4)

For a free field theory the partition function is just given by Gaussian inte-
grals. In fact, we can write its lattice action as

d
SE[¢] = % Z¢1Mmy¢y ) (B65)
T,y

with a symmetric matrix M, which contains the couplings between the
field variables at the lattice sites. We can diagonalize this matrix by an
orthogonal transformation matrix €2,

M=Q"DQ, D=diag(dy,...,dy) . (B.6.6)

where N is the number of lattice sites. We choose @ € SO(N), and with
the substitution

¢y = Quydy (B.6.7)

we arrive at (note that the Jacobian is det 2 =1)

2-11 Z e (~ 53 0lD.) = (22) . (B63)
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To extract the energy eigenvalues of the corresponding (quantum) Hamil-
ton operator, we study the 2-point function of the lattice field,

(6s00) = 5 [ Do 6.0, ex0(-~Slo) (B.6.9)

This can be achieved elegantly by introducing a source field j(x) in the
partition function,

20j] = / Do exp(—Suld] + j6) (B.6.10)

where we use the short-hand notation j¢ = a® " j,¢,. Similarly we are
going to write below ¢M¢p = a*? D ay PeMuydy, ete.
The connected 2-point function is given by
52
~ 0Js0jy

(Dudy)e = (D20y) — () In Z[j]]j=0 - (B.6.11)

In our case (¢) vanishes, i.e. (¢,0y)c = (Pu,). We eliminate the linear
term in the exponent by another substitution

¢ =¢— M5, (B.6.12)

so that the Boltzmann factor characterizing Z[j] in eq. (B.6.10) is given by
the exponent

1 1 1
—5 Mo+ o = —§¢’M¢>’ - 5j/\/t—lj : (B.6.13)
Performing now the functional integral over ¢’, we obtain
2m\N/2 1 1
7] = (—) ex (— M ) , B.6.14
=13 Taa P g M ( )
and from eq. (B.6.11) we infer

It is instructive to invert the matrix M by going to Fourier space,

d

Oy = (%)d/dep o(p) exp(ipx) , (where xp = qupu) . (B.6.16)

p=1
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Due to periodicity, the momentum integration on the lattice is restricted to
the (first) Brillouin zone

B=(-n/a,n/a]®. (B.6.17)

The impact of finite lattice spacing and finite volume is illustrated below.
The virtue of momentum space is here that the action becomes diagonal,

el =5 (o) [ apol-m Mo M) =4, ﬁ#@é?;@gg.

M(p) must be periodic over B, which is achieved by the “lattice momen-
tum” p (we adapt here a usual notation, but the “hat” does not indicate
an operator in this case). A general 2-point function in momentum space
reads

(#(q)o(p)) = M (p)d(p+q) . (B.6.19)

This is the lattice version of the (field theoretic) propagator in the contin-

uum
1

i (e(—p)o(p)) = sl (B.6.20)

From the propagator (B.6.19) we can deduce the energy spectrum of the
lattice theory. For this purpose we construct a lattice field with definite
spatial momentum p’ located in a specific time slice,

a

QW/dpd ¢(p) exp(ipaxa) , (B.6.21)

¢(ﬁ)$d = ad Z ¢f,:cd eXP(—if) : }_(’) =
@
and we consider its 2-point function

a [
WPmmwmwv—/ dpa (S(—p)o(p)) explipexs) . (B.6.22)

27 —7/a

Inserting now the lattice propagator we can compute this integral. We
encounter poles in the propagator when p; = iE with

Lo ()] St wem
=1
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The integral (B.6.22) captures the pole with £ > 0. Hence the 2-point
function decays exponentially with rate F,

(O(=0)00(P)a,) o< exp(—FEzq) , (B.6.24)

This allows us to identify E as the energy of the lattice scalar particle
with spatial momentum p. In the continuum limit we obtain the dispersion

relation
E*=p%+m?. (B.6.25)

At finite a, the lattice dispersion relation differs from the continuum result,
1.e. we are confronted with lattice artifacts.

The lattice literature often uses “lattice units”, where one sets the lattice
spacing a = 1. In these terms, agreement with continuum physics is found
in the limit where F, p'and m are small. In particular m corresponds to the
inverse correlation length 1/¢, and we discussed in Appendix A that £ — oo
characterizes the continuum limit.

A free scalar particle has the same propagator in quantum mechanics
and in classical mechanics. We see now the same property holds for the free
scalar field, since eq. (B.6.25) is in accordance with the (classical) Klein-
Gordon equation. Of course, this agreement is strictly limited to the free
case.

Now that we have a safe continuum limit for the free field, we could
proceed to the interacting case, e.g. to the A\¢* theory. Keeping only the free
part of the action in the exponent, the interacting part could be expanded as
a power series in A, if A is small. These terms are then evaluated as n-point
functions (n even). They are naturally decomposed into 2-point functions,
as the above technique with the source derivatives shows. However, the
corresponding propagators

/ddp exp(ip(y B X)) (B626)

<¢x¢y> = p2 T m2

1
(2m)
diverge as they stand in d > 2. They can be treated by continuum regular-
izations like the Pauli- Villars method: it subtracts another propagator with
a very large mass. This renders the propagators UV finite, and it maintains
covariance. At the end the Pauli-Villars mass is sent to infinity. An alter-
native, which is more fashionable now, is dimensional reqularization, that
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we are going to discuss in Chapter 4. However, one should keep in mind
that these methods are restricted to perturbation theory, whereas the lattice
provides a definition of the functional integral also at finite field couplings.

In lattice units all quantities appear dimensionless. To return to physical
units one inserts the suitable power of a, such as m/a or za. In practice,
the physical value of @ — and thus of all dimensional terms — is fixed by
simulation measurements of one reference quantity, which is phenomenolog-
ically known. In QCD simulations the appropriate lattice spacings are in
the order of 0.1 fm.
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Exercises to Section 1.1

¢ Klein-Gordon Equation

Consider a neutral scalar field ¢ with the Lagrangian

2 A

1
L(6) = 50u60"0 — 50" = 6"

Apply the variational condition 65 = 0 to derive the equation of motion of
for field ¢.

Assume A > 0 and discuss for arbitrary m? € R the stability of the constant
solutions ¢(x) = ¢yg.

e The non-linear o-model

The non-linear o-model deals with a multiple scalar field §(x) = (s1(x), ..., sp(x)),
s;(x) € R, which obeys in each point x the condition 5(x)2 = 1. The Lagrangian
reads 1

E(é’)zi 5 - 015 .

We now assume one component to dominate everywhere and denote it by o,
§=(o,m), 7= (m1,...,7n_1), 1 202> 7%, and we count each small component

as |m;| = O(e).
Compute the Lagrangian £() up to O(g?).

Derive for this (approximate) Lagrangian the equations of motion for the field
components ;.

Which are the symmetries of the actions S[5] and S[x] 7

How many generators have the corresponding groups of continuous field trans-
formations ?
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Exercises to Section 1.2

e Free propagator

A free, non-relativistic quantum mechanical particle of mass m moves on a
line. Compute the transition amplitude from point position state |z) at time
t =0 to |y) at time ¢t = T" with the path integral formalism, and check the result
with the canonical operator formalism. Compare this result to the one obtained
in the classical limit.

e Quantum rotor

Another non-relativistic quantum particle of mass m moves freely on a closed
curve of length L. Which is the transition amplitude from some position eigen-
state back to itself after time T' 7 Compute the energy spectrum of this particle.

Can you interpret this result, e.g. in view of a vibrating string ?

Hint: it is useful to express Y., .4 ... in terms of the integral [*_dod(or —

n)..., and then to apply the Poisson formula
27 Z d(a—n)= Z exp(2mina) .
neZ neZ

e Imaginary Gauss integral

Investigate the imaginary Gauss integral

+o0
/ dz exp(—iox?), a>0,

—0o0
by considering as the integration contour in the complex plane the polygon con-
necting the points —R, R(—1+1i), R(1 —1i),R with R > 1.

e Dominance of the classical path
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We reduce the set of paths in a path integral to the trajectories, which can
be parameterized by a single, real variable u. The action of such a path is S(u),
and the path integral is reduced to

Zred = /00 du exp (%S(u)) .

This set of trajectories also contains the (unique) classical path at ug.

Evaluate Z..q in the approximation, which neglects O((u — ug)?), assuming

S”(u)‘uzw # 0.

This approximation implies that the vicinity of the classical path (in units of
h) dominates the path integral. To justify this claim, compare the above approxi-
mate result to the contribution by some interval u € [a, b], which does not contain
up. (Method: Substitute o = S(u) and assume 1/5’(u) to be differentiable in

[a,0].)

Exercise to Section 1.3

¢ Random walk

At time t = 0 a point particle is located at position zy. Now it starts to move
on a l-dimensional lattice of spacing a. In each time unit At it jumps over one
lattice spacing, with equal probability for both directions.

Which is the differential equation that the probability distribution for the

location of this particle, P(x,t), obeys in the limit
a2
a—0, At—0, D:=_—— =constant ?
2 At

How is it related to the Schrodinger equation ?

What does the condition D = constant imply on the random walk in the
continuum limit regarding continuity and velocity of the particle path ?

Exercises to Section 1.4
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e The CP" ! model

The two dimensional C P"~! model is based on a field with n complex com-
ponents,
z1(x)

’ Zi6¢7

w
Il

with the constraint z z = 1 in each point = € R?.

The action reads

SE1= [ (DD Dui= 8- H,e

Which is the global (z-independent) symmetry of this action ?

Show that there is in addition even a local (z-dependent) U(1) symmetry.
e Critical Exponents

The simplest theoretical description of critical exponents is the mean field
theory (or molecular field theory). It expands the magnetic field perceived by a
specific spin as

Beg = B+ aM — bM*M |,
where M is the magnetic field due to the magnetization of the remaining spins.

As a phenomenological input, we further use the Curie Law (Pierre Curie, 1859-
1906)

M — TBeﬁ‘

where a, b and ¢ are constants.
(a) Neglect O(M?3) and derive the prediction for the critical exponent .
(b) Now include O(M?) and derive predictions for 8 and 6.

Discuss the quality of this ansatz. What happens if you include O(M?3) in

the determination of v 7

[perhaps also determination of Ising model critical exponents in
MFA]
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Exercises to Section 1.6

e Natural units

In particle physics one quantifies for instance the mass of the proton as m,, =
938 MeV. Identify the power of ¢ and h which are needed to convert this quantity
into kg. How much is m,, in kg ?

Which is the Compton wave length . of the proton in cm ?
(In natural units . = 1/my).

The value of the electron mass of m, = 0.511003 MeV expressed in American
pounds has been referred to in the US congress as an argument for preserving
this unit, guess why.

At an early stage of nuclear physics Hideki Yukawa made the following ob-
servation: he knew the pion masses (m o =~ 135 MeV, m,+ =~ 140 MeV)
and assumed their wave function to be governed by the Klein-Gordon equation
(O — m?)¥ = 0 (relativistic Quantum Mechanics of free, spin 0 particles). The
stationary, spherically symmetric solutions take the form W(r) o %e*m’" (please
check !). Explain why this inspired Yukawa to postulate that nuclear forces are

due to pion exchange.
e Connected 3-point function

In the presence of a source field j the partition function of some quantum
field theoretical model on the lattice reads

2171 = [ Doexp (iSl6]+ Y o)

Show that the connected 3-point function corresponds to

b 90 o

<¢w¢y¢z>c - 6]7&@ In Z‘j:() .
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e The lattice propagator for a free scalar field

We have considered the case of a neutral scalar field ¢, € IR on an infinite
lattice of spacing a, and we computed its propagator.
(a) In which order of a is the corresponding dispersion relation plagued by lattice
artifacts ?
(b) Plot the dispersion relations for masses ma = 0, 1 and 2 for the field on the
lattice and in the continuum.
(c) We now allow for couplings of the field variable ¢, to ¢yt and to ¢zyop.
Construct a new discrete derivative in form of a linear combination of these cou-
plings, such that the lattice artifacts in the leading order (identified in (a)) are
eliminated. (This method is known as Symanzik’s program.)

Exercises to Section 1.7

e Grassmann integrals

(a) Discuss in which sense functions of Grassmann variables can be partially in-
tegrated.
(b) How would you set up a §-function for Grassmann integrals ?

e Fermion determinant

Y1
The components of ¥ = ' and of U = (¢1,...,9¢n) are Grassmann
YN
variables, and M is an N x N matrix (its elements are any complex numbers).

Show that the following equations hold
(a) [ DIDT e VMY = det M ,

N
(b) / DUDV iy e "M = (M~1);5 det M, where DWDU = [ [ dus dp -
=1
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Hints:
(a) Start from the special case M = 1 and generalize the result by means of a
suitable substitution.
(b) Introduce external sources.

e The Pfaffian

We consider a set of Grassmann numbers 7, ..., 7,, and an anti-symmetric
matrix A = —AT. The term

PfA = /dm ...dn, exp < - % Z UiAijUj)
i,j=1

is the Pfaffian of the matrix A (this name refers to Johann Friedrich Pfaff, 1765
- 1825).

(a) Show that the Pfaffian vanishes if n is odd.

(b) Compute explicitly the Pfaffian for the cases n = 2 and n = 4. The results
should be expressed in terms of the matrix elements A;;, i > j.

(c) We now address the case n = 2n’ (n’ € N) and matrices with the structure

0 a
()

where a is a n’ x n/ matrix. How are PfA and Deta related ?




Appendix C

Group Theory of Sy and SU(n)

We will soon complete the formulation of the standard model by adding
the gluons as the last remaining field, thus introducing the strong interac-
tions which are governed by an SU(3). gauge symmetry. To first familiarize
ourselves a bit with the relevant group theory, we will now make a short
mathematical detour. Once we add the strong interactions to the standard
model, the quarks will get confined inside hadrons. In the so-called con-
stituent quark model (which is at best semi-quantitative) baryons are made
of three quarks, while mesons consist of a quark and an anti-quark. In the
group theoretical construction of baryon states the permutation group Sj
of three quarks plays an important role. In general, the permutation group
Sy of N objects is very useful when one wants to couple arbitrary SU(n)
representations together.

C.1 The Permutation Group Sy

Let us consider the permutation symmetry of N objects — for example
the fundamental representations of SU(n). Their permutations form the
group Sy. The permutation group has N! elements — all permutations
of N objects. The group S; has two elements: the identity and the pair

265



266 APPENDIX C. GROUP THEORY OF Sy AND SU(N)

permutation. The representations of S5 are represented by Young tableaux

Dj 1-dimensional symmetric representation,

H 1-dimensional antisymmetric representation.  (C.1.1)

To describe the permutation properties of three objects we need the group
S3. It has 3! = 6 elements: the identity, 3 pair permutations and 2 cyclic
permutations. The group S3 has three irreducible representations

I:I:D 1-dimensional symmetric representation,

|

L] 2-dimensional representation of mixed symmetry,

L] 1-dimensional antisymmetric representation. (C.1.2)

The representations of the group Sy are given by the Young tableaux with
N boxes. The boxes are arranged in left-bound rows, such that no row is
longer than the one above it. For example, for the representations of S, one
finds

[ ] |
R N I I PN (A

The dimension of a representation is determined as follows. The boxes of
the corresponding Young tableau are enumerated from 1 to N such that the
numbers grow as one reads each row from left to right, and each column
from top to bottom. The number of possible enumerations determines the
dimension of the representation. For example, for S3 one obtains

1-dimensional,
1[2] [1]3]

El 2

1]

, L2 2-dimensional,

2
3

1-dimensional. (C.1.4)
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The squares of the dimensions of all representations add up to the order of
the group, i.e.

> di=N!. (C.1.5)

In particular, for Sy we have 12 + 12 = 2 = 2! and for S; one obtains
124+22412=6 =3\

A general Young tableau can be characterized by the number of boxes
m; in its ¢-th row. For example the Young tableau

[ 1]

(C.1.6)

has m; =7, mo =4, m3 =4, my = 3, ms = 2 and mg = 2. The dimension
of the corresponding representation is given by

Hi<k (li - lk)

= N!
oz, = IV !0

Applying this formula to the following Young tableau from Ss

[ ]
N (C.1.8)

with mqy = 3, my =1, mg = 1and n = 3 yields [y = 3+3—1 = 5,
lb=14+3—-2=2,l3=14+3—3=1 and hence

(=)~ )b~ 1)
PRy © 512111

EASE ) (C.1.9)

d37171 — 5'

The permuted objects can be the fundamental representations of SU(n).
For SU(2) we identify

L= (C.1.10)
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To each Young tableau with no more than two rows one can associate an
SU(2) representation. Such a Young tableau is characterized by m; and

Mo, €.g.
[ L[]

(C.1.11)
has m; = 7 and my = 3. The corresponding SU(2) representation has
1
which is also denoted by {m; — ms + 1}. The above Young tableau hence
represents S = 2 — a spin quintet {5}. Young tableaux with more than

two rows have no realization in SU(2) since among just two distinguishable
objects no more than two can be combined anti-symmetrically.

C.2 The Group SU(n)

The unitary n x n matrices with determinant 1 form a group under matrix
multiplication — the special unitary group SU(n). This follows immediately
from

UUT=UU =1, detU = 1.
detUV = detUdetV = 1. (C.2.1)

Associativity (UV)W = U(VW)) holds for all matrices, a unit element
1 exists (the unit matrix), the inverse is U~ = UT, and finally the group

property
(UVIUV =VIUTUV =1, UV(UV) = U0VVIUT = 1 (C.2.2)

also holds. The group SU(n) is non-Abelian because in general UV # VU.
Each element U € SU(n) can be represented as

U =exp(iH), (C.2.3)

where H is Hermitean and traceless. The matrices H form the su(n) alge-
bra. One has n? — 1 free parameters, and hence n? — 1 generators 7;, and
one can write

H = o;n;, o € R. (C24)
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The structure of the algebra results from the commutation relations

[73,m5) = 2icijen, (C.2.5)
where c¢;j;, are the so-called structure constants.

The simplest nontrivial representation of SU(n) is the fundamental rep-
resentation. It is n-dimensional and can be identified with the Young

tableau D Every irreducible representation of SU(n) can be obtained from
coupling N fundamental representations. In this way each SU(n) represen-
tation is associated with a Young tableau with N boxes, which characterizes
the permutation symmetry of the fundamental representations in the cou-
pling. Since the fundamental representation is n-dimensional, there are n
different fundamental properties (e.g. u and d in SU(2); and ¢ € {1,2,3}
in SU(3).). Hence, we can maximally anti-symmetrize n objects, and the
Young tableaux for SU(n) representations are therefore restricted to no
more than n rows.

The dimension of an SU(n) representation can be obtained from the
corresponding Young tableau by filling it with factors as follows

n n+1ln+2n+3n+4n+5n-+6

n—1n n+1n-+2

n—2n—1n n+1

(C.2.6)

The dimension of the SU(n) representation is given as the product of all
factors divided by N! and multiplied with the Sy dimension dy,1m,,.. m, of
the Young tableau

o  (nt+mi =1 (n+my - 2)! mn!iN'Hi<k(li_lk)
mlma,...mn (n—1)! (n—2)! 00 NI' " [l
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[Tics(mi —my — i+ k)
(n—1)!(n —2)..0!
We see that the dimension of a representation depends only on the differ-
ences ¢; = m; — m;y1. In particular, for SU(2) we find

(C.2.7)

2 . my — Mo — 1+2
D = 110!

=mi—mo+1=qg +1 (C.2.8)

in agreement with our previous result. For a rectangular Young tableau
with n rows, e.g. in SU(2) for

, (C.2.9)
all ¢; = 0, and we obtain
D ILami—mp —i+ k) (n—1)!(n—2)..0! _ 1. (C210)
e (= D (n—2)1..00 (n—=1Dl(n-2).00 7 T

and therefore a singlet. This shows that in SU(3) corresponds to a
singlet. It also explains why the dimension of an SU(n) representation
depends only on the differences ¢;. Without changing the dimension we
can couple a representation with a singlet, and hence we can always add a
rectangular Young tableau with n rows to any SU(n) representation. For
example in SU(3)

[ ]

N ~[ [ ] (C.2.11)

We want to associate an anti-representation with each representation by
replacing m; and ¢; with

Mi = My — Mp_ip1, G = My — M1 = My — My_iy1 = @y (C.2.12)

Geometrically the Young tableau of a representation and its anti-represen-
tation (after rotation) fit together to form a rectangular Young tableau with
n rows. For example, in SU(3)

L and (C.2.13)
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are anti-representations of one another. In SU(2) each representation is its
own anti-representation. For example

[ |
L] and uJ (C.2.14)

are anti-representations of one another, but

[ ]
B ~ | | ] (C.2.15)

This is not the case for higher n. The dimension of a representation and its
anti-representation are identical

D"

mi,mz,...,m

=D . (C.2.16)

mi,Mma,...,Mn

For general n the so-called adjoint representation is given by ¢; = ¢,,_1 = 1,
¢; = 0 otherwise, and it is identical with its own anti-representation. The
dimension of the adjoint representation is

D3y 10= n*—1. (C.2.17)

Next we want to discuss a method to couple SU(n) representations by
operating on their Young tableaux. Two Young tableaux with N and M
boxes are coupled by forming an external product. In this way we generate
Young tableaux with N 4+ M boxes that can then be translated back into
SU (n) representations. The external product is built as follows. The boxes
of the first row of the second Young tableau are labeled with ‘a’, the boxes
of the second row with ‘b’, etc. Then the boxes labeled with ‘a’” are added to
the first Young tableau in all possible ways that lead to new allowed Young
tableaux. Then the ‘b’ boxes are added to the resulting Young tableaux in
the same way. Now each of the resulting tableaux is read row-wise from
top-right to bottom-left. Whenever a ‘b’ or ‘c’ appears before the first ‘a’,
or a ‘¢’ occurs before the first ‘b’ etc., the corresponding Young tableau is
deleted. The remaining tableaux form the reduction of the external product.

We now want to couple N fundamental representations of SU(n). In
Young tableau language this reads

meme. .om=Llel Jo. ell (C.2.18)
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In this way we generate all irreducible representations of Sy, i.e. all Young
tableaux with N boxes. Each Young tableau is associated with an SU(n)
multiplet. It occurs in the product as often as the dimension of the corre-
sponding Sy representation indicates, i.e. d, m,...m, times. Hence we can
write

{(n}@{n} @ .0 {n} = du oA Dy g }- (C.2.19)

77777

-----

The sum goes over all Young tableaux with N boxes. For example

ellelJ=lI T ]le2l] &l (C.2.20)

Translated into SU(n) language this reads

n(n+1)(n+2) (n—1n(n+1)

{nf@{nte{n; = { G Fo 2 3 ¥
(= 2>(6” —Dny (C.2.21)
The dimensions test
n(n + 1()5(71 +2) N 2(n - l)z(n +1) N (n — 2)én —Un _ W (C.2.22)
confirms this result. In SU(2) this corresponds to
{2} ® {2} ® {2} = {4} & 2{2} & {0}, (C.2.23)

and in SU(3)
3} {3} ® {3} = {10} @ 2{8) & {1}. (C.2.24)



Appendix D

Canonical Quantization of Free
Weyl, Dirac, and Majorana
Fermions

In this chapter we introduce left- and right-handed Weyl fermions as well
as Dirac and Majorana fermions. The basic fermionic building blocks of
the Standard Model are indeed Weyl fermions. Here we investigate how
fermions are described in a Hamiltonian formulation using anti-commuting
fermion creation and annihilation operators. We also discuss Lorentz and
Poincaré invariance as well as the discrete symmetries of parity P and of
charge conjugation C. In addition, we address the chiral U(1);, x U(1)g
symmetry of massless left- and right-handed Weyl fermions as well as the
U(1)r and Z(2)p fermion number symmetries of massive Dirac and Majo-
rana fermions, respectively. In the next chapter we will relate the Hamil-
tonian formulation to the Euclidean fermionic functional integral in which
fermions are described by anti-commuting Grassmann numbers.

D.1 Massless Weyl Fermions

The fermions of the Standard Model are described by left- and right-handed
Weyl spinor fields. In the absence of the Higgs field, these fermions would

273
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be massless. Hence, it is natural to begin our discussion with massless Weyl
fermions, a formulation originally derived by Hermann WeylWeyl, Hermann
Weylfermion.

Massless free particles are characterized by their conserved 3-momentum
P which determines their energy E(p) = |p]. The fermions in the Standard

Model are Spin—% particles whose spin S = %5 is described in terms of the
Pauli matrices

52(01,02,03):«? é)(? _5)((1) _? )) (D.1.1)

Massless Weyl fermions are energy eigenstates with two different helici-
ties.helicity This means that their spin vector S is either parallel or anti-
parallel to their momentum vector p; we will see in Section D.2 that these
observables can be measured simultaneously. Since massless fermions travel
with the speed of light, their helicity is independent of the reference frame.
(The helicity of massive fermions, on the other hand, depends on the ob-

server.) The Hamilton operator of a free massless right-handed Weyl fermion
field reads

Fn = /d% (@) (-6 -9 dn(@) (D.12)

The field operators

obey the canonical anti-commutation relations
(@00} = dud@—7) .
{da@. @} = {d@. @} =0, (D.1.4)

with the anti-commutator being defined as {4, B} = AB + BA. Therefore
the Fourier transformed field operators

r(p) = / APz Yr (L) exp(—ip- ), Uk (P) = / APz )l () exp(iﬁ(- Df)l ,5)
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obey the anti-commutation relations

{Go. @} = enusr-a .

(@@} = {Ee.d@)=o. (D.1.6)
and the Hamilton operator takes the form
iy = o [ 0 G 7 50D (D.L7)
We diagonalize the Hamilton operator by the unitary transformation
U@p) (@-p) U@ =1pl o® . (D.1.8)
For 3-momentum
= |plé,, €, = (sinfcosp,sinfsinp,cosh) , (D.1.9)

the diagonalizing matrix is given by

o\ cos(6/2) sin(0/2) exp(—ip)
(&) = ( —sin(6/2) exp(ip) cos(6/2) ) ' (D.1.10)

For the transformed fermion field components we introduce the annihi-
lation and creation operators ¢g and dR,

o= (40) -0 (§5). oam

The positive energy eigenstates are associated with fermions, while the
negative energy states are associated with anti-fermions. As we will see,
the operator ¢ég(p) annihilates a fermion with momentum 7, while di,(—p)
creates an anti-fermion with momentum —p. These operators obey the
anti-commutation relations

{en@).ch@} = 2o~ ). {da). di@} = P86~ )

{en(@),en(@) = {eh@. ch@} =0, {da(@.du(@} = {dh®.dk(@} =0,
{er). dn(@)} = {ea@). dk(@ } = {ch0).du(@ } = {hD). k(@ = 0.

(D.1.12)
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Inserting eq. (D.1.11) into the Hamilton operator of eq. (D.1.7) we obtain

Hy = (271r)3 /dgp ] [ék(ﬁ)éﬂﬁ) _jR(ﬁ)dI{(ﬁ)}
- (271r)3 /dgp 71 [éﬂ(ﬁ)éR(ﬁ) + df (P)dr (P) — V] .(D.1.13)

As in Section ??, the spatial volume arises by identifying (27)35(0) = V.

By definition, the vacuum state |0)g is the state of lowest energy. It is
annihilated by all particle or anti-particle annihilation operators

¢r(P) |0)r = dr(P) |0)r =0 . (D.1.14)

Massless particle or anti-particle excitations with momentum p above the
vacuum cost the positive energy |p].

As we will see, right-chirality (or right-handed) Weyl fermions with mo-
mentum p’ and energy E(p) — Ey = |p| have positive helicity ¢ - €, = 1.
They are created from the vacuum by 6&(]5‘), while their anti-particles have
negative helicity o - €, = —1 and are created by dﬁ(ﬁ),

R 0r=170-&="1r, di(@)0)r =155 &=—1)r. (D.1.15)

Since the creation operators anti-commutate, at most one fermion can oc-
cupy a given quantum state; this property is known as the Pauli prin-
ciple.Pauli principle For example, a state with two right-chirality Weyl
fermions is given by

51,6 & = 15,0 - 6y = hr = ch(B1)ck () [0)r = —ck (52)ck (7)) [0)r
= —|p2,53' €p2 = 1,])1 epl = 1>
(D.1.16)

The anti-symmetry implies that a state with two fermions of the same mo-
mentum p; = Py and the same helicity does not exist.

Now let us consider the vacuum energy density

p= % = —(2—71T>3/d3p D] . (D.1.17)
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As in the case of a free scalar field that we discussed in Section ?7?, it is
ultraviolet divergent, but in the fermionic case p is negative. The vacuum
state is denoted as the filled “Dirac sea” Dirac sea (in this case, perhaps
better the filled “Weyl sea”, although this picture was suggested by [?]), in
which all negative energy states are occupied and all positive energy states
are empty. A missing particle of negative energy then manifests itself as an
anti-particle with positive energy, relative to the filled vacuum sea.

Left-chirality (or left-handed) Weyl fermions are very similar to right-
chirality ones, except that they have negative helicity, ¢ - €, = —1, while
their anti-particles have positive helicity, ¢ - €, = 1. The corresponding
Hamilton operator takes the form

o= [ i@ () @)
1

R /dgp ] [éi(ﬁ)éL(ﬁ) +d} (p)du(p) — V] , (D.1.18)

in this case with

o (RO i (D)
= (140 ) =vear (40 )
U(=p) (= -p)U(=p)' = |p] o* . (D.1.19)

The various creation and annihilation operators again obey canonical anti-
commutation relations. The corresponding vacuum state is denoted as |0)y,,

éL(P) [0y = dL(p) [0)L = 0, (D.1.20)

and the left-chirality single fermion and anti-fermion states are given by

@0 =157 & =1, @) 0= &="1. (D.121)

D.2 Momentum, Angular Momentum, and
Helicity of Weyl Fermions

In order to convince ourselves that the theory of free right-handed Weyl
fermions indeed provides a representation of the Poincaré algebra, we need
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to show that the Hamiltonian Hy, of eq. (D.1.2) can be complemented by mo-
mentum, angular momentum, and boost operators,momentumangular mo-

mentumboost 133, J; R, and K R, such that the commutation relations of eq.
(7?) are satisfied. This is indeed the case with the following operators

Pr= [ @ dl@) (~i9) dn(@)

Tn = / &z i (7) (:z X (46) + %5) Dr(@)

Ky — /d% D () % <f (—ﬁ : 5) + (—ﬁ : a) f)QLR(f) (D.2.1)
Using eq. (D.1.11), we rewrite the momentum operator as

Pu= s [ 0 B[ + dh )] (D.22)

As one would expect, this implies that the vacuum has zero momentum,

i.e. Pg|0)g = 0. One can verify the commutation relations

A

Prdh] =5, [Prdh®) =5 dis) (D.2.3)

In this way one readily confirms that ¢ () or di () indeed create single-
particle or anti-particle states with momentum p, e.g.

Pelp,#-& =1 = Preh(@)10)r = ([Pr. k()] +ch(?)Pr) 10)n
= k@) Or = 7155 & = n (D.2.4)

Let us verify the helicity of the single-particle states in a similar manner.

First of all, J; r and Pr do not commute and are thus not simultaneously
measurable. However, the component of the angular momentum vector in

the direction of a particle’s momentum, J; R-€p, s simultaneously measurable
with the momentum. In Problem ?? we are going to show that

I 1. S, s L.
-] = 2ok . [T 6 dh@)] = —db@) . (D29)
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At this point we assume the property Jg |0)g = 0. This is physically ex-

pected, and it is in fact true, but — in contrast to the case of ]3R — it is
not so easy to demonstrate. It leads to

Tn 5.5 & = r = [T & ()] 0
= Sk 100w = 5175 &= 1),

. GIRG 8= L = [T~ dh(P)] 10}
= AP 0hn = 5175 - = D) (D.2.6)

Similarly, for left-handed Weyl fermions one obtains

[orddo]) =gl [adw)] = 3d0

To &lfd 6=~y = [J-.cl (] 1o
1, 1., . .
= =5l 0L = =315 & =~ |
2 2
JuGl5.6 & =1y = | Ji- &, dL(P)] 0}
1 1, . .
= §d£(ﬁ) O = 51P\ 7 & =1 . (D.2.7)

D.3 Fermion Number, Parity, and Charge
Conjugation

In a free field theory the total numbers of particles and of anti-particles are
constant in time, simply because the individual particles do not interact.
However, in this respect free field theory is exceptional. In general, in
quantum field theory particles can be created and annihilated. In particular,
a particle and its anti-particle can annihilate each other, or they can be pair-
created. Hence, unlike in non-relativistic quantum mechanics, in relativistic
quantum field theories the particle number is usually not a conserved — or
even a meaningful — physical quantity. Particle-anti-particle annihilation
or pair-creation proceed exclusively via interactions and are hence absent in
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a free field theory. While the total numbers of fermions or anti-fermions are
not separately conserved in a generic quantum field theory, often (though
not always) the number of fermions minus the number of anti-fermions,
known as the fermion number fermion number is a conserved quantity.

For a right-handed Weyl fermion, the corresponding fermion number
operator is defined as

ngg/fpﬁ@@@—@@@@. (D3.1)

The conservation of Fy is associated with a U(1)g symmetry. In the multi-
particle-multi-anti-particle Hilbert space, i.e. in Fock space,Fock space this
symmetry is represented by unitary transformations

UR(XR) = eXp<iXRFR) , XrE€R, (D.3.2)

which are constructed by exponentiating the infinitesimal symmetry gener-
ator Fr. When applied to the field operators, this symmetry transformation
acts as

UR(XR)?@R(@(?R(XR)T = e}P(iXR)I/A}R(f),
R(xr)" = OL(F)exp(—ixn) - (D.3.3)

This transformation leaves the Hamilton operator of eq. (D.1.2) invariant,
which implies that Fg is indeed a conserved quantity.

For left-chirality Weyl fermions there is an analogous conserved fermion

number
A= g [ @ [[d@am -d@am] . D3

which results from a U(1), symmetry.

Fermion numbers Fg, Fp, and helicity & - €, of Weyl fermions

fermion (right) | fermion (left) | anti-fermion (right) | anti-fermion (left)
Fr 1 0 —1 0
Iy, 0 1 0 -1
G-é, 1 ~1 ~1 1
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Consequently, we can assign a fermion number Fy 1, = %1 to each of the
single-particle and anti-particle states that we constructed before

>

R|ﬁg é)17_1>R:|_'a(_7’ _)p:1>R>

w5, G -8 =—1)p=—|7,6-¢=—1r,
F|p,&-&=-1) = [5,d-&=—1),

FLlp, G- &, = 1), = —[p,6 & = 1)L (D.3.5)

We hence confirm that right-chirality Weyl fermions with Fr = 1 have pos-
itive helicity (¢ - €, = 1), while their anti-particles with Fg = —1 have
negative helicity. Left-chirality Weyl fermions with F;, = 1, on the other
hand, have negative helicity and their anti-particles (with F}, = —1) have
positive helicity. This is summarized in Table D.3.

Let us now discuss two discrete symmetry transformations:

e A parity transformation performs a spatial inversion at the origin,
¥ — —&. This implies that a state with momentum p turns into a
state with momentum —p. Angular momenta (such as & X p or spin),
however, are pseudo-vectors and thus don’t change under a parity
transformation. As a result, the helicity of a state (the projection
of the spin on the momentum) does change sign under parity. This
implies that the parity partner of a left-handed Weyl fermion is right-
handed. As we will see in Chapter 77, in the Standard Model there are
only left-handed but no right-handed neutrino fields. Consequently,

the parity P is not a symmetry of the Standard Model.

e Charge conjugation turns particles into anti-particles and vice versa,
but leaves their spin and momenta and hence their helicity unchanged.
Thus the charge conjugation partner of a left-handed Weyl fermion is
a right-handed anti-fermion. Again, since the Standard Model in-
cludes only left-handed neutrino fields, charge conjugation C is not a
symmetry either.

e The combined transformation CP turns a left-handed Weyl fermion
(with negative helicity) into a left-handed anti-fermion (with positive
helicity), and hence does not require the presence of a right-handed
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Weyl fermion field. Indeed, despite the absence of right-handed neu-
trino fields, CP would be a symmetry of the Standard Model, if it had
fewer than three generations of fermions, cf. Chapter ?7.

Let us now assume a theory in which both left- and right-handed Weyl
fermion fields are present at the same time. For example, the Standard
Model has both left- and right-handed electron fields. Then the parity
transformation is implemented by a unitary transformation Up in the com-
bined Hilbert space of left- and right-handed fields,

PYg() = Uptr(Z) U} = Yo (—7) |
Pijp (2) = Upthp (D) U] = hp(—Z) . (D.3.6)

The parity transformed Hamilton operator of a right-handed Weyl fermion
results as

A~

Pl = UpHpll — / P PO (E) (16 ) Pin(@)
_ / P () (=16 - F) du ()
_ / P 3{(@) (i) du (@) = . (D.3.7)

In the last step we have substituted the integration variable T — —7. Sim-
ilarly, one obtains PH, = HR While neither HR nor Hy is parity invariant,
their sum is,

[Hy + Hy,Up] =0 . (D.3.8)

Charge conjugation is implemented by another unitary transformation
Uc which acts as

C@%R(f) :(:] Q/A’ (f)Uc = io ¢L( )T 5
(%) = Uctpu(£) UL, = —io* ), (B)" . (D.3.9)

Here — and throughout these notes — T denotes “transpose”. The charge
conjugated Hamilton operator then takes the form

A A A oA ~t s S ~
CHR = UcHRU(J[J :/dgl’ CwRCU) (—1U'V) C¢R(x)
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- / &z P (7) (ia : 6) o (7) = Hy, . (D.3.10)
Here we have used (i0?)'d(i0?) = —dT, as well as the anti-commutativity
of the fermionic operators, which implies

(@7 (167 V) E@)T = - (VoL@ -i6) o (@) | (D.3.11)

and, finally, we have performed a partial integration. Similarly, one finds
CHL — Hy. Hence, neither HR nor Hj is charge conjugation invariant, but
their sum is, i.e. [HR + Hy, U] = 0.

Based on egs. (D.3.6) and (D.3.9), as well as on egs. (D.1.10), (D.1.11),
and (D.1.19), one obtains the parity and charge conjugation transformation

rules
<ii§<%’>=a(ié?>> (i )= (45)
7) - (i) (i )= (20

dr (p

¢ dy,
(oatn ) == (i) (i) = (205)
(D.3.12)

While they are neither P nor C invariant, both Hg and Hy, are individ-
ually invariant against the combined operation CP, i.e. CPfIx = CHy, = Hy
and “PH;, = ®Hy = H;. Under a CP transformation a right-chirality
fermion state transforms as

Ucp 5,7 € =1r = Ucpch(p)|0)r = ek (5)Ucp |0)r
— di(~P)[0)r = —| =P, —G &= —1)r .
(D.3.13)

Here we have used the fact that the vacuum is CP invariant, i.e. Ucp [0)g =
|0)r. We conclude that the CP partner of a massless right-chirality fermion
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(which hence has helicity ¢ - €, = 1) is a right-chirality anti-fermion with
opposite momentum —p and helicity —& - €, = —1. (Note that the helicity
of a state with momentum —p’is —¢& - €, because the unit-vector pointing in
the direction of the momentum —p = —|[p| €, is —€,.) In the same manner
as above, we obtain

UCP |ﬁ6€P:i1>R::F’ _ﬁ7_6'€p::F1>R7
Ucp P,0 - & =+1)p, =F| =P, =0 -6 =F1)L. (D.3.14)

D.4 Massive Dirac Fermions

Dirac fermionsDirac fermion have both a right- and a left-handed Weyl
component, which are combined to a 4-component Dirac spinor,

A )

o (@ _ | @
i@ =) @ |

(@)

>
=

1@ = (Ph@), 6L@) = (9@, 98 @, 01 @), 971 (@) ) (D.4.1)

Let us introduce 4 x 4 matrices in the so-called chiral basis, that project
out the left- and right-handed components

1 10 1 00
0= (g g) - mmy0e=(0)

¥ ( é _(i ) , (D.4.2)

Here 0 and 1 are 2 x 2 zero- and unit-matrices, respectively (while the 4 x 4
unit-matrix is written simply as 1).

Based on the transformation properties (D.3.6) of its Weyl fermion com-
ponents, under parity a Dirac spinor transforms as

= (o )= (s ) =vica oa
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Here we have introduced the 4 x 4 Dirac matrix 7°, which — together with
the 4 x 4 matrices ¥ — forms the 4-vector *

o (01 . 1 .2 3 _ (0 =7

still in the “chiral basis”. In any “basis”, i.e. for any valid choice, different
~-matrices, including ~°, anti-commute

(A =29", =1y, (Y% =0, (D.4.5)

where g = diag(1, —1, —1, —1) is the metric of Minkowski space-time. The
first relation is the defining property of the Dirac matrices v*. If this holds,
then the third relation follows from the definition of ~°.

According to eq. (D.3.9), a Dirac spinor transforms under charge conju-

gation as
2,701
) _ ( %T( ) ) — C’yozﬂT(f)T :

—ic? Y (2)T

C = ( igg 0 > . (D.4.6)

The Hamilton operator of a free massive Dirac fermion is the sum of Hg
and Hiy, plus a mass term that couples the left- and right-handed compo-
nents,

i = [ & [0 (-5 9) dn@) + i@ (17 ) du(@)
+ m (Sh@)@) + B @) |
— /d% e )( 107-6+5m) B(E) (D.A.T)
where we have introduced the 4 x 4 matrices

. (7 0 0 1
&27072(0 _5), 5=7°=<1 0), (DA4.8)

(again in the chiral basis). The mass term is parity, charge conjugation,
and Lorentz invariant, but it explicitly breaks the chiral U(1)gr x U(1)L
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symmetry to its diagonal subgroup U(lA)F that is generated by the total
fermion number F' = Fg + Fy, (Fr and F}, are defined in Section D.3).

Using egs. (D.1.11) and (D.1.19), in momentum space the Dirac-Hamilton
operator takes the form

io = gl [l ac) (1 5) (59)
+<ﬁﬂW%ﬂﬁ—%)@ﬂ%ﬂ

= G [ VIR [0 + 4 ()
+ & (@e_ )+ dt(p)d_(p) _2v] . (D.4.9)

We have diagonalized the Hamilton operator by means of the unitary trans-
formation

(i) =vor (%) (i) -vo ()
v (1 Yver = (VP )

m 0 —/P2+m?
_ cos(x/2) sin(x/2) exp(—ig)
V(p) = ( —sin(x/2) exp(ip) cos(x/2) > ’
_ 1
cos Y = N ) (D.4.10)

and ¢ is the polar angle of the momentum vector defined in eq. (D.1.10).
The operators ¢ (p), ¢ (7), d+(p), d\ () again obey canonical anti-commutation
relations.

By definition, the vacuum of Dirac fermions (the filled Dirac seaDirac
sea) is the state of lowest energy, in which all negative energy states are

occupied while all positive energy states are empty. Hence the Dirac vacuum
|0)p fulfills

¢+(p) [0)p = d= () [0)p =0 . (D.4.11)
Single-fermion states (with /' = 1) and single-anti-fermion states (with
F = —1) are created from the vacuum by the creation operators ¢\, (7) and
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cﬂt (p), respectively, i.e.

AT(ﬁHO) =|F=1p,
~1

di(p)|0)p = |F = —1,p, & 5:i1>D. (D.4.12)

bS]

The momentum operator of Dirac fermions takes the form

Py — Pn+ Py
1 R R N ~ R . N ~
= o [ Er PR + @) + e ) + dL )
1 R . N ~ R R N ~
- G [ v p[d @@+ d @@ + & @@ + @]
(D.4.13)
One can show that
Po. k] =5ek), [Po.dl@)] =7 di). (D.4.14)
and that this implies
Po|F,5.G & =+)p=F|F,5.6 & =+1)p. (D.4.15)

Similarly, the Dirac angular momentum operator is given by Jp = Jp+
Ji. In Problem ?? we will show that egs. (D.2.1) and (D.2.7) lead to

gL

~, - 1/\
To &l (@)] = L5 @) s | Toandl(p)] = £5dh() ,  (D416)

which implies
o 1
Jp - €, |F,p,0-€,==x1)p = :|:§]F,ﬁ,6 €, ==x1)p . (D.4.17)
We conclude that the indices 4 on the Dirac fermion creation and anni-
hilation operators refer to positive and negative helicity. While the helicity

of a massless Weyl fermion or anti-fermion is uniquely determined by the
chirality (left or right) of the corresponding Weyl fermion field, massive
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Dirac fermions or anti-fermions exist with both helicities. This follows, be-
cause the helicity of a massive particle is not Lorentz invariant. An observer
who moves faster than a massive fermion perceives its momentum — and
hence its helicity — with a changed sign relative to an observer at rest. A
massless fermion, on the other hand, moves with the velocity of light and
has a Lorentz invariant helicity.

Based on egs. (D.3.12) and (D.4.10), one obtains the parity and charge
conjugation transformation rules

Péi(ﬁ) = é;E—ﬁ) J de:(@ = CZ:F(_ﬁ) )
Ces(p) = +du(p), “du(p) = £ex(p) . (D.4.18)

Applying the unitary transformation Up (which implements parity in Hilbert
space) on a single-particle state, one then obtains

Up|F=1,p,G-&==2l)p = Upeh(p)|0)p ="eL(7)Up|0)p = cL(—p) [0)p
F=1,-p—¢-8=F1)p . (D.4.19)

Here we have used the fact that the vacuum is parity invariant, i.e. Up 0)p =
|0)p. A corresponding relation applies to anti-particle states, such that in
general

Up |F,p,G & = +1)p = |F,—p, -G - &, = Fl)p . (D.4.20)

We conclude that the parity partner of a fermion or anti-fermion indeed
has the opposite momentum and helicity. Similarly, by using the charge
conjugation invariance of the vacuum, i.e. Uc |0)p = |0)p, one obtains

Uc|F,p,G-€ ==+1)p==+| - F,5,6 - € =+1)p . (D.4.21)
Hence, as expected, charge conjugation exchanges fermions and anti-fermions,

leaving their momentum and helicity unchanged. Based on the previous re-
lations, one arrives at

Ucp |F, 7, -, =+1)p=F| - F,—p,—G-& = Fl)p . (D.4.22)

It is again easy to convince oneself that Upct)(2) U = —Ucpt)(Z)Ulp.
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D.5 Massive Majorana Fermions

As Ettore MajoranaMajorana, Ettore realized, some fermions — now known
as Majorana fermionsMajorana fermions — are indistinguishable from their
anti-particles Majorana37. The corresponding Majorana spinor results from
a Dirac spinor by imposing a constraint, which is known as the Majorana
condition,Majorana condition

W@ =) = @) =10 @) =dr(@) =

Ui (E) = ety (7) - (D5.1)
One can check that relation (D.5.1) is consistent with the anti-commutation
relations (D.1.4) of the right-handed spinors, and that Hg = Hy,.

It is important to note that the Majorana condition is not invariant
against the chiral U(1)y, x U(1)g symmetry transformation

&L(f)/ = eXp(iXL)@ZL(f) ) @R(f)/ = eXP(iXR)ZER(f) : (D.5.2)

This follows because

io?Yf (7)T = exp(—ixw)io®Yf ()" = exp(—ixy)Yr(7)

= exp(—ixy, — ixr)¥r(Z)" . (D.5.3)
The Majorana condition remains invariant only if x;, = —xr, which implies
that it breaks U(1), x U(1)g explicitly down to U(1)p—gr+. The fermion num-
ber symmetry U(1)r = U(1)p =g is then reduced to exp(ixw) = exp(ixw) =
exp(—ixr) € {£1} = Z(2)r. As a consequence, the number of Majorana

fermions (which are indistinguishable from their anti-particles) is conserved
only modulo 2.

Interestingly, the Majorana condition is not consistent with parity either,
because

i0? Pl (2)T = i0%f (—2)T = 103 (—i0®)" Y (—7) = ~FTr(F) . (D.5.4)
On the other hand, when we combine a chiral transformation with parity
we obtain

(@) = exp(ine) du(T) = explixe)dn(~7) ,
TUR(E) = exp(ive) YR (T) = exp(ixn)vL(—E)
io? P@/}E f)’T = eXp(—iXL)ia2¢%(—f)T = —exp(—ixp)YL(—7)

= —exp(—ixy —ixr) Ur(2) . (D.5.5)
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Hence, the Majorana condition is invariant against P combined with U(1)__g-.
The corresponding fermion number transformations U(1),—_gr+«—g are char-
acterized by exp(ixL) = exp(ixr) = £i. We denote the parity transforma-
tion P combined with the phase factor i as P’.

Applying the Majorana condition, the Dirac-Hamilton operator reduces
to Hp = 2Hy; with the Majorana-Hamilton operator given by

V) (@) + 5 (dn(@) i (@) - D @io*(@)7) ]
= [ [i@ (17 9) in@ + 5 (0 @Ti0% (@) + il @io"il@)")]
(D.5.6)

While the Dirac mass term is invariant against the continuous U(1)p fermion
number symmetry, the Majorana mass term is invariant only under the dis-
crete Z(2)p symmetry. Just like the Majorana condition itself, the Majo-
rana mass term is invariant, not against P, but against the modified parity
transformation P’.

In momentum space the first contribution to the Majorana mass term
is given by

In () TioMn(—f) = (%(ﬁ)@ﬂ(-ﬁ)) U(5) 102U (—p)! ( é%g(—]g) )

= —exp(ip)ér(P)ér(—p) — exp(—ip)df (—p)d} (P) -
(D.5.7)

The Majorana-Hamilton operator then takes the form

o =ty  (640.809) (bl 5 ) (85
o (@) (0 e ) (BT sy

mexp(ip) d&(—ﬁj

Here the integration is limited to one half of the momentum space, since
both p and —p appear explicitly in the integrand. The Majorana condi-

tion implies Ség(p) = di(p) = ér(p), Cen(p) = —dr(P) = én(p), as well as
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Céy(p) = £do(P) = é+(p). We can hence rewrite eq. (D.4.10) and diagonal-
ize the Hamiltonian by the unitary transformation

(49)-o(5%)
(i ) =vor (5% ) (D5.9)

The two components of the first equation take the form

() = cos(x/2) & (p) — sin(x/2) exp(—ip)él (—p),

(=7 = sin(x/2) explip)é. (7) + cos(x/2) éL.(—p) . (D.5.10)
Taking the Hermitian conjugate of the equation for the first component, and
replacing p' by —p, which implies replacing exp(ip) by — exp(ip), one indeed
obtains the equation for the second component. This shows the consistency

of the diagonalizing unitary transformation with the Majorana constraint,
which leads to

<%:=é$45% 57+ i [ (024 () — s (-p)él ()
+ el (P (p) — - (=P ()
1

=(%P/ﬁ>ﬁ“Wﬂi@a@+5@&@—ﬂ-
(D.5.11)

In the last step we have again extended the integration to the entire mo-
mentum space R®.

The vacuum of Majorana fermions is characterized by ¢4 (p)|0)y = 0
and the single-particle states are given by

() [0)w = [(=1)" = =1,§,5 - & = +1)u . (D.5.12)

As usual, under a parity transformation this state changes both its momen-
tum and its helicity,

Up|(-1)" = -1,4.5 & =+l)n = "ek(p) 0)n = e(=7) [0)u

= |(-1)f'=-1,-p,—7-&,=Fl)u .
(D.5.13)
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Similarly, since the Majorana condition implies ©él, (5) = ¢\ (), one obtains

Uel(—1)F = —1,7,6 & = +1)n = |(~1)F = —1,5,5 & = 1) |
(D.5.14)
Hence, Majorana fermion states are indeed invariant under charge conju-
gation, i.e. particles and anti-particles are indistinguishable. Since C acts
trivially on Majorana fermions, P and CP then have the same effect.

D.6 Massive Weyl Fermions

As we have already seen in eq. (D.5.6), we can reinterpret the Majorana-
Hamilton operator as a massive Weyl-Hamilton operator,

= [ @ i@ (<7 9) dn(@) + 7 (9@ Tio%n(@) - Sh@i0*0h@)7)]
(D.6.1)

In this case, one would not assume that there is a Dirac fermion field (con-

sisting of both left- and right-handed components) with a Majorana con-

straint (that expresses the left-handed field as a function of the right-handed

one). Instead one simply works with a right-handed Weyl spinor without

ever introducing a left-handed component. As a result, P and C are not

symmetries of the Hamiltonian. Not even CP is, but only CP’, which is the

combination of C with the modified parity transformation P’. In addition,

the U(1)g symmetry of a massless Weyl fermion is explicitly broken down
to Z(2)R

The diagonalization of the massive Weyl fermion Hamiltonian is math-
ematically equivalent to the one of the Majorana fermion, except that
one now substitutes ¢_(p) by —d_(p) (which are equivalent for Majorana
fermions), i.e.

(3%) -+ (5%) (5)-vor (1),

One then obtains

Fy = (2%3 / Pp /54 [ ()6 () + dL @A) - V] . (D63)
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~ The vacuum of massive Weyl fermions is characterized by ¢, (p) [0)r =
d_(p)|0)gr = 0 and the corresponding vacuum energy density is given by

E 1
=G / &p 5T m? . (D.6.4)
This is exactly opposite to two times the positive vacuum energy that we
encountered for the free real-valued scalar field theory in eq. (77). We
conclude that a theory containing a complex-valued scalar field and a Weyl
fermion field, with the same mass m, has a zero cosmological constant,
because the bosonic and the fermionic contribution to the vacuum energy
cancel each other.

In fact, supersymmetry relates the bosonic to the fermionic sector, with
the complex scalar field and the Weyl fermion field forming the physical
components of a so-called chiral super-multiplet. Hence in an exactly super-
symmetric world the vacuum energy density would indeed vanish. However,
we also know that in the real world, i.e. at low energy, supersymmetry has
to be broken — if it exists at all — since for instance the “selectron” (the
bosonic partner of the electron) must be much heavier than the electron,
otherwise it would have been observed already. Imposing the supersymme-
try breaking, which is minimally required by phenomenology (even before
the LHC results), leads to a vacuum energy density that is still about 10
times larger than the observed value ~ 2 - 103 eV* Carroll01, which accel-
erates the expansion of the universe, so supersymmetry does not solve the
cosmological constant problem.

The single-particle states of massive Weyl fermions with right-chirality
are given by

g = [(-)"=-1pd & =1,
d'0)g = |(-1)R=—-1,5,6-, = —1)g . (D.6.5)

Under CP these states transform as

Uep |(-1)" = 1,5, - &, = 1)g = F|(-1) " = =1, —p, -7 - &, = Fl)» ,

(D.6.6)
i.e. they change both their momentum and their helicity. Since U(1)g is re-
duced to Z(2)g, just as for Majorana fermions, there is no longer a conserved
fermion number that distinguishes particles from anti-particles.
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Massive Weyl fermions and Majorana fermions are mathematically equiv-
alent, but have different physical interpretations. While Majorana fermions
are invariant under charge conjugation, Weyl fermions do not even obey C
or P symmetry individually but only the combination CP’. Still both mas-
sive Weyl and Majorana fermions respond to the CP’ symmetry (which is
indistinguishable from the modified parity P’ for Majorana fermions) in the

same way.



Appendix E

Fermionic Functional Integrals

In this chapter we formulate the functional integral for fermion fields us-
ing anti-commuting Grassmann variables. We then derive the Dirac, Weyl,
and Majorana equation from the corresponding Lagrangians and show that
the Hamiltonian formulation of the previous chapter results upon canoni-
cal quantization, by replacing Grassmann fields by anti-commuting fermion
creation and annihilation operators. We then perform a Wick rotation to
Euclidean time and investigate the Euclidean version of Lorentz invariance,
of the discrete symmetries C and P, as well as time reversal T. This will lead
to a discussion of the CPT theorem and the spin-statistics theorem. Finally,
we show in the simple case of massless Weyl fermions that the Euclidean
functional integral is equivalent to the Hamiltonian formulation. For this
purpose, we construct the transfer matriz that results from the functional
integral on a Fuclidean time lattice, and show that it reduces to the correct
Hamilton operator in the continuous time limit.

E.1 Grassmann Algebra, Pfaffian, and Fermion
Determinant

In contrast to bosons, fermions cannot be piled up in large numbers in the
same quantum state and hence do not manifest themselves directly at the
classical level — for instance, we cannot build a “fermionic laser”. While

295
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for bosonic quantum field theories one uses (real- or complex-valued) clas-
sical fields as integration variables in the functional integral, for fermionic
theories no corresponding classical fields exist. Instead, the fermionic func-
tional integral uses anti-commuting Grassmann numbers as the integration
variables.

In the following we summarize some of the basic rules for operating with
Grassmann numbers. This kind of numbers was introduced by Hermann
Giinther Grassmann (1809-1877),! and a century later adopted in quantum
field theory, in particular by Felix Alexandrovich Berezin.

The generators of a Grassmann algebra are anti-commuting variables 7;,
i€{l,2,..., N}, that obey

nin; = —n;" - (E.1.1)

This implies in particular n? = 0. An element of the Grassmann algebra is
a polynomial in the variables 7;,

f)=7f+ Z fini + Z fignim; + Z Figeningne + ... (E.1.2)
i ij ijk
The coeflicients f;; ; are ordinary commuting numbers (real or complex);
they are anti-symmetric in the indices ¢,7,...,l. There can be at most
[ = N indices, since each variable 7; occurs in each term either with power
0 or 1. Thus the expansion (FE.1.2) is already the most general “Taylor
series” of a function f(n); there are only 2V independent terms.

One defines a formal differentiation, which follows the familiar pattern
(regarding the left-most factor). The corresponding rules are
) ) o

5—mﬁj = 0ij 6_m77i77j =n = 5_7%7]]‘77'5 = —n; (i#7). (E.L3)

Since we aim at a functional integral for Grassmann fields, we also need
rules for the integration of Grassmann variables. As usual, one defines
integration as a linear operation

/dm (a + br;) :G/dﬁﬂrb/dm i s a,be C, (E.1.4)

!The authentic spelling seems to be “Grafimann”, but we adopt the spelling which is
internationally used.
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where the integrand represents the most general function f(n;).

Unlike ordinary numbers, Grassmann numbers cannot take particular
values. Hence, it is not meaningful to extend a Grassmann integral over
some interval as its integration range. Still, integrals over Grassmann num-
bers share some features with ordinary integrals ffooo dx that extend over
all of R. This is, in fact, the range that we extensively used in the bosonic
functional integrals for a real-valued scalar field. We often made use of its
imwvariance under translations v — x —+c, for instance when we evaluated the
partition function and the 2-point function of the free (lattice) scalar field
in Section ?7. Invariance under translation holds for Grassmann integrals
as well,

/ dn; (a+bn;) = / dni (a+b(nit+ctdn;)) = / dn; (a+bmi+be+bdn;) (i # j) .

(E.1.5)
This provides an argument for the rule that integrals | dn; over terms that
do not involve 7; vanish. On the other hand, the integral [ dn; n; is defined
to be non-zero, and — since we have no scale at hand — we set it to 1.2
Thus we have motivated the following integration rules,

/dm =0, /dm n; = 6ij » /dmdm nn;=-1  (i#j). (E.L6)

The last rule corresponds to the prescription to carry out the innermost
integral first. Again, these integrals are formal expressions and one should
not ask over what range of n; we integrate. Interestingly, Grassmann in-
tegration acts just like differentiation, cf. eq. (E.1.3). After all, we have
constructed the rules (E.1.6) based on translation invariance, which holds
for differentiation as well.

Up to permutations, the only non-vanishing integral over the entire set
of Grassmann generators is

Let us consider the “Gaussian” integral for N generators.

2Choosing a different constant (# 0) would not affect any fermionic expectation values.
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o N=2

/dnldng exp(—mAlgng) = /d’l]ldng (1 — 7711412772) = A12 . (E]_S)

Note that this holds for any A5 € €. The expansion of the exponen-
tial terminates because n =73 = 0.

e N=23
/dmd?hd??s exp(—niAiane — M Aizns — M2 Agsns) =

/dmdﬁzdﬁs (1 —mAiane — mAusns — neAsns) = 0 (E.1.9)

The quadratic term in the expansion of the exponential vanishes be-
cause at least one of the three Grassmann variables gets squared.
Indeed, the corresponding integral

/DU exp <—%77A77) = /dmdnz---dmv exp (_%niAijnj) )
(E.1.10)
with A being an anti-symmetric matrix (i.e. A;; = —Aj;) vanishes for
all odd N. This follows because each term in the expansion of the
exponential contains an even number of Grassmann variables, while
the non-vanishing integral of eq. (E.1.7) requires N of them.

o N=4

1 1/1 2
/DT} exp <—§77A77> = /dmdﬁzdﬁsdm 3 (5771'14@77]')

= A12A34 — A13A24 + A23A14 . (Elll)
Explicit calculation shows (AjpAsy — Aj3Aos + AszAgy)? = det(A).

This extends to the result for general N

/ Dy exp (—%n/xn) — P(A) | (E.1.12)

where Pf(A) is known as the Pfaffian of the anti-symmetric matrix A, named
after Johann Friedrich Pfaff, 1765-1825. Its square is the determinant of A,

Pf(A)? = det(A) . (E.1.13)
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While the square-root of the determinant has a sign ambiguity, the Pfaffian
is uniquely defined. It is given by a sum over the elements P € Sy of the
permutation group, whose signature depends on whether P is composed of

an even (sign(P) = 1) or odd (sign(P) = —1) number of pair permutations,
. N/2

Pf(A) = W P; Slgl’l(P) HAP(%D’P(%) . (E114)
N 1=

As we will see later, Pfaffians arise in the functional integrals for Majorana
or massive Weyl fermions.

Consider the case N = 4: check the Grassmann integral (E.1.11), show that
it coincides with Pf(A) as defined in formula (E.1.14), and that its square
is equal to det(A).

In fermionic quantum field theories, two distinct sets of Grassmann num-
bers n; and 7; are associated with fermion creation and annihilation oper-
ators. It is important to note that n; and n; are independent Grassmann
numbers. In particular, unlike creation and annihilation operators, 7; is
not in any sense an adjoint of 7;. From the point of view of the Grassmann
algebra, the bar is just a book-keeping device that distinguishes two subsets
of generators. Hence, if we again introduce n; with i € {1,2,..., N}, and,
in addition, 7;, the total number of generators is now 2/N.

It is instructive to evaluate the Gaussian integral in the N = 2 case,
which yields

_ _ o My M
/d7}1d771d772d772 exp (_(7717772> ( M; MZ ) ( Z; >> =
My Mg — Mg Moy . (E.1.15)

This result generalizes when we enlarge the Grassmann algebra to an
arbitrary even number 2N of generators, and we obtain a fermion determi-
nant

/ DDy exp(—nMn) = / divdnydisdys . . dindny exp(—iMn;) =
det(M) . (E.1.16)
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An easy way to make this result plausible proceeds by performing the sub-
stitution ' = Mmn, for which det(M) arises as the Jacobian,

| DDy exp(-ndtn) = [ DiDy det(a) exp(-m) =

det(M) [ ] / dndry; exp(—nm!) = det(M) ] | / diidn; (—7im;) =
det(M) . (E.1.17)
One might question, however, whether the usual Jacobian factor really ap-

plies to the Grassmann integral. An explicit calculation will be asked for in
Problem ?7.

Just as the Pfaffian, the determinant can also be expressed as a sum
over permutations

N

det(M) = > sign(P) [ ] Aire) - (E.1.18)

PeSn =1

The result of eq. (E.1.16) is consistent with eq. (E.1.12) because we can
write

_ _ . 1 1 )
/ DinDn exp(—nMn) = / DinDn exp (—Qmszm‘ + §ﬁijTmi)

- /DnDn exp (—%(””7) ( ]\04 _](\)/[T ) ( Z ))
= Pf(A),

where we have introduced an anti-symmetric matrix A, whose Pfaffian
squared indeed coincides with det(M)?,

A= ( ]\04 _](‘]W ) , Pf(A)? = det(A) = det(M)det(MT) = det(M)? .
(E.1.19)

It is instructive to compare the previous results for fermionic Gaussian
integrals with ordinary, ¢.e. bosonic ones.

e First, we consider a real-valued lattice scalar field ¢; € R with ¢ €
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{1,2,..., N}, such that

/ D¢ exp (—%qﬁAgb) = /R e /R des ... /R dpn exp (-%@Azj@) .

(E.1.20)
Let us assume A to be real and symmetric, i.e. A;; € R and AT = A,
so it can be diagonalized by an orthogonal transformation Q2 € O(N),

QAQ" = D = diag(ay, as, . ..,an) , (E.1.21)

where a; € R are the eigenvalues of A. The Gaussian integral exists
only if all a; are positive. Performing the orthogonal rotation ¢’ = Q¢
we obtain

/ Do exp (—%chqb) ~ / D' exp (—%ww’) -
! / / a 1,0 N 2w
/Rd¢1/qub2 .../Rdng Hexp (_§Gi¢i ) :H\/a:i

_ e (E.1.22)

V/det(A)

as we saw before in Section ??7. Up to the constant factor (27)
(which could be absorbed by a re-definition of the integration measure
as (1/v/2m) [ d;), this is similar to the result of eq. (E.1.12), except
that A is now symmetric and the square-root of its determinant now
appears in the denominator.

N/2

e Next, we consider a complex lattice scalar field ®; € C with ¢ €
{1,2,..., N}, such that

1
/D(I) exp <—§(I>TM<I>) =
1
C C C 2

Here we assume M to be Hermitian and thus be diagonalizable by a
unitary transformation U € U(N)

UMU' = D = diag(my,ms,...,my), m; €R. (E.1.24)
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The Gaussian integral again exists only if all eigenvalues m; are posi-
tive. Performing the unitary transformation ®' = U®, we obtain

1 1
/ DO exp (—§¢>TM@> - / DI exp (—§<I>’TD(I>’) -

il 1 A
dcb’/d@’ .../d<I>’ exp (——mi @ 2) 1" =
/C ! C 2 C N H 2 il pielC
(2m)N

(E.1.25)

det(M)

This is similar to the result of eq. (E.1.16), except that M is now
Hermitian (rather than being unrestricted as in the fermionic case),
and the determinant again appears in the denominator. Essentially
it is only the power of the determinant that depends on the type of
integration variables.

A quantity of physical interest is the fermionic 2-point function. In the
two variable (N = 2) case we readily obtain

/dmd??z mnz exp(—mAnn) = -1, (E.1.26)
such that
(1) = [ dnidne mims exp(—n1 Arane) _ L (A1),
[ dmdny exp(—n1Aiane) Ai
Al = < _2112 AO” >_1 = ( 1/?412 _16A12 > . (E.1.27)

That result generalizes to

[ Dn nin; exp (—3nAn _
2

This will be demonstrated in Problem 77.



E.1. GRASSMANN ALGEBRA, PFAFFIAN, AND FERMION DETERMINANT303

Next we consider the case with two distinct sets of Grassmann genera-
tors, first for N = 2,

_ _ _ _ My M, M
didnydnyd — =
/ man anz:anz ni72 exp( (U1>772) ( My, Moy, > < o ))
/dﬁldnldﬁzd’ﬂg 771772(—77]1M12772) = —M12 s <E129)

which implies

_ _ _ 1 M. —M
<771772> — (M 1)12 , M 1 _ ( 22 12 ) )

My Moy — MypMy \ —Ma Mn
(E.1.30)
For arbitrary N this result generalizes to
_ DD n1); exp (—7Mn) -

/DDy exp (—7Mn)
This is consistent with eq. (E.1.28) because
Ao (0 —MTNT 0 MUY
N M 0 S\ - HT o0

(Mfl)ij = (Ail)i,]#N = (mifl;) = (mnj+n) (E.1.32)
which indeed results when we relabel 7); as 1,4 n. Again there is a remarkable
similarity to the scalar field result, in this case to the 2-point function in
eq. (B.6.15).

Let us prove eq. (E.1.31) by means of the generating functional
Z[E. €] = /DnDn exp (—7Mn + &ni + ;€) (E.1.33)

Here we have introduced Grassmann sources & and € only at the positions
i and j.® Varying the generating functional with respect to the two Grass-

3If one would introduce source fields elsewhere, one would have to put them to zero
at the end of the calculation. It seems unnatural to assign zero to a Grassmann number,
which does not actually take any value. If one does it anyways, one obtains the same
result as the one we will derive now.
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mann source variables £ and £ we obtain

1) _ 1) _
—exp (&) = = (1+&n) =mi ,

08 o€
) _ 4] _ _
3¢ P (7;8) = 5 (I+m8) =-1m; =
b0 .- _ _ _
S 6= [ DDy naew (ody) . (E13)
o€ 6§

Performing the shifts 77, = 7, — EM,." and ] =, — Ml;1£ results in

— T Myamn + & + 756 = — (7, + EM") Mia (1) + Mlglg)

+ E(nf+ M) + (7, + €M) €
= —Mun +EMGE =

Z£,€] = det(M)exp (EM;'€) |
) S ) o _
5€5¢ P (€M;'¢) = %5—5(1+§sz15) =My =
56 .
%6_52[5’5] = det(M)M;", (E.1.35)

which — together with eq. (E.1.16) — proves eq. (E.1.31).

It is interesting to note that the generating functional can also be eval-
uated by interpreting the exponential as an Euclidean action S[7,n],

Z[¢, €] = /DﬁDn exp(=S[a,n]) ,  S[i,n) = 7Mn — &n; — 7€, (B.1.36)

and by varying it with respect to the Grassmann field in order to obtain
“classical equations of motion”

5917
S[T_}’n] = Mum =06 =0 = m=M;'¢,

0Tk
55;2; 7 = My +80;=0 = = 5Mi21 : (E.1.37)

¢

Inserting the result back into the action we obtain its “value” at the “sta-

tionary point”

Sol, ) = EM My M € — EM;1 6 — EM; e = —EM;'E . (E.1.38)
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The result of the Gaussian integral then resembles the steepest decent,

ZE € = / DDy exp(—S[i, ) = det(M) exp(—Sol7, 7))
= det(M)exp(EM;'E) . (E.1.39)

This method, which uses the “classical equations of motion”, is applicable
to all Gaussian Grassmann integrals.

E.2 The Dirac Equation

Dirac constructed a relativistic equation for the electron

0, mve) =0 v = () @2

which led him to predict the existence of anti-matter. It was a great triumph
of Dirac’s theory that positrons — the anti-particles of electrons — were
discovered with the predicted properties a few years later.

Again we deal with the y-matrices in the chiral basis (which Dirac was
originally not using)

0 __ O ]. i 0 —0—7; 5 1 0

It took a long time to decipher the meaning of the Dirac equation, in par-
ticular, to figure out what the 4-component spinor ¢ (z) means. Origi-
nally, Dirac interpreted his equation as a relativistic generalization of the
Schrodinger equation, with ¢ (x) playing the role of a quantum mechanical
wave function that describes a single particle or anti-particle. The equation
can then be written as

1000 (z) = =iy 0(z) + 7'map(z) = (—io‘Z V4 6m> P(z), (E.2.3)

with the matrices o’ = 4%y* and 3 = 7° matching eq. (D.4.8). The right-
hand side of this equation indeed resembles the Dirac Hamilton operator of
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eq. (D.4.7),
o = [ @ 01(@) (~ia - ¥+ pm) (@) (E.2.4)

where it is sandwiched between fermion creation and annihilation opera-
tors 11 (Z) and (Z). It eventually became clear that an interpretation of
the Dirac equation with a fixed particle number is inconsistent, and that
the equation does not belong to quantum mechanics but to quantum field
theory. In other words, ¢ (x) is not a wave function but a quantum field.
In fact, we can promote the time-independent field operator lﬂ(f) in the
Schrodinger picture to a time-dependent operator in the Heisenberg picture

~

Y(z) = 1/3(9507577) = exp <i]:[D330> 1/3(35’) exp (—iﬁpx()) ) (E.2.5)
which obeys the Heisenberg equation of motion
iovh(z) = [9(2), Hp| - (E:2.6)

Using the equal-time anti-commutation relations of eq. (D.1.4), for both
chiralities, we obtain

[ﬁ(x%fﬂﬂ — exp(iADx0>[A(foﬁ) GQ)<—ibe0>
— exp (i ADxO) (—107 Vo 6m> B(F) exp (—iﬁDxO)
_ <_io7 RV 5m> D) . (E.2.7)
We see that the Dirac equation
(179, — m) d(z) = 0 (E28)

can be identified as the Heisenberg equation of motion for the fermion field

operator 1 (z) in the Heisenberg picture. Introducing zZ(:z:) = ()70, one
can similarly derive the “adjoint Dirac equation”

—i0, ()" — map(x) =0 . (E.2.9)

Interestingly, there is another interpretation of the Dirac equation as
the “classical” equation of motion for an anti-commuting Grassmann field
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Y(x). To appreciate this, we introduce the Dirac Lagrangian for a free
fermion field,

Lo, ¢) = ¥() ("9, —m)¥(z) , (E.2.10)
b)) = (ﬁ‘gg) B(@) = (Pu(e) dr(@) . (E2.11)

It is important to note that ¢ (z) and ¢ (z) are independent Grassmann

fields which, unlike ¢ (z) and ¥ (z) in the Hamiltonian formulation, are not
related via Hermitian conjugation. By using the Grassmann algebra rules
for differentiation of eq. (E.1.3), we obtain the Euler-Lagrange equation

5£D(%E,¢) 5£D(7]J7¢)
S 60,1

which is nothing else than the Dirac equation. While eq. (E.2.9) for QZ is
just the Hermitian conjugate of eq. (E.2.8) for ¢, in the Grassmann field
formulation its “adjoint” is an independent equation of motion for 1

(5['D <w7 ¢) 5£D<w7 w)
0 00,0

The “classical” Euler-Lagrange equations of motion for 1 and 1) are just
the Dirac equations for the Grassmann fields. It should be clear, however,
that these equations make no sense in the context of classical field theory.
Even in quantum field theory, they are rather formal relations. What does
it mean that a Grassmann field, which does not even take particular values,
satisfies a partial differential equation? In the next section, we will use
Grassmann fields as integration variables in fermionic functional integrals.

—d, = (i7"8, —m) ¥(z) =0 , (E.2.12)

— 9, = i0,0(z)y" +mab(x) =0 . (E.2.13)

As we have seen in egs. (E.1.36) - (E.1.39), “minimizing” a fermionic
action, and thus solving the corresponding Euler-Lagrange equation, is at
least useful for performing Gaussian Grassmann integrals. The “classical”
equations of motion, egs. (E.2.12) and (E.2.13), can also be used to show
that the fermion current j#(z) is conserved

3 (x) = Ylanv(x) ,  Gut(x) = 0. (E.2.14)

Next, let us construct the canonically conjugate momenta of the Grass-
mann fields

0Lp (1 . 5Lp (¥
Iy (z) = %ﬁ = —ig(z)y", Iy(z) = %ﬁ) =0, (E215)
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from which we obtain a Dirac Hamilton density function

HD@J/’) = 80&( I '( ) — ( )00t (z) — @ ¥)
= iW(2)7°0tb(x) — d(x) ("0, — m) Y ()
= Y(@) (-17'0; + m) ¥(x)

(where 7'0; = —7 - V) Upon canonical quantization, the Grassmann fields

¢(x) and (z) are replaced by fermion field operators ¢(z) and ¢f(x)°
for which one postulates the usual canonical anti-commutation relations,

Vr(z) Ur (Z)
<mm)%(m@)’
(d(2), (@) 1° = (n(2), du(2) = (Gh(@). oL(@) (B.217)

The Hamilton density Hp (¢, ¢) then turns into the Dirac Hamilton operator
Hp of eq. (E.2.4).

(E.2.16)

E.3 The Weyl and Majorana Equations

For the sake of an efficient handling of the y-matrices in the chiral basis, we
introduce the notation

o 0 o” p d 5 =
=L , ot=1,0), o'=(1,-0) . (E.3.1)

With the matrix

T 0
7’ = —iy’ylyyt = ( 0 1 ) (E.3.2)
we obtain the projection operators
1
Py = 5(1 + ;) = P} . (E.3.3)

In the notation of eq. (E.2.11), they decompose the Grassmann field into
left- and right-handed components,

Per:(%R)? Pw:<,(/?L>7 2ZP+:(QZL70>7 &Pf:(oﬂzf{)
(E.3.4)
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Then the Dirac equation takes the form
i0"0,r(z) — miL(x) =0, i0,0r(x)o" +mip(z) =0,
i6"0, ¢ (z) — myr(x) =0, 0,41 (z)d" +myr(z) =0 .(E.3.5)

In the massless case, these equations decouple into independent Weyl equa-
tions.

ic'd,r(z) =0, i0r(x)o* =0,
"0, (x) =0, id,4L(x)a" =0. (E.3.6)

In the Hamiltonian formulation the Majorana condition, cf. eq. (D.5.1),

is given by
U (T) = —i0Ph (DT = P (@) = dr(@)Tio? . (E.3.7)
Replacing the fermion creation and annihilation operators by Grassmann

fields according to eq. (E.2.17), one obtains the Grassmann Majorana con-
straint

Y(x) = —io*Pr(z)",  Pu(r) = Yr(z)ic” . (E.3.8)
When we use these constraints to eliminate the left-handed fields from the
Dirac Lagrangian, we obtain Lp(1,v) = 2Ly (Yr,¥r) with the Majorana
Lagrangian

Luldnvr) = Un(@)ic"0,in(x) - 30,0 a)io (@)
- % (Yr(2)"io*¥r(z) — Yr(z)ic*yr(2)") . (E.3.9)

The corresponding Euler-Lagrange equations are the Majorana equations

i00,9r (1) + mic* g (z)T = 0,
10, R (2)o" + mipp(z)Tic? = 0. (E.3.10)

Let us again consider the conjugate momenta fields,

6 Lot (Vg i -
M () = 2 G

_ 0w vr) _ —iz/JR(x) : (E.3.11)

Wi (@) = =50 tm 2
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from which we obtain the Majorana Hamilton density

Hu(Yr,vr) = Ootr(x)ly, (v) — My, (2)0r(x) — La(Ur, Ur)
- % iR (1)io"Yr () — %&R(x)iaiaiwfi(x)
o T (o) Tio%n(a) — Pt (@)) . (312

When we replace Grassmann fields by fermion field operators according to
eq. (E.2.17), the Hamilton density Hy(¢r,¥r) indeed turns into the Ma-
jorana Hamilton operator of eq. (D.5.6) (or equivalently the massive Weyl
Hamilton operator of eq. (D.6.1)). This also involves partial integration
applied to the first term on the right-hand side.

E.4 Euclidean Fermionic Functional Integral

Until now we have treated fermion fields in Minkowski space-time. The
functional integral for free Dirac fermions in Minkowski space-time takes
the form of a Grassmann integral

[ Pips e (510.0) = [ DiDw ey (i [t 50, —m) ¢) |

(E.4.1)
In the continuation, we will work in Euclidean space-time. For this purpose,
we again perform the Wick rotation x4 = it = iz®. The Dirac Lagrangian
then turns into

9@) (0, —m)(a) = —(z) (uds —iy'd+m) v(z)
= _@D(x) (’Y,uau + m) @D(CE) = _‘CD(@Z)a ¢) .
(E.4.2)

Here £p(1),)) is the Euclidean Lagrangian (which we denote by the same
symbol as previously the Lagrangian in Minkowski space-time). As usual,
in Euclidean space-time we no longer distinguish between co- and contra-
variant vectors, so we only write lower space-time indices. We arranged it
such that until now all y-matrices in Minkowski space-time occurred with
upper indices. From now on, all y-matrices will be Euclidean and will appear
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with lower indices only. The Euclidean y-matrices in the chiral basis take

the form
Yi = 1y = _io,z' 0 y Ya="7 = 10 )
1 0
V5 = 7273V = ( 0 —1 ) =7°. (E.4.3)

Just like in Minkowski space-time, different ~v-matrices anti-commute, but
the Euclidean y-matrices are all Hermitian

{7u77u} = 20, , ’Y,]; =V - (E.4.4)

Here 0, is the metric of Euclidean space-time. Using dt d*z = —id*z dxy =
—id*z, the Euclidean functional integral for free Dirac fermions takes the
form

Z = /DWM exp (—Spl[v, v]) = /W’W’ exp (_/d% EDWW))

= [pive e (- [d s00, 4 mv) (B.45)

As it stands, the Grassmann measure DyDy of the functional integral
is a formal expression that needs to be properly regularized. This is a
non-trivial issue, in particular, when fermions are coupled to gauge fields.
In Chapter ?? we will use the lattice regularization to address some of
the related subtleties. On a Euclidean space-time lattice A the fermions
are described by Grassmann fields ¥? and ¢, which are associated with
the lattice points = and have internal (e.g. Lorentz) indices a. The lattice
regularized free fermion measure is

DYDY = [ [ [ [ désdvs . (E.4.6)
€A a

As we will discuss in the next section, and as we have already seen for
bosonic theories in Chapter 7?7, the Euclidean functional integral represents
the canonical partition function of quantum statistical mechanics,

Z =Tr exp (—5HD) . (E.4.7)
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Here Hp, is the Hamilton operator of Dirac fermions from eq. (D.4.7). As we
have seen in Section 77, the inverse temperature § = 1/7 manifests itself
as the extent of the Euclidean time dimension. Bosonic fields obey periodic
boundary conditions in Euclidean time. As we will see later in this chapter,
due to the peculiar features of Grassmann integration, in order to obtain
eq. (E.4.7), fermion fields must obey anti-periodic Fuclidean-time boundary
conditions, i.e.

¢(f7$4+5) = —¢(f,$4) ) &(fa x4+ﬁ) = _’(E(fvxll) : (E48)
Applying the rules of Grassmann integration, one obtains

2 = [Divvew (- [ a0 G0, +m) (o))
— [ DDy exp (~iDv) = det(D)

0Dv = [ dis dly G@)Dl )
D(‘Ia y) = (5(1’ - y) (%Lau + TTL) . (E.4.9)
Here D is the Dirac operator. It plays the role of the matrix M in eq.

(E.1.16) with the matrix times vector multiplications being realized as in-
tegrations.

Let us also consider free Weyl and Majorana fermions. First, we intro-
duce Euclidean variants of the matrices o and o*, which again carry lower
Lorentz indices only

w=( o W) amCiEN, G-, (B4

Tp
The Euclidean Lagrangians of massless Weyl fermions then take the form

Lr(Yr, Yr) = Vr(2)0,00r(z) ,  Lu(Pr, L) = ¢L($)5uau¢L(ZE) . )
E.4.11
Introducing the Weyl operators

Wr(z,y) =0(z —y)o,0, , Wi(z,y) =d(x —y)5,0, , (E.4.12)
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the Dirac operator takes the form

md(z — y) 4%
D:( We y m5(x—y)) . (E.4.13)

Similarly, the Euclidean Lagrangian for Majorana (or equivalently mas-
sive Weyl) fermions is given by

[’M(QZR,wR) = %wR(x)UuauwR(w) _% uQER(fI;)UuwR(@
* % (¢r(2)"i0*Pr(2) — Ur(2)ic*dp(2)") (E.4.14)

In this case, the functional integral takes the form
Z = /DlzRDl/JR exp (—/d4$ ﬁM(l/_)R7¢R>>

= /D?/JRD%{ exp (—% (V. ¥r) Ar ( zi )) = Pf(Ag) .

(E.4.15)
We identify the anti-symmetric Majorana operator as
mio?(x — y) —wT .

A= ( Wr —mioc25(z —y) | Ap=—-Ar .  (EA4.16)

One can apply the Majorana constraint to show that we can alternatively
write

Z = /D¢LD¢L exp (—% (v, v1) AL ( Z% )) = Pf(Ar) ,

A = 0 —ig? A 0 io? - —mic?1l Wy
Eo\ -2 0 Blie2 0 )\ =W mioc?1 )~

(E.4.17)

E.5 Euclidean Lorentz Group

The 4-dimensional Euclidean space-time is invariant against translations
by 4-vectors as well as against SO(4) space-time rotations. Together this
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Transformation of different types of relativistic quantum fields

type of field representation of
Spin(4) = SU(2), x SU(2)g
scalar (0,0)
4-vector (3,3)
left-handed Weyl fermion (3,0)
right-handed Weyl fermion (0,1)
Dirac fermion (3,0)®(0,2)

constitutes the Euclidean version of Poincaré invariance. In the presence of
spinor fields, it is important to consider the universal covering group

of the Euclidean version of the Lorentz group. In a relativistic quantum
field theory, the fields must transform appropriately under space-time ro-
tations. Their transformation behavior can be characterized by specifying
the representation of Spin(4), or equivalently of SU(2)y, and SU(2)g. Since
SU(2) representations are characterized by a “spin” S = 0, %, 1,..., the
transformation behavior of relativistic quantum fields under space-time ro-
tations is characterized by a pair (Sp, Sr). The transformation behavior of
various types of fields, regarding the representation of SU(2)p, x SU(2)g, is

summarized in Table E.5.

The six generators of the SO(4) algebra® can be expressed as commuta-
tors of Euclidean ~-matrices

1 g; 0 Ok 0
Ouy = Z [%7%] = Oy = 0 o s Oij = Eijk 0 oy .

(E.5.2)
The generators of SU(2);, x SU(2)g take the form

1 (0 0 1[0 0
b (20w l(00). msy

From them we can construct the generators

1 1
Ji = RZ -+ Lz = Egijko-jk > Kz = Rz — Lz = 50’14 y (E54)
4A rigorous notation distinguishes between groups SO(N) and SU(N) from the cor-
responding algebras so(N) and su(N). For simplicity we suppress this distinction here,
but we use it in Appendix ?7, which is specifically devoted to Lie groups and algebras.
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where the J; generate the vector subgroup SU(2);_gr of spatial rotations
(the universal covering group of SO(3)), and the K; generate the Euclidean
boosts.

Under a Euclidean Lorentz transformation A € SO(4) a space-time point

x rotates into 2’ = Az, such that x = A~'2/, i.e.
oA=Ll 1 AT 1 / / o

T, = Aypmp = Aypxp = Apl,xp = 8Mxy = — =

(E.5.5)
Here we have used the fact that A is an orthogonal rotation matrix, i.e.
At =AT.

Left- and right-handed Weyl spinor fields transform as
(@) = Atn(A0) . Gh(e) = dn(A)AL L An € SU@)r |
Ui (a) = Ao (A1), () = u(ATT)AL A € SUQ)L
(E.5.6)

The transformation A in the 4-dimensional vector representation of Spin(4)
is related to the transformations Ag and Ay, in the two 2-dimensional spinor
representations by

1
A, = §ReTr <A£O’uAR5'V) =
AouAr = Nyo, =oAL Ao AL = Ao, = 6,0, (E5.7)
For spatial rotations in the vector subgroup SU(2);—g one has Ag = A, =
Av and one obtains

1
Aij = SReTr (ATVUiAvaj> =0;, 0€eS0(3),
Ai4 =0 ) A44 =1 y Ai/UiAV = Oijdj . (E.5.8)

We will come back to egs. (E.5.7) and (E.5.8) in Problem ?7.

Applying the chain rule and using eq. (E.5.5), we obtain

o,
Rt Db (x) = Ard 0yt (z) |
0xu

/ / — / a 14
Ot (') = MO (AT'e) = Au=La,un (@) = ALA,u0, 0 (a) |

o

(E.5.9)

8[;77[){:{(1’/) = ARa‘;QﬁR(A—l[E,) =A
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Hence, the Lagrangians of massless Weyl fermions transform as scalars

Uh(2)o 0 k() = Ur()Al o, ARMNLOUR(2) = Yr(2)o,A LA L0y (2)
= Yr(2)0,0,,0, PR () = Yr(2)0,d, YR (T)

()5, 0,0, (2) = U (2) ARG ALA L0, P (1) = (@) a A Ay O, ()
= Yp(2)5,0,,0,0L(x) = ¥r(2)5,0,¢L(x) . (E.5.10)

Under Euclidean Lorentz transformations a Dirac spinor transforms as

W(2') = App(A'2'), P(af) = P(A)AL . Ap = ( AoR /{)L ) ‘

(E.5.11)
Eq. (E.5.7) yields
AL 0 0 &, Ap 0N _ 0 &,
0 Al o, 0 0 A ) " \o, 0
Ay A = A (E.5.12)

which implies that zzwauw is a scalar under Euclidean space-time rotations.
The Dirac mass term is a scalar as well, because

()Y (2) = @E(A‘lx')AEAD@D(A_lx') = Y(2)Y() . (E.5.13)

The fermion current j,(z) = ¥ ()7, (x), on the other hand, transforms as
a 4-vector field,

@)y (@) = PAT2) AL A (A1) = A (@) d(z) . (E5.14)
while the anti-symmetric tensor field ¢ (z)o,, ¢ (z) transforms as

(&)o' (@) = P(AT')A] !

b s e Ap (A1)

- 1 ,
= (@) 5 [Apyn, AbyAp]i (M)
1

= Ao () [ 10 J0(2)

= ApAob(x)o,e(T) . (E.5.15)
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It is important to note that the Majorana constraint eq. (E.3.8) is Lorentz
covariant, i.e.

V() = ALUn(AT'e) = —ALic®Yr(AT'2)T = —Apic® Al g (o))"

= _10-21;%('%,)1— )
U(a) = Gu(ATM)AL = vr(AT'2)Tio? AL, = vk (2)T AioAL
= YR(a)Tio? . (E.5.16)

Here we have used the property that any matrix U € SU(2) obeys Uic?UT =
UU'io? = io?. This relation is also used to show that the Majorana mass
terms transform as scalars under Euclidean space-time rotations,

U (2 Tio* Py () = Yr(A™'2") TARIO® ArYr (A1) = ¢r(z)Tio*Pr(z) |
U (a)io Py ()T = o (Afllf')/\{ia“i%(/\*lxlf_ Ur(x)ioyr(z)",
e () Tio*yg () = o (A1) TATio® ALy (A1) = Y (2) Tio? gy (z) |
S (2)io® g ()T = (A2 ) ALio® A (A1) T = o (2)ioy ()"
(E.5.17)

T
T

E.6 Charge Conjugation, Parity, and Time-
Reversal
for Weyl Fermions

As we have seen in Section D.3, charge conjugation and parity are important
discrete symmetries that exchange left- and right-handed Weyl fermions.

Let us first consider charge conjugation, which exchanges particles and
anti-particles. Translating the transformation rules of eq. (D.3.9) from
the Hamiltonian formulation into the Euclidean functional integral, on the
Grassmann fields charge conjugation acts as

Chn(e) =ir ()T, Chgle) = —vn@)io?
() = —i0%In ()T, Chu(r) = Yr(a)Tio® (E6.1)

We see once more that charge conjugation exchanges left- and right-handed
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fermion fields. We now apply charge conjugation to the action of a right-
handed Weyl fermion field

SR[CJ}R,C@/JR] - /d4x C&R(x) 0.0, C¢R(x)
N /d4x Yi(2)" (~i0%)0, 0,0 (2)"

_ / d'x P (2)5,0,00(x) = Sultr, v -
(E.6.2)

Here we have used the anti-commutation rules of the Grassmann variables,
and we have performed an integration by parts. We see that charge conju-
gation exchanges the actions of left- and right-handed Weyl fermions. The
individual Weyl fermion actions are not invariant against C, but their sum
(which enters the Dirac Lagrangian) is.

In Euclidean space-time, parity acts as a spatial inversion, which replaces
x = (¥, z4) with (=&, x4). Translating the parity transformation eq. (D.3.6)
from the Hamiltonian formulation to the Euclidean functional integral, for
the Grassmann fields one obtains

PwR(x) = wL(_f7 5174) ) P%R(m) = Q?L(_fv ZB4) )
PYp (@) = Ur(—Z,ma) , Ty (x) = Yr(—F,24) . (E.6.3)

The Lagrangian depends on fields which are functions of x. Since under
parity x = (Z,x4) turns into (=7, x4), the Lagrangian itself can not be P-
invariant. What may be invariant, however, is the action. Let us now apply
the parity transformation to the action of a massless right-handed Weyl
fermion field

SulfnPn) = [ d's () 0,0, "inla)
_ / i o (=7, 24) (—i0:0s + Og) b (—F, 1)
_ / d' (7, 20) (030 + O (7, 7)
— [ b dane) = Sulin) . (Eo)
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(6, in Euclidean space is defined in eq. (E.4.10)). Here we have changed
the coordinates from —& to . As we see, under parity the action of a
right-handed Weyl fermion again turns into the one of a left-handed Weyl
fermion. In particular, each individual Weyl fermion action is not invariant
against P, but their sum is.

As for the combination of charge conjugation and parity, CP, we obtain

CPlPR(fC) Y (=7, 14) = —i0"Pr(=T,24) ",
R(:E) CYu(—F, 24) = Yr(—7T, 24) i0?
Y(x) = “Pp(—T, 24) = 0™ (—F, 24)
pr (z) = “Ur(=7, 14) = —L(—F, 24)Ti0? . (E.6.5)

Since both C and P exchange the actions of left- and right-handed fermions,
CP leaves the individual actions invariant.

Let us consider the symmetries of the Grassmann Majorana constraint
of eq.(E.3.8). First, we perform the chiral U(1);, x U(1)gr transformation

V() = exp(ixu)vn(z) . Yu(z) = ¢r(z) exp(—ixw) ,
Yr(z) = exp(ixe)¥r(r) , Yr(z) = ¢r(z)exp(—ixr) , (E.6.6)

which implies

—iaQ@R(m)’T = —exp(—iXR)iUQ@ER(x)T = exp(—ixr)¥L(7)
= exp(—ixr — ixv)¥r(z) ,
Yr(z)Tio? = ¢rz)Tio?exp(ixr) = ¥u(z) exp(ixg)
= tr(x) exp(ixr +ix) - (E.6.7)

As a result, the Grassmann Majorana condition is invariant only against the
subgroup U(1)p—g+ of U(1)r, x U(1)r, and hence only against the Z(2)r sub-
group of U(1)p = U(1),=g that is characterized by exp(ixr) = exp(ixr) =
exp(—ixr) = £1. The Grassmann Majorana condition is not invariant
against the parity P. However, it is again invariant against the combination
P’ of P with the phase factor i,

P,¢R("E) = i¢L(_f7 :L‘4) ) P/d_)R(x) = _iz/_)L(_fv x4) )
= (=7, xq) , Tpp(x) = —ip(—7, 24) . (E.6.8)
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because then

—i0® p(2)T = —o?u(=F,24)" = —0%(i0°)" Yr(—T, 24) = ipr(—T, x4)
= Ply(a),
PliﬂR(.CE)TiCTQ = (=7 24) 0 = —Yr(—T,14) " (—ic?) T 0?
= —ip(—2,24)" = P (2) . (E.6.9)

Let us also consider the CP transformation of the Weyl fermion mass
term

Pyg (@) Tio® g (r) = Tg(r)io? Tg()" =
@/;R(—f, ZE4)iO’2?,ER<—f7 ZL’4)T - @Z)R(—f, $4)Ti02¢R(—f, ZE4) <E610)

Interestingly, its contribution to the action is odd under CP.

Next we consider Euclidean time-reversal which acts as

TwR(x) = iO'QQZR('iZ _$4)T ) T&R(x) = wR(f7 _$4)Ti02 ’

Ty (x) =109 (F, —24) ", Ty () = Yo(Z, —x4) 10 (E.6.11)

Here the superscript T on the left refers to time-reversal and (as usual) the
superscript T on the right denotes transpose.

The action of a right-handed Weyl fermion turns out to be T invariant
Suldn, e = [ d's Tin(a) 0,0, o)

_ /d4x Vr(T, —4)Ti0%(—i0:0; + 0,)io (T, —14)T

- / d*z Yr(z) " (—i0] 0; + 04)Ur(2)T

= /d4$ Yr(2)(—i0;0; + 04)Yr(z)

= /d4:1: Ur ()00 r () = Sr[Ur, Yr] - (E.6.12)

One can show that the Weyl fermion mass term is odd under T. Since
it is odd under CP as well, it is CPT invariant. One can also show that is
invariant under CP’.
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As one would expect, parity, charge conjugation, and time-reversal square
to the identity, 7.e.
PP=C*=T*=1, (E.6.13)
while they do not all commute with one another. In particular, in the chiral
basis one obtains

PC=-CP, CT=-TC, TP=PT. (E.6.14)

E.7 C, P, and T for Dirac Fermions

The properties of Dirac fermions under the discrete symmetries C, P, and T
follow from the corresponding properties of the underlying left- and right-
handed Weyl fermions,

c “p(x) \ _ [ io*u(@)" O\ _ T
o0 = (e )= ( Soeil ) =cver,
“Pla) = (“ple), “Pr@) = (Yr()Tio?, —gp(2)Ti0?) = —p(z)TC™",
p _ Pg () _
w(x) = ( P¢L($) ) =
() g
Ty ()
()
= (&, —ay) T (E.7.1)

To be explicit, in the chiral basis, the matrices C', P, and T take the form

C__Cl_<i002 _?02)_03®i<72_’)’2’74,
C™ 7.0 ==,

P—Pl—(g (1)>—01®1—’Y4,

P 'YyP=—y, PlyP=nr,
T——T_l—(-og i(g)z)—al@iaz—%%,

T%T =—v, T 'uT=+]. (E.7.2)
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E.8 CPT Invariance in Relativistic Quantum
Field Theory

As was first shown by Gerhart Liiders, John Stewart Bell, Wolfgang Pauli,
and Res Jost, the combination CPT is a symmetry of any relativistic local
quantum field theory; this is the CPT theorem. ® The combined transfor-
mation CPT takes the form

r(z) =i0? CYp(Z, —a4)" = i0”(i0%) Yp(—7 ) Yr(—2),
Ur(z) = ¢R($ —x4)"i0” = Yp(—T, —x4)(—i ) = —Yp(—1) ,

CPTwL(ZU) = io” prL(iC —24)" = —io®(i0?) Y (—T, —24) = —Y1(—2) ,
Yr(z) = o

P (&, —x4) Ti0? = PL(—F, —24) (i0”) Tio” = Pp(—x) .

For a Dirac fermion field this implies
CPT _
CPT@Z’(QT) = ( CPTzi{éi; ) - ( _Q%ZL( _92) ) =9 (—x) ,

(
Flip(x) = (M (2), TR(2) = (Yu(—2), —Pr(—)) = V(=) -
(E.8.2)

While we will not discuss the proof of the CPT theorem,® we would like
to explain why the CPT symmetry is closely related to Lorentz invariance.

In four Euclidean space-time dimensions, the SO(4) rotation A,, = —4,,
turns z into —x. If we choose the SU(2)y, x SU(2)g transformation Ag =1
and A;, = —1, this induces the Euclidean Lorentz transformation

1 1
A = iReTr (A}JJHAR@,) = —EReTr (0,0,) = =04 ,

_ (A= 0 L

SWhile the CPT theorem applies to all relativistic local quantum field theories, it
does not always apply beyond this framework, e.g. in string theory which violates strict
locality.

SFor the interested reader, we particularly recommend the proof by [?], who considers
an arbitrary local and covariant action, and demonstrates by means of analytic contin-
uation — in the framework of a complex Lorentz group — that any n-point function is
CPT invariant.
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This implies that for a relativistic fermion field (be it Weyl, Dirac, or Majo-
rana), the combined transformation CPT is indistinguishable from a specific
Euclidean Lorentz transformation. This already shows that any relativistic
quantum field theory with fermion fields only is automatically CPT invari-
ant.

For complex scalar fields ®(z), Abelian gauge fields i4,(z), and non-
Abelian gauge fields G,(z) CPT acts as

Fo(2) = 0(—2)", T (14u(2)) = — (1Au(=2))", T Gulr) = —Gu(—2)" .

(E.8.4)
Hence, for these bosonic fields CPT is equivalent to the Euclidean Lorentz
transformation A, = —d,, combined with complex conjugation. The CPT

theorem for theories of both bosonic and fermionic fields thus needs to
show that complex conjugation of the bosonic fields is a symmetry of the
Euclidean action.

E.9 Connections between Spin and Statis-
tics

In quantum mechanics, the Pauli principle is imposed by hand. In quantum
field theory, on the other hand, Fermi statistics is naturally incorporated by
the anti-commutativity of Grassmann fields. The spin-statistics theorem,
which was first proved by Markus Fierz, states that fields with half-odd-
integer spin obey Fermi-Dirac statistics, while fields with integer spin obey
Bose-Einstein statistics The spin-statistics theorem follows from relativistic
quantum field theory where the Lagrangian transforms as a Lorentz scalar.
It also requires the existence of a stable vacuum state.

Let us investigate the statistics of a generic field ¢g(z) that transforms
as (0,%) under the Euclidean Lorentz group SU(2);, x SU(2)r = Spin(4),
1.e.

(') = Argr(A 7). (E.9.1)

At this point, it is undecided whether ¢r(z) is bosonic or fermionic. We now
want to construct a Lagrangian systematically, by considering terms in the
order of their dimension. Obviously, a term that is linear in ¢g(z) cannot
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be Lorentz invariant. What about quadratic terms without derivatives, i.e.
mass terms? Two factors of ¢r(x) transform as

(0%) « (0%) — (0,0)+(0,1) . (F.9.2)

As we know, two spins % couple to a singlet in an anti-symmetric manner,

i.e. the singlet combination of two right-handed doublets is

1

a2}k (a) = on(e)Tio*on(o) = (b i) (O o) (90 )
10 o (2)

(E.9.3)
This is one of the two contributions to a Majorana mass term. If ¢r(x)
would be a commuting bosonic field, the Majorana mass term would simply
vanish due to the anti-symmetry of €¢,,. We conclude that massive Weyl
fields must necessarily be fermionic.

A derivative 0, is a 4-vector that transforms as (%, %) Hence, in order

to incorporate terms with a single derivative in the Lagrangian, we must
also introduce a field that transforms as (3,0). We thus introduce a generic
field ¢r(z) that transforms as

G (@) = dr(A'2")A] . (E.9.4)

First of all, ¢r(x) has its own Majorana mass term that can be arranged to
be the Hermitian conjugate of the other mass term in eq. (E.9.3). Hence, the
existence of ¢g(z) already follows from the Hermiticity of the Hamiltonian.
Bilinears that contain one factor of ¢g(z) and one factor of ¢g(z) transform
as (3,0) x (0,3) = (3,1). They can thus be made Lorentz invariant when
they are combined with a derivative. We know that ALUMAL = CTVA;Ml and
that 8; = A, 0,. We can hence construct a Euclidean Lorentz scalar as
¢r(x)0,0,¢0r(x). Such a Lagrangian describes massless right-handed Weyl
fields, and we have already seen explicitly that such a theory is consistent
with fermionic fields.

What if ¢r(x) and ¢r(x) were bosonic fields? Returning briefly to
Minkowski space-time, the Lagrangian would take the form L(¢r, ¢r) =
or(2)ioc*d,pr(z). The corresponding (classical) Hamilton density would
then result from the canonically conjugate momenta

6L (PR, ¢R) OL (PR, R)

500m () ouon@

H¢R(f) = = &R(f) ) Hqu(f) =
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H(or, or) = Oo¢r(Z) gy (L) 4+ Oodr(T)1Lg, (T) — L(¢r, Pr)
— n(@) (=i6- V) on(@) =
H = / Bz G () (—w-ﬁ) dr(T) . (E.9.5)

Upon canonical quantization, i.e. by promoting the classical fields to field
operators, and by postulating bosonic commutation relations between the
fields and their canonically conjugate momenta, one arrives at the Hamilton
operator H. While at first glance there may seem nothing wrong with it, it
is easy to see that, in contrast to the fermionic Weyl Hamiltonian, it does
not have a stable vacuum state. This is because infinite numbers of bosons
can occupy the negative energy states.” Hence, invoking vacuum stability,
we conclude that massless Weyl fields also require fermionic statistics.

While the above considerations do not constitute a proof of the spin
statistics theorem, they show that Lorentz invariance combined with vac-
uum stability establishes intimate connections between the spin and the
statistics of quantum fields.

E.10 Euclidean Time Transfer Matrix

We have already shown that, upon canonical quantization and by imposing
anti-commutation relations, the fermionic functional integral in Minkowski
space-time leads back to the Hamiltonian formulation. In this section, we
will demonstrate explicitly that the partition function that results from the
Euclidean fermionic functional integral is the same as the one that results
from the Hamiltonian formulation.

As they stand, functional integrals are formal expressions that require
regularization. As we will discuss in Chapter 77, the regularization of Weyl
fermions is a subtle issue because they may be afflicted by anomalies. These
amount to explicit symmetry breaking, e.g. of the chiral U(1);, x U(1)g
symmetry, due to quantum effects, in particular in the presence of gauge
fields. The subtleties that arise in the regularization of Weyl fermions are
most apparent in the lattice regularization, where they manifest themselves

"For the Dirac field, this property is discussed in Section 3.5 of [?].
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in the so-called fermion doubling problem, but they also arise in dimensional
regularization.

We do not yet address these subtleties and concentrate entirely on work-
ing out the Euclidean functional integral for a single momentum mode of
a left-handed Weyl neutrino. The corresponding calculation in the Hamil-
tonian formulation, along the lines of Chapter D, leads to a product of
single-mode partition functions

Z = Trexp ( — 3 (ﬁL . uﬁ})) - H Z(p) . (E.10.1)

The Euclidean functional integral of a left-handed Weyl fermion field at
inverse temperature 3, coupled to the chemical potential 1 (not be confused
with a space-time index), takes the form

7 = /D@LpiﬁL exp (—Su[¢r, 1)) ,

_ B _ _
StlYL, ) :/0 dx4/d3:(: (VL(2)7.0,00(x) — pn(x)r(z)) -
(E.10.2)

As we already mentioned in eq. (E.4.8), and as we will soon understand, the
Grassmann fields must obey anti-periodic boundary conditions in Euclidean
time; i.e. wL(fu T4 + 6) = _wL(fa .§L’4>, wL(fvml + /B) = _¢L(fvx4)' As
usual, we also impose periodic spatial boundary conditions over a box of
size L X L x L. Introducing the spatial Fourier transform

(B, an) = / 0 (7. 22) exp(—i - ©) |

Y (p, xy) = /d3x YL(T, 24) exp(ip'- T) | (E.10.3)

and introducing the short-hand notation ¢r(f,z4) = ¢(z4), YL(P,24) =
¥(xy), the partition function for a single 3-momentum mode then takes the
form of a quantum mechanical fermionic path integral

Z2(p) =Trexp (~8 (H - uF)) = / DYDY exp (—S[4.4)) .

B
S0l = [ dei () @1+ 75— ) vl (E.10.4)

0
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Upon canonical quantization and by imposing the anti-commutation rela-
tions

(0% 0} = 64, {0 = [ "M =0, abe{1,2}. (E.10.5)

this yields the single-mode Hamilton operator H = —Jf g-p zﬂ as well as
the fermion number operator £ = 1f1). The corresponding Fock space can
be spanned by the four states |0), |1), |2), and |12), such that

B0y = 920y =0, Moy = 1), B0y =[2), o) = [12) .
(E.10.6)
It should be noted that |0) is not the physical vacuum state of lowest energy,
but just the empty Fock state that serves here as a reference state. As a
consequence, the physical vacuum energy is not subtracted from H. In
addition, the fermion number F'is also measured with respect to the empty
Fock state |0).

Next we introduce coherent Grassmann states |1») which, just like the fa-
miliar bosonic coherent states, are eigenstates of the annihilation operators
Y® with Grassmann number eigenvalues ¢*

P =90l ) = 10) —wtL) = %12) + plet12) . (E10.7)
The Grassmann numbers are treated as not only anti-commuting among

each other but also with the fermion creation and annihilation operators,
such that indeed

DY) = P 0) 1)+ 2) + ot 12) = ¢t 0) —y'?[2) = YY) .

X . X o A(E.10.8)
Here we have used ¢'|1) = [0), ¢'[2) = 0, and ¢'[12) = Plep?Taptt|0) =
—)?7|0) = —|2). Similarly, one can confirm that |¢)) is an eigenstate of /2.

In addition (unlike for bosonic creation operators), we construct coherent
Grassmann eigenstates of the creation operators

W = (@, (P = (0] = (" = (21¢° + (121¢*)" . (E.10.9)

One can show that |¢) is an eigenstate of 1&2, and that the states of eq.
(E.10.9) are indeed eigenstates of 1)1,

The scalar product of two coherent Grassmann states is given by

@lw) = (0[0) + (1) " + (212)9%p? + (12]12)9*) )
= exp ("' + %7 . (E.10.10)
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Similarly, the completeness relation takes the form

/diﬁldl/)ld@?dl/ﬁ ) (V] exp (="t — P*?) =
10Y(0] -+ [1)(1] + [2) (2] + [12)(12| = 1. (E.10.11)

The trace of an operator A is obtained as
TrA = /clwldq/ﬂdqualw2 exp (—&%ﬁl — &ZwQ) @\A] —1) . (E.10.12)

The negative sign in | — ) is the reason for the anti-periodic boundary con-
ditions of Grassmann fields in FEuclidean time. The state | — 1) is obtained
from |¢) by changing the sign of the Grassmann number coefficients in eq.
(E.10.7), .e. | — 1) =[0) + ¢1) + ¥?|2) + ¥1?|12).

Finally, we consider a Hermitian matrix A (in this case a 2 X 2 matrix)
which defines a particular operator A that has the following matrix elements
between Grassmann coherent states

~

A =exp (WAM) = (] A]p) = exp (vety) . (E.10.13)

One can convince oneself of the orthogonality, completeness, and trace
relations, as well as of the formula for the operator A, i.e. of eqgs. (E.10.10)
- (E.10.13). Corresponding relations are valid in larger Grassmann algebras
as well.

As it stands, in the continuum the fermionic path integral of eq. (E.10.4)
is a rather formal expression that needs to be properly regularized. In
particular, a priori it is not clear how to interpret the derivative 041(xy).
Since a Grassmann number does not even take any particular values, one
will not be able to decide whether or not it is a differentiable function of x4.

On the other hand, we know that even in a bosonic quantum mechanical
path integral, the paths that contribute significantly are not differentiable
either. As we already did for bosonic path integrals in Section 7?7, we again
introduce a Fuclidean time lattice with spacing a and extent Na = 3 in order
to rigorously define the fermionic path integral. The lattice regularization
is extremely powerful, particularly in quantum field theory. Compared to
perturbative schemes, such as dimensional regularization, it has the advan-
tage that it regularizes the entire theory at once (i.e. beyond perturbation
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theory), rather than regularizing individual Feynman diagrams in a pertur-
bative expansion. The lattice regularization is applicable both beyond and
within perturbation theory. However, for purely perturbative calculations
other regularizations are easier to handle. For our present purpose, namely
to give the formal expression of eq. (E.10.4) a well-defined mathematical
meaning, the lattice regularization is ideally suited.

First of all, on the lattice the integration measure is regularized as

N
DYDY =[] ] dvsdes . (E.10.14)

i=1 a=1,2

where 1}, 1}, 9?2, ¥? form a set of four independent Grassmann numbers as-
sociated with each point x4 = ia (with ¢ € {1,2,..., N}) on the Euclidean-
time lattice. The action is regularized as

Sl =a) (% [@Ui (Vir1 — 1) = (Vi1 — ) ¢i+1} —¥i (0 P+ p) %’) :

(E.10.15)
As in Chapter 7?7, we have again used a manifestly time-reversal invariant
regularization of the derivative term. Here, however, this relation should
not be viewed as a finite-difference approximation of the continuum action
of eq. (E.10.4), which is, in fact, just a formal expression; a priori it is
mathematically ill-defined. The lattice regularization instead provides a
proper definition of this expression.

We will now construct a Euclidean transfer matrix 7' that approaches
exp(—a(H — pF)) in the Euclidean time continuum limit a — 0, i.e.

A A A

_ - . 1
Z(p) = /Dwz/; exp (—S[Y,¢)) =Tr TV, — lim — log(T) = H — pF .
a—0
(E.10.16)
Using eq. (E.10.12), the trace is expressed as

7Y = [ abh vkt e (~win) (Gl =) . (B1017

We associate one factor of T with each instant of discrete Euclidean time
i. We then insert complete sets of coherent Grassmann states between
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adjacent factors of T associated with the discrete times ¢ and i + 1, for
ie{l,2,...,N —1},

[ ditavtadia v len (<hw) =1, (E1018)

The corresponding Grassmann integrations provide the functional integral
measure in eq. (E.10.16). The factor exp(—;¥;,1) corresponds to those
discrete derivate contributions to the action of eq. (E.10.15) that couple v);
to ¥;11. The other contributions to the action are associated with single
instants of time and give rise to the transfer matrix elements

(i T|epi) = exp (1@% + aty; (7 P+ p) m) : (E.10.19)

This expression has the form of eq. (E.10.13) with e* = 1+ a(¢ - p'+ u),
such that the transfer matrix is

T = exp <¢TA¢> = exp (@/}Tlog (1+a(o- p+,u))¢> =
hmT = exp (anf (G- p+ ) w> = exp ( (]fl — uﬁ’))(E.lO.ZO)

In the continuum limit it is indeed consistent with the correct Hamilton
operator. Hence, we have convinced ourselves that the Hamiltonian for-
mulation and the Euclidean functional integral lead to the same physical
results.

The derivation presented here is inspired by Martin Liischer’s construc-
tion of the transfer matrix for Wilson’s lattice gauge theory. It should be
pointed out that, unlike in some other transfer matrix considerations which
discard certain “small” terms, here no terms have been neglected. This is
important because for Grassmann numbers there is no notion of large or
small. Liischer’s construction simply provides the exact answer at finite
lattice spacing and is well-behaved in the continuum limit.



