Quantum Field Theory II: Gauge Theories

Lecture in WS 2019/20 at the KFU Graz

Axel Maas






Contents

1 Introduction

2 Path integral

2.1 Heuristic introduction . . . . . . . . ...
2.2 Functional analysis . . . . . . . .. .. ...
2.3 Fermions . . . . . . . ..
2.3.1 Grassmann variables . . . . . ... ... ... L.
2.3.2  Fermionic matter . . . . . . . .. ... ... ...
2.4 Free particles and generating functionals . . . . . . .. ... ... ... ..

3 Abelian gauge theories

3.1 Global symmetries . . . . . .. ..
3.2 Classical Maxwell theory . . . . . . .. ... .. ... ... ... ...
3.3 Quantization of Maxwell theory . . . . . . . .. .. ... ... ...
3.4  Gauge-dependent correlation functions . . . . . .. ..o
3.5 Matter fields . . . . . . . ..

4 Classical non-Abelian gauge theories

4.1 Some basics of group theory . . . . . ... Lo
4.2 Orbit structure . . . . . ..
4.2.1 Orbits . . . . . .
4.2.2 (Non-)linear representations . . . . . . ... . ... ... ... ...
4.2.3 Thelittlegroup . . . . . . . ..o
4.3 Yang-Mills theory . . . . . . . .. .. oo
4.4 Yang-Mills theory as geometry . . . . . . . . .. . .. ... ...
4.5 Matter, representations, and coupling universality . . . . .. .. .. .. ..

5 Perturbative quantization of Yang-Mills theory

5.1 Quantization . . . . . . .. L

11
11
14
15

18
18
21
23
29
31

33
33
38
38
39
40
41
45
47

52



ii Contents
5.2 BRST and asymptotic states . . . . . . . . . ... L 55
5.2.1 BRST symmetry . . . . . .. ... ... 56
5.2.2  Constructing the physical state space . . . . . .. .. .. ... ... 59
5.2.2.1 Negative-norm states . . . . . . . . ... ... ... ... 59

5.2.22 BRSTalgebra. . . . .. ... ... ... .. 59

5.2.2.3 Statespace . . . .. ... 61

5.2.2.4 Asymptotic space . . . . .. ... 62

5.3 General anti-field approach . . . . . . ... 00000 65
5.3.1 Structure of gauge symmetries . . . . . . ... ..o 65
5.3.1.1 Yang-Mills type . . . . . . . .. ... oo 65

5.3.1.2 Closure only on-shell . . . . .. .. ... ... ... ... . 66

5.3.1.3 Reducible gauge theories . . . . . . . ... ... ... ... 66

5.3.1.4 Reducibility on-shell . . . . .. .. ... ... 67

5.3.2  BRST construction revisited . . . . . . . .. ... .. ... 67
5.3.3 Observables . . . . . . ... . 70
5.3.4 Application as gauge-fixing to the path integral . . . . . .. . . .. 73
5.3.5 Beyond Yang-Mills theory . . . . . ... ... ... ... ...... 75
5.3.6  Quantum Master Equation . . . . . . ... ... 0oL 7

5.4 Ward-Takahashi and Slavnov-Taylor identities . . . . . . . . ... ... .. 80
5.4.1 Ward-Takahashi identities . . . . . . .. .. ... ... ... ..., 81
5.4.2 Slavnov-Taylor identities . . . . . . . .. . .. .. .. ... 83

6 Perturbative treatment 86
6.1 Perturbation theory . . . . . . . . . ..o 86
6.1.1 Cross-sections and decays . . . . . ... ... ... ... ..., 86
6.1.2 General construction . . . . . .. ..o 88

6.2 Renormalization . . . . . . . .. ..o 99
6.2.1 Cutoff regularization . . . . . . ... ... ... oL 100
6.2.2 Renormalization prescription. . . . . . . .. ... ... 101
6.2.3 Counter-term structure . . . . . . . . .. ... L. 102
6.2.4 Renormalization schemes . . . . . . . . .. ... ... L. 105
6.2.5 Renormalization group . . . . . . .. .. ... oL 107
6.2.6 Gauge-symmetry-breaking regulators . . . . . .. .. ... ... .. 110
6.2.7 Dimensional regularization . . . . . . .. ... ... .00 112
6.2.8 Lattice and infrared regularization . . . . .. ... ... ... ... 114
6.2.9 Composite operators . . . . . . . .. .. Lo 116

6.3 Examples of perturbative calculations . . . . . . .. . ... ... ... ... 117



Contents iii

6.3.1 Ghost self-energy . . . . . ... 117

6.4 Running couplings, Landau poles, and asymptotic freedom . . . . . . . .. 122
7 Quantization beyond perturbation theory 125
7.1 The Gribov-Singer ambiguity . . . . . . . . . . ... oL 126
7.2 Non-perturbative BRST symmetry . . . . . .. ... ... ... .. .... 134
7.3 Gauge-invariance beyond perturbation theory . . . . . .. .. ... .. .. 138
7.3.1 Abelian gauge theories and the Dirac phase . . . ... .. ... .. 139
7.3.2 Composite states as physical degree of freedoms . . . . . . . .. .. 141
7.3.3 Gauge invariance as redundancy . . . . . .. ... 143
7.3.4 Asymptotic state space . . . . . ... 143

8 Topology 145
8.1 Topological excitations . . . . . . . . . ... Lo 145
8.1.1 Imstantons in quantum mechanics . . . . . . . . ... ... ... .. 145
8.1.1.1 Leadingorder . . . . . . .. ... ... ... ... ... 145

8.1.1.2  Higher-order corrections . . . . . . ... ... ... .... 148

8.1.1.3 Corrections at two loop order . . . . . ... .. ... ... 152

8.1.1.4 Instanton-Anti-Instanton interactions . . . . . . . . . . .. 153

8.1.1.5 Fermions . . .. ... ... ... 153

8.1.2 Yang-Mills theory . . . . . . .. ... oo 154
8.1.2.1 Topology . . . . . . . . .. 154

8.1.2.2 Tunneling . . . . . ... ... ... 155

8123 fHwvacua . . . .. ... 161

8.1.2.4 Tunneling amplitude . . . . . . ... ... ... ... ... 162

8.1.3 Light fermions . . . . . . . . ... 162

8.2 Other topological excitations . . . . . . . . . .. .. ... L. 163
9 Anomalies 165
9.1 Introduction . . . . . . . . . . 165
9.2 Global anomalies . . . . . . . . ... 165
9.2.1 Classical level . . . . . . .. ... 166
9.2.2 One-loop violation . . . . . .. .. ... ... 168

9.3 Local anomalies . . . . . . . . . .. 171
9.3.1 Anomalies as a quantum effect . . . . . . .. ... 172
9.3.2 Full expression for the anomaly . . . . ... .. ... ... .. ... 173

9.3.3 Anomaly cancellation . . . . . ... ... oo 176



iv Contents

9.4 Relation to topology . . . . . . .. 177
9.5 Witten anomalies . . . . . . . . . 179
9.6 Anomalies in the BRST framework . . . . . . . . . . . . . ... ... ... 180

Index 182



Chapter 1
Introduction

Gauge theories play a fundamental role in all of modern fundamental physics, but are
at the same time enigmatic and challenging. The aim of this lecture is to provide an
introduction to their quantum version, in the form of quantum gauge theories.

It turns out that a suitable language for these kind of theories is the path integral,
which will therefore be introduced in chapter 2. This will be done in a first step for
non-gauge theories, as this substantially simplifies it.

Gauge theories will be then introduced only in chapter 3, starting with the extension of
classical electrodynamics to quantum electro dynamics (QED). QED is a special case of a
gauge theory, as it is related to an Abelian structure. The generalization to so-called non-
Abelian gauge theories, or Yang-Mills theories, is necessary in particle physics, as they turn
out to be a building block of the standard model. In fact, even classical general relativity
can be considered to be a gauge theory of related type, and thus will any quantum version
of it. Classical Yang-Mills theory will be introduced in chapter 4.

Only in chapter 5 will Yang-Mills theory be quantized, as this requires much more
techniques due to the non-Abelian nature. In fact, it will only be possible at this stage
to quantize the theory at the level of perturbation theory. However, as both in practice
and for the sake of concept formation perturbation theory is invaluable, this is anyhow a
necessary step. This will be continued in chapter 6, where various perturbative processes
will be discussed in detail. As at loop level also in gauge theories divergences arise, this
will not be possible without an extensive discussion of this topic.

After this, it is possible to delve into gauge theories beyond perturbation theory in
chapter 7. This issue is indeed challenging, and not entirely solved until today. This
will lead also to questions what are the physical degrees of freedom of gauge theories
beyond perturbation theory, and will show that gauge symmetry leads to deeper ontological

problems as well. Here QED will be again a role model, as it is possible to spell out both



the problem and solution in this case explicitly, although at the price of exponentially more
complicated calculations. It will then be seen how this problem translates to non-Abelian
gauge theories, and where the resolution becomes more involved.

This lecture will not be able to cover actual calculations beyond perturbation theory,
as the necessary methods are quiet involved, and thus deserve lectures of their own. These
are available for lattice gauge theory and for functional methods, although this is not an
exhaustive list of possible methods. Some other methods will be encountered in more
specialized lectures.

Finally, two generically important aspects, topology in chapter 8 and anomalies in
chapter 9, will round out the discussion of gauge theories. However, gauge theories are a
vast subject, and thus many issues can only be treated superficially. Especially, concrete
realizations of gauge theories as theories of, e. g., the strong and weak forces require their
own dedicated lecture. There is also a vast literature on gauge theories. In the preparation

of this course, the following books and review articles have been used:
e Peskin et al. “An introduction to quantum field theory”, Perseus
e Bohm et al. “Gauge theories”, Teubner
e O’Raifertaigh, “Group structure of gauge theories”, Cambridge
e Weinberg, “The quantum theory of fields I4+II”, Cambridge
e DeWitt, “The global approach to quantum field theory”, Oxford
e Haag, “Local quantum physics”, Springer
e Lavelle et al., “Constituent quarks from QCD”, Phys. Rept. 279
e Maas, “Gauges bosons at zero and finite temperatures”, Phys. Rept. 524
e Maas, “Brout-Englert-Higgs physics”, PPNP 106

Of course, these are my personal choices, and not necessarily the best ones to learn the
topic from. Thus, I strongly recommend that any student should test various books and

choose the one best suited for their own purposes.



Chapter 2
Path integral

While gauge theories can be formulated in canonical quantization this is at least cumber-
some. As a consequence, it is used little in practice, and not every issue has even been
treated in this approach. The path integral is a much more natural framework for gauge
theories, which will become especially visible in chapter 5. Thus, it will be used exclusively
in this lecture.

In this chapter, the basic formulation of the path integral will be briefly reviewed,
together with the necessary tools to treat both bosonic and fermionic particles. The
application of perturbation theory and the derivation of Feynman rules will be discussed

in chapter 6.

2.1 Heuristic introduction

The path integral formulation is as axiomatic as is canonical quantization, it cannot be
derived. However, it is possible to motivate it.

This is done most easily by defining it as a limiting procedure, using a so-called lattice
regularization. As the name implies, it works by replacing space-time with a finite lattice
of discrete points. This technique will reappear again later in section 6.2.8, and actually
is useful also for doing calculations in quantum field theories. For the moment, it is,
however, just a tool to define a limiting process. The approach is therefore quite similar
to what is done by defining the path integral in quantum mechanics by creating it from
a product of propagators. It is actually possible to define, even mathematically rigorous
in the non-interacting case, the path integral directly in the continuum. However, this
requires more general ways of integrating, so-called Ito integration, as quantum fields are
usually non-continuously differentiable functions, which cannot be treated by Riemann

integration.



4 2.1. Heuristic introduction

In fact, it is best to start with the quantum mechanics version, but in a different than
usual way. The heuristic reasoning is then as follows. Take a quantum-mechanical particle
which moves in time T from a point a of origin to a point b of measurement. This is
not yet making any statement about the path the particle followed. In fact, in quantum
mechanics, due to the superposition principle, a-priori no path is preferred. Therefore, the

transition amplitude U for this process must be expressible as

U(a,b,T)= Y ePhme (2.1)

All paths

which are weighted by a generic phase associated with the path. Since all paths are equal
from the quantum mechanical point of view, this phase must be real. Thus it remains
only to determine this phase. Based on the correspondence principle, in the classical limit
the classical path must be most important. Thus, to reduce interference effects, the phase

should be minimal for the classical path. A function which implements this is the classical

s [
ca

where the integral is over the classical path C° from a to b. If the classical path is now

action S, determined as

replaced with some arbitrary path C?, again connecting the points a and b, the action can
be considered to be a functional of the path C? and the classical Lagrange function L. Of
course, it is always possible to add a constant to the action without altering the result.
Rewriting the sum as a functional integral over all paths, this yields already the definition

of the functional integral
(a,b,T) Zels / DCb is[C

This defines the quantum mechanical path integral in a symbolic way.

It then remains to give this functional integral a mathematically concise meaning, such
that it becomes a mathematical description of how to determine this transition amplitude.
It is here where the lattice comes into play. However, for arbitrary interacting theories,
there are still conceptual and practical problems, so that the following remains often an
unproven procedure.

The starting point was the transition amplitude. In quantum mechanics, this amplitude
is given by

U(a,b,T =ty —to) = (a,ty [e” | b, to) .
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In the next step, insert at intermediate times a sum, or integral in cases of a continuous

spectrum, over all states

U(a,b,T) = Z <a, tn ‘e_iH(tN_tl)‘ i,t1> <i, t ‘e_iH(“_tO)‘ b, t0> )

2

By this, the transition amplitude is expressed by a sum over all possible intermediate
states, already quite in the spirit of (2.1). To fully embrace the idea, divide the time
interval into N steps of size ¢ = T'/N, where N is large and will later be send to infinity.

That is actually already a lattice in time. This yields

U(a,b,T) = ZZ@,I&N‘e*iHE‘iN,l,tN,1>...<i1,t1‘e*iHE
N

b, to)

= /Hiin (qa-tn ‘e_iHe‘ an-1,tn-1) . {1, ta ‘e_iHe‘ @, to),  (22)

where in the second line the result was rewritten in terms of a set of continuous eigenstates
of the (generalized) position operator ();. These are therefore N — 1 integrals. In this way,
the time is given a lattice structure. Space is still a continuum, which extends over all
space.

If, as is the case for all systems of interest in the following, the Hamiltonian separates

as 1
H= §P¢2 +V(Q),

where the P; and (); are the M canonically conjugated momenta, then for e arbitrarily

small the Baker-Campbell-Hausdorff formula

1 1
exp Fexp G = exp <F+ G+ §[F’ G|+ 3 ([[F, G, G) + [F, [F,G]]) + ) :
yields
piHe o o~ 5 PF eV

i. e. for infinitesimally small time steps the exponentials can be separated. Assuming the
states to be eigenstates of the position operator and furthermore inserting a complete set of
(also continuous) momentum eigenstates allows to rewrite the transition matrix elements

as ordinary functions

) 1
P2 atl-qf
PR

. d i —ie(
<Qi+17 th'Jrl ‘67”{6‘ q;, tl> = efeV(qi) /HJQL;?H]CG s (23)

where products run over the number of independent coordinates M. The infinitesimal step

(2.3) is also known as the transfer matrix, which transfers the system from one time to
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another. In fact, even if the Hamilton operator is not known, but only the transfer matrix,
it is possible to construct the full transition amplitude, as this only requires to create a
product over all transfer matrices.
Defining
27
and thus in total 2N M integration measures yields the first formulation of the path integral

NyiM

g

Ua,b,T) = /Dqueepk —

Defining '
¢ —q
€
and performing the Gaussian integrals over the momenta yields

= dtQ;‘

U(a, b, T) _ /quistL(q;,dtq;) Nzoo /quis

i
Dy — w0
2me
where L is the Lagrange function of the system, thus arriving at the original idea (2.1).
Considering the result in detail, it is important to note one important feature. The
definition requires to chose any straight line between every point at every time. Thus, in
general paths will contribute which are not differentiable. This is a very important insight:
Quantum physics differs from classical physics not only by including all possible paths,
but also by including not only differentiable paths. This is in stark contrast to Hamilton’s
principle of classical mechanics.
Passing now to a field theory, the transition is the same as in classical mechanics: The
paths are replaced by the fields, the Lagrange function by the Lagrangian density, and
the action is an integral over space-time. Of particular importance is then the partition

function

where the integral is over all possible field configurations, i. e. the set of all possible values
of the fields at every space-time point, including any non-differentiable ones'. Since any
field configuration includes the time-dependence, the path-integral can be considered as an

integral over all possible field configurations, and thus histories of the universe described

'In fact, it can be shown that those are the dominating one. Making sense out of this expression in
the continuum is highly non-trivial and requires to pass from Riemann integrals to different definitions of
integrals, but this is not the subject of this lecture.
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by the Lagrangian £, from the infinite past to the infinite future. Thus, the path integral
makes the absence of locality in quantum physics quite manifest. The partition function
(2.5) is essentially the transition function from the vacuum to the vacuum. It is important
to note that in the whole setup the field variables are no longer operators, like in canonical
quantization, but ordinary functions.

It is also important to note that the integration is over all possible field configurations.
Thus, in contrast to the beginning and end of the paths in the quantum-mechanical case,
there are no boundary conditions imposed. Of course, if desired, additional boundary
conditions can be imposed, as can be any kind of underlying space-time manifold. But
for any set of boundary conditions and/or any change of manifold a different theory will
result. Neither of this will be done in this lecture.

While the vacuum-to-vacuum transition amplitude is a very useful quantity, what is
really important are the expectation values of the correlation functions. These can be

determined in a very similar way as before to be

(T(¢(x1)...0(xn))) = /chcb(xl)---¢(93n)6"fddw¢’a“¢)- (2.6)

It is here implicitly assumed that Z = 1, i. e. that the measure of the path integral is

normalized such that the expectation value of unity is one, (1) = 1. Otherwise

z1)...0(x,)eS?l
(To(ar)..o(0)) = PO LEI .1

holds.

There are two important remarks. This can be seen by noting that the fields are
evaluated at fixed times, and therefore evaluate to functions of the positions in their
respective transfer matrix elements (2.3). Thus, any expectation value is a path integral
over the fields as ordinary functions weighted by the phase. Because these are now ordinary
functions neither normal ordering nor time ordering is necessary. Especially, the result is
automatically both. Conversely, their ordering inside the path integral on the right-hand
side of (2.6) is arbitrary?.

2.2 Functional analysis

So far, any explicit calculation with the path integral would require to go back to the

limiting prescription (2.2). This would be quite awkward. Fortunately, this is usually not

2But note section 2.3.
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necessary, and it is often possible to work with the path integral in much the same way as
with ordinary integrals.

How to do so falls into the mathematical purview of functional analysis and distribution
theory to provide any level of rigor. For most applications in physics, little of this rigor is
necessary. Thus, here results will be collected, which are useful to work in an operational
way with the path integral, but they will not be proven. Rather, the corresponding
mathematical literature and/or lectures can provide this, where desired and necessary.
Nonetheless, it is advised that, with all simplicity the following seems to bring, one should
always be wary that many issues run much deeper.

The starting point before defining functional integration is the definition of a functional

derivative. The basic ingredient for a functional derivative § are the definitions

01
so(r) "
00y _ s
o) o(z —y)
J _ ) gy o 3B

in analogy to conventional derivatives. The last identity is known as the Leibnitz rule.

Consequently, a power series of a functional is defined as

Flg] = Z/dazl...d:cn%T(xl, ) B(31) (),

where the coefficients of an ordinary power series are now replaced by coefficient functions

T. In particular, they can be obtained as
577,
5¢<$1)5¢(xn> ¢:o.

This defines the most important concepts for differentiation. If not stated otherwise, it

T(x1, ..., xy) =

Flg]

will be assumed in the following that any functional can be written as functional Taylor
series. Just as with ordinary functions, this is not guaranteed.

Concerning the functional integrals, they are as usually defined to be the inverse oper-
ation to functional derivatives. Therefore, integration proceeds as usual. In most practical
cases, the relevant functional are either polynomials or can be expanded in a power series,
and then functional integrals are straight-forward generalizations of the usual integrals.
In particular

/ Déd = ~o(a)?,
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where the first expression implies that § | equals not to one, but equals a d-function.

Of particular importance are Gaussian integrals, i. e. the generalization of

7 d—j_Te—MQ = % (2.8)

The result can be either obtained from the power series expansion or directly gleaned from

the finite-dimensional generalization of Gaussian integrals, which is given by

o0 [e.9]

dry /%—m_ !
7=

\/7_Te B Vdet A’

—00

with an arbitrary matrix A, though for a finite result the square-root of its determinant
must be invertible, i. e., no zero eigenvalues may be present.

The functional generalization is then
1
Vdet Az, y)

where A may now be operator-valued. Especially derivative operators will appear in this

/ DI dvo@A@v)o) _

context later. The determinant of such an operator can be evaluated by the expression
det A = exptrlog(A),

just like for matrices, which is of great practical relevance. Herein, both the logarithm and
the exponential of an operator are defined by the usual power series of these operations?.

Alternatively, det A can be expressed in terms of the solutions of the eigenvalue equations

/ dy Az, )6 (y) = M(a),

where the eigenvalues A can form a (complex) continuum, and finite, or even infinite,
degeneracies are possible. The determinant is then given as the product of all eigenvalues.
An important property is the definition that a functional integral is translationally

invariant. Thus, for an arbitrary functional F' and an arbitrary function n and constant «a

/ DYF ¢+ am] & / DGF[4) (2.9)

holds by definition.

3This implies that problems may arise, as this is not always justified. In fact, there exist operators for
which even the trace is not well defined. Even though this rarely plays a role in the following, caution is

in general advised.
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From these properties follows the validity of the substitution rule as

[ poriol= [ Do e (g—j) Flofw,

where the Jacobi determinant det(d¢/d1) appears. In case of a linear transformation

o) = / dyn(, ¥ (),

the determinant is just det n(z, y) of the infinite-dimensional matrix n(z, y) with the indices
x and y.

Combining all of the above allows for a different way of calculating correlations func-
tions than by direct evaluation of (2.7). For this, introduce* a so-called (external) source

j(x), and replace
iSl) = iSlo] + [ d'ao(@)i(o).

Thus, the partition function will become a functional of j(z). Then a more elegant way

to express correlation functions is by
1 ‘ .
(To(r)-0(a) = 715 / DeiSHT oo@i@) g(31) ()

1 o . . A
— [ Dp— SIS dee(@)j)
Z[O]/ 5. 03w

Note that it was assumed that functional derivation and integration commute, and that

§=0
1 o

=0 A 5j(:p1)...5j(xn)z ]

J=0

often the normalization Z[0] = 1 is chosen. From this generating functional Z [j] it is
possible to determine also generating functionals for connected and amputated vertex
functions, as will be discussed in chapter 6.

Furthermore, this permits to reconstruct the original path-integral, or generating func-

tional, as
Zlj] = Z/ddxl...ddxn(T¢(x1)...¢(xn))j(xl)...j(ajn), (2.10)

which can be proven by comparing both expressions in an expansion term-by-term. This

reconstruction theorem can be readily generalized to theories with more than one field.

4There are subtleties involved, if the source breaks any symmetry explicitly. Then the limit of vanishing
source may be different from the situation at zero source. This will not play a role in this lecture, but

does sometimes in applications.
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2.3 Fermions

The previous treatment permits the description of both scalar fields and gauge fields, and
any other kinds of bosonic fields. However, it is insufficient when treating fermionic fields.
The reason is that the classical action appears, which in its current form cannot take into
account the Pauli principle, and thus that fermions have to anticommute. In the canonical
quantization procedure, this is imposed by the canonical anti-commutation relation. In
the path integral formulation, this is achieved by replacing the classical fermionic fields
with classically anti-commuting fields. This is done by replacing ordinary numbers with
Grassmann numbers. These concepts will also play an important role in gauge theories

even without fermions, as will be seen in chapter 5.

2.3.1 Grassmann variables

The starting point is to define anti-commuting numbers, o, by the property
{a®, o’} =0 (2.11)

where the indices a and b serve to distinguish the numbers. In particular, all these number
are nilpotent,

(a®)? = 0.
Hence, the set S of independent, so-called, Grassmann numbers with a = 1, ..., N base

numbers are

S={l,a" a"a™,...,a” x ... x a"},

where all o; are different. This set contains therefore only 2V elements. Of course, each
element of & can be multiplied by ordinary complex numbers ¢, and can be added. This
is very much like the case of ordinary complex numbers or matrices. Such combinations z
take the general form
a 1 a b 1 ay an

z = co+ cga® + oy Ca’ e + ...+ 1 Caran® X ...oXa®™. (2.12)
Here, the factorials have been included for later simplicity, and the coefficient matrices
can be taken to be antisymmetric in all indices, as the product of a%s are antisymmetric.

For N = 2 the most general Grassmann number is therefore
2 =co+ ot + 0?4 cp0ta?,

where the antisymmetry has already been used. It is also common to split such numbers

in their (Grassmann-)odd and (Grassmann-)even part. Since any product of an even
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number of Grassmann numbers commutes with other Grassmann numbers, this association
is adequate. Note that there is no possibility to invert a Grassmann number, but products
of an even number of Grassmann numbers are ordinary numbers and can therefore be
inverted.

The conjugate of a product of complex Grassmann-numbers, with independent real

and imaginary part, is defined as
(a®...a’)* = (a®)*...(a")* (2.13)
Note that the Grassmann algebra (2.11) is different from the so-called Clifford algebra
{B°.8"} =21

which is obeyed, e. g., by the vy-matrices appearing in the Dirac-equation, and therefore
also in the context of the description of fermionic fields.

To do analysis, it is necessary to define functions on Grassmann numbers. First,
start with analytic functions. This is rather simple, due to the nilpotency of Grassmann

numbers. Hence, for a function of one Grassmann variable
z=b+f

only, with b even and f odd, the most general function is

dF(b)

F(Z)ZF(Z))‘FW

f.

Any higher term in the Taylor series will vanish, since f2 = 0. Since Grassmann numbers
have no inverse, all Laurent series in f are equivalent to a Taylor series. For a function of

two variables, it is

OF (b1, by)
by

OF (b1, by)
0by

LO2F (b1, by)
2 9b,0b

F(z1,22) = f(b1,b2) + Ji+ fa+ fif.

There are no other terms, as any other term would have at least a square of the Grassmann
variables, which therefore vanishes. Note that the last term is not zero because F'(by, by) #
F(by, by) in general, but even if this is the case, it is not a summation.

This can be extended to more general functions, which are no longer analytical in their
arguments,

F(b, f) = Folb) + Fi(b)/ (2.14)

and correspondingly of more variables

F(b1, by, f1, f2) = Fo(bi, ba) + Fi(b1, ba) fi + Fia(b1, ba) f1 fo.
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The next step is to differentiate such functions. Note that the function F}5 has no definite
symmetry under the exchange of the indices, though by using an antisymmetric general-
ization this term can be again written as Fj; f; f; if F}; is anti-symmetric.

Differentiating with respect to the ordinary variables occurs as with ordinary functions.
For the differentiation with respect to Grassmann numbers, it is necessary to define a new
differential operator by its action on Grassmann variables. As these can appear at most

linear, it is sufficient to define

0
8fi1 0
0

Since the result should be the same when f; fs is differentiated with respect to f; irrespec-
tive of whether f; and f, are exchanged before derivation or not, it is necessary to declare

that the derivative anticommutes with Grassmann numbers:

0 0 0 0
8—flf2f1 = —fza—flfl =—fo= a—fl<_f1f2) = a—flf2f1-

Alternatively, it is possible to introduce left and right derivatives. This will not be done

here. As a consequence, the generalized product (or Leibnitz) rule reads

0 0 0
8—fi<fjfk) = (8—fifj) Jr — fja—ﬁfk-

In this context, it is useful to define the Grassmann parity 7 of a quantity to be zero if
the number is Grassmann-even and one if it is Grassmann-odd. Then the Leibnitz rule

can be written as

9, (ab) = (Dpa)b 4 (—1)™ ™), b

as this will always generate the correct relative sign.

Likewise, the integration needs to be constructed differently. In fact, it is not possible
to define integration (and also differentiation) as a limiting process, since it is not possible
to divide by infinitesimal Grassmann numbers. Hence it is necessary to define integration.

As a motivation for how to define integration the requirement of translational invariance

[ar =

/dff — 1 (2.16)

is often used. This requires
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Translational invariance follows then immediately as

/ A (b, fi+ o) = / A (h(b) + gO) (fo + 1)) = / df(h(b) + g(B) ) = / dfF (b, )

where the second definition of (2.16) has been used. Note that also the differential anti-
commutes with Grassmann numbers. Hence, this integration definition applies for df f. If
there is another reordering of Grassmann variables, it has to be brought into this order.
In fact, performing the remainder of the integral using (2.16) yields g(b). It is an inter-
esting consequence that integration and differentiation thus are the same operations for

Grassmann variables, as can be seen from the comparison of (2.15) and (2.16).

2.3.2 Fermionic matter

To describe fermionic matter requires then to replace all fields describing fermions by fields
of Grassmann variables. I. e., a Dirac fermion field is described by a spinor ¢(z) with
components v, (z) being Grassmann-odd functions of z. This implies that ¢, (z)1,(x) =0
(where summation may or may not be implied), as such functions at the same space-time
points are nilpotent. This implements the Pauli principle, as thus every time two Grass-
mann quantities coincide at the same space-time point the result automatically vanishes.

If in this way in the Lagrangians the fermion fields are replaced by Grassmann-odd
functions, the use of the rules for integration and differentiation can be extended in a
straightforward way to the path integral. Especially, the most important relation necessary
later on is again the Gaussian integral over Grassmann fields. To illustrate the use of

Grassmann functions, this will be calculated in detail. The starting point is the integral
/da*da exp(a*Aa),
with some ordinary number A. The Taylor expansion of this expression is
/da*da exp(a*Aa) = /da*daa*Aa,

and any terms linear or constant in the Grassmann variables will vanish during the in-
tegration, and likewise all higher-order terms will be zero, since a? = a*? = 0. In the
next step, it is necessary to be very careful in the ordering of the integrals, as also the
differentials anti-commute with the variables. To act with da on the variable « requires

to anti-commute it with o* and do* first, giving a factor of (—1),

/dada*a*Aa = —/da*daa*Aa = /da*a*Adaa = /da*a*A =A (2.17)
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which is remarkably different from the normal Gaussian integral (2.8), as it returns A
instead of A~1/2.

It can be likewise shown, that the generalization to many variables yields det A instead
of (det A)~'/2. Similarly, it can be shown that for the substitution rule the inverse Jacobian

appears, instead of the usual Jacobian.

2.4 Free particles and generating functionals
As a useful first example, consider the Lagrangian of a free particle. 1. e. either
L, 2
L= §¢(a +m”)¢

for a real, scalar particle and
L =) (4, —m) ¢

for a free fermion.
The propagator of these particles is the two-point correlation function. For the scalar

follows

<¢(2)¢(y)> — /D¢¢(z)¢(y)ei5’+fddxj¢ B _ ﬁ;(y) /D¢eis+fddxj¢

=0

This can be either directly integrated, or by completing the square. In either way, the

result in momentum space is®

i3

(0(2)0(y)) =

(p?2 —m? + ie)3'

The third power is now at first surprising. This comes from the fact that this is actually
the full correlation function. Determining the amputated and connected one, assuming
(¢) = 0, which is justified for reasons to become clear in section 3.1, the corresponding

propagator is

{
D(p) = ———— =T5*(p).
(p) p2 —m2+’i€ 2 (p)

Note that this is the inverse two-point vertex function I's.
To avoid the explicit amputation and selection of connected parts, it is useful to in-
troduce further generating functionals, beside (2.10). The generating functional, or free

energy, W of connected correlation functions can be defined in a similar way. Because of

5The ie prescription is necessary to avoid singularities which would render the determinant ill-defined.
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(2.10) and the relation between connected and disconnected correlation functions it follows
that the function W defined as

Wl — Zlj] = Z/dd:pl...ddxn(Tgb(m)---¢(!En)>cj($1)---j(xn)

creates all connected correlation functions. This implies that for the free case

W= [ i) i

2 %+ m2”
as in this case it can be explicitly exponentiated, and

52eV
67(p)dj(—p)

D(p) = oo\ 2iai(=p)

(2 2
j=0 67 (p) j=0 ’

giving the ordinary propagator without need for removal of disconnected pieces. It is

actual the inverse two-point vertex function, as it still needs to be amputated, i. e. two
propagators for each external line to be removed, i. e. multiplied essentially by D~2. To
avoid this, it is useful to pass to the vertex functions.

The vertex functions, i. e. the amputated and connected correlation functions, can be

obtained from a Legendre transformation of W. Define the quantum effective action as

[la] = Z/dd:pl...ddxnl"n(xl,...,xn)a(xl)...a(xn) (2.18)
with
it = —i/dda:j(:c)a(:c) + Wjle]]
oW
AT
. or
—j = o

By explicit insertion it can be shown that
1
= -3 /dd:pa(:p)@Q +m?)a(z)

in the free case, and thus equals the action. Hence the name of I'. Of course, in general I
is not just the classical action, but the infinite series (2.18).
To see that this is correct, consider the two-point function,

sa(z) . 5 W /ddz SW 55(2) —/ddz 52W 52T
5 5

dIL‘— = = —1 = —
M) = Sty T ) 8i) J(@)6)(2) 3a(y)sa(7)

7(2)87(2) da(y)
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where in the second-to-last step the functional chain rule was used. In momentum space

this implies
W 5%

07 (p)dj(—p) da(p)oa(—p)

and thus the 2-point vertex function is indeed the inverse propagator.

=1

All of this goes unchanged for the fermion, yielding

VP +m
p? —m? + e

D(p) =i

in which the y-matrices are involved. Thus, this propagator is actually matrix-valued.



Chapter 3
Abelian gauge theories

As will be seen, gauge theories come in different flavors. However, in all cases, in the end
the same geometrical structures appear, just their geometric complexity differs. Thus, it
is always helpful to start out with the theory with the simplest geometrical structure. As
will be seen, this is the quantum version of Maxwell theory, i. e. a theory just of electric
and magnetic fields. In fact, this theory is trivial in the sense that it is not interacting.
Thus, akin to the case of the free scalar and fermions, this will be the simplest example
of a gauge theory.

It is worth mentioning that every theory describing elementary particles with a spin
greater than 1/2 seems to necessarily involve gauge degrees of freedom, if a local descrip-
tion, i. e. one in which no multi-position integrals appear in the action, is required. Why
this is so is as of yet unknown. But what this implies will be discussed in great detail in

due course.

3.1 Global symmetries

Before discussing gauge symmetries it is useful to repeat a few statements about global
symmetries. This will be taken up again in more details in section 4.2, but some prelimi-
nary remarks are necessary for the following.

In the simplest case at the classical level, a symmetry is any (infinitesimal) transfor-

mation of a set of fields ¢*
(ba N (b/a — (ba + 5Aab¢b _ (1 + 5A>ab¢b (31)

such that the action is invariant. It is important here that it is sufficient that the action is
invariant, not the Lagrangian itself. Thus, the Lagrangian can be allowed to change by a

total derivative, which vanishes upon integration. Herein 0 is an infinitesimal parameter,

18
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and the matrix A is usually required to be symmetric or hermitian, but this depends on
the action in question. Consider, as a simple case, the Lagrangian for /N interacting, real
scalar fields

L= S0+ m?)o" — A(6"")" (32)
This so-called linear o-model is invariant for transformations in which 1+ A is an O(V)
matrix. Such a symmetry is called global, as it changes the fields at every space-time point
in the same way. It is therefore also said that it acts in an internal space. In contradis-
tinction, the gauge symmetry of classical electrodynamics is called a local symmetry, as it
changes the vector potential at every space-time point in a different way.

From such a situation follows Noether’s theorem. This theorem is one of the central
reasons why symmetries are so important in physics, as it will imply that there is a con-
served charge associated with any such global symmetry. Such conserved quantities are of
central importance for both theoretical and practical reasons. Practical, because exploit-
ing conservation laws is very helpful in solving problems. Theoretical, because conserved
quantities define the properties of a system. In addition, the generalized Wigner-Eckart
theorem will allow to deduce complicated tensor structures based on such symmetries
alone.

Essentially, Noether’s theorem boils down to the fact that if the action is invariant
under the transformation, and thus a variation of a generalized coordinate, the variation
can be used to derive a conserved quantity. For this purpose, assume that A is symmetric

or hermitian. Then a finite transformation is obtained by exponentiation, yielding
¢ = (eaA)ab ¢ = (65A¢)a

Because A is real or hermitian, it defines an observable in a quantum theory. It is thus
usually called the associated charge operator, and the observables are the charge. Indeed,
electric charge will be defined in this way later. In fact, it will even be possible later that
A itself will depend on (integrals of) the fields.

But for the moment the aim is to see that this implies a conserved quantity. To
construct it, it is necessary to analyze the transformation properties of the Lagrangian

under the infinitesimal transformation, which is given by
0L = 0, K",

i. e. zero up to a total derivative is allowed, as mentioned above. Of course, K, = 0 is also
allowed. It must also hold that

oL oL

- ay T g
0L = 55009+ G

56%) = 0, K".
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This can be simplified using the equation of motion for ¢¢,
oL oL
= =0, | ——
0p® 00,,¢%

oL . oL o 0L .\ _
(a” <W> ) Ot g 09 = O (aam&b ) el 33

This defines a current. The current which has been thus defined is the symmetry current,

to yield

or Noether current. Finally, this implies that
= gt — K"
needs to define a conserved current, as
0S = /ddxﬁuj“ =

for the transformation to act as a symmetry. Especially, this implies that
Q= [

If the theory is quantized, there are some remarks. The first is to ask, whether also the

defines a conserved charge.

measure of the path integral is invariant under (3.1). If this is not the case, as so-called
anomaly arises, which will be discussed in more detail in chapter 9. If not explicitly stated
otherwise, this will assumed to be not the case.

The next is any quantity made up from tensor products has to obey the Wigner-Eckart
theorem. This essentially says that any quantity transforming like a representation of a

symmetry can be rewritten in terms of the invariant tensors of the symmetry. E. g.
(6#h) = (071,

where f is invariant under transformations. It is an exercise in group theory to find the
full structure for more complex objects, or to show that this is the only one for two such
indices. This will be discussed a bit more in detail later, but will mainly be relegated to
the corresponding lecture on advanced mathematics. The quantity f, which is invariant
under symmetry transformations, is called a form factor or dressing function.

Because the theory is invariant under the symmetry, there is no direction in the internal

space preferred. Thus, formally,

(¢*(p)¢"(—p)) ~ 6°5(p) (3.4)
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but it is possible to determine f by computing
3 (¢"9") = (8" f) ~ (f) # 0

which is, in general, non-zero. Thus, when determining the propagator for the case A =0
in (3.2), it would at first sight be just (3.4). However, one usually writes
,l’(sab

(¢*(p)8"(—p)) = 57— (3.5)

p? —m? + e

with the implicit understanding that this makes only sense when ultimately contracting
everything such that an invariant quantity, in this case the ordinary propagator without
tensor structure, would arise.

If the symmetry is not exact for whatever reason, this becomes more involved. This is
beyond the scope of this lecture, and more can be learned in the lecture on hadron physics
and electroweak physics. Here, except for the case of anomalies, all symmetries will be

assumed to be unbroken, but statements like (3.5) will be made continuously.

3.2 Classical Maxwell theory

The archetypal gauge theory is Maxwell theory, i. e. the theory of electromagnetic fields.

It is encapsulated in the classical Lagrangian

1
L = —FuF" (3.6)

F, = 0,A, —-0A,

with the gauge field A, and the field-strength tensor F),,. From it the three-dimensional

electric and magnetic fields can be derived as

By =Fy=—-Fy= A — A (3.7)
Bi = Eiijjk = eijijAk (38)

with the Latin indices running only over the spatial components.
This theory is a gauge theory, because its Lagrangian is invariant under the so-called
gauge transformation
Ay — A=A, + 0ug(x) (3.9)

with g(x) an arbitrary function. This is similar to (3.1), except for the appearance of
a function rather than a constant. Because the transformation is thus different at every

space-time point, this is called a local, or gauge, symmetry. Because the g(x), being
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ordinary functions, are commuting at every space-time point, this is called an Abelian
gauge theory.

It is noteworthy that F),,,
i. e. they do not change when a gauge transformation is applied,

and thus E and B, are invariant under gauge transformations,

Pl = 0,A) —0,A% = F, + 0,0,9(x) — 0,0,9(x) = F,

pve

A quantity which behaves like this is called gauge-invariant . Since gauge transformations
are a free choice, gauge invariance is a necessary condition for a quantity to be physical.
Especially, since the electromagnetic fields are measurable, they need to be gauge-invariant.

The classical equations of motion for this theory are the Maxwell equations

0,F = 0
1
aeuupaaqua = 07

where the latter identity is sometimes also called (a) Jacobi identity. The quantity
*F, = €upel e is called also the Hodge dual or the dual field strength tensor. It will
reappear again in chapter 8. Both follow immediately from the antisymmetry of the field
strength tensor. The only classical solutions of this theory is the vacuum as well as free
electromagnetic waves, depending on the boundary conditions.

The gauge freedom (3.9) can be used to implement conditions, so-called gauge condi-
tions, on the field. E. g., the Landau (or in the classical case also Lorentz and sometimes
radiation) gauge is defined as

0, A" = 0. (3.10)

I. e. the gauge freedom (3.9) is used to transform any given gauge field such that the
condition (3.10) applies.

It is not possible to implement any gauge condition, which can always be written as
a function or functional C[A,, z,] such that C[A,,z,] = 0. It is only possible, if for any
arbitrary field configuration A, a function g(r) exists such that C[A9,x,] = 0 can be
satisfied. Depending on the form of C[A,,x,] guaranteeing this can be an exercise in
algebra, (partial) differential equations, or worse.

To see that the Landau gauge condition is well defined, consider
0=0"Aj =0,A" + d%g.

This is a wave equation for g with an inhomogeneity. Since the theory of partial differential
equations implies that there exists a solution for any inhomogeneity, this implies that the
Landau gauge is well defined.
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Note, however, that it may happen that a gauge condition does not fully fixes the gauge
freedom. E. g., the Landau gauge condition does not do so, as any gauge transformation
satisfying a free-wave equation 9?¢g = 0, a so-called harmonic gauge transformation, does
not change it. Imposing as boundary conditions that the (gauge) fields vanishes at (spatial)
infinity removes also this ambiguity, and fixes the gauge completely.

In fact, it can be useful to leave a certain degree of gauge freedom. E. g., the Coulomb
gauge condition 0;A; = 0 is only defined up to purely time-dependent gauge transforma-
tions. There is thus a whole class of functions satisfying the Coulomb gauge condition.
Another examples are axial gauges with some fixed vector n, such that n,A* = 0. Such
gauges can already simplify calculations considerably in certain cases.

In classical physics, it is not necessary to discuss further the residual freedom. Any will
do equally well, and often one can do without entirely. This will need to be discussed in
more detail in the quantum theory, which will be done in section 7.1, where the situation
is somewhat more involved.

It should, however, be noted that any term which would give a mass to the gauge
bosons, e. g. mA, A", cannot be added to the Lagrangian, as it will immediately break
gauge invariances, as can be seen immediately by calculation. In fact, (3.6) is the unique
gauge-invariant Lagrangian renormalizable by power-counting in four dimensions. Thus,
any additional interactions compatible with gauge invariance would lead to a much more
involved theory. Thus, Abelian gauge theories are non-interacting and exactly massless

without matter.

3.3 Quantization of Maxwell theory

In principle, quantizing Maxwell theory is now performed by writing down the path integral
(2.5) and use (2.7) to calculate correlation functions. That’s it. Unfortunately, there is a
twist to this for gauge theories, which comes in two levels of escalation.

Start with the naive quantization of the free Maxwell theory with the classical La-

grangian (3.6) by writing down the generating functional

Zlj. = / DA, exp (z’S[AM] + i / ddijA“)
S[A] = / dxL,

where the normalization has been absorbed into the measure for convenience. This integral

is just a Gaussian one. Hence, it should be possible to integrate it. Explicitly, it takes the
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form .
Zlju) = /DAM exp <i/ddx <§A“(g,w82 — 9,0,)A” +j“AM>> : (3.11)

However, it is not possible to perform this integral, since this would require the matrix
g,uan - a,uau (3.12)

to be invertible, which is not the case. This can be seen directly by the fact that its
momentum-space version g, k* — k,k, is a projection operator which vanishes when con-
tracted with k,.

An alternative way to understand the problem is to note that any gauge transformation
(3.9) leaves S invariant, and, as a shift, also does not influence the measure. Thus, there
are flat directions of the integral, and thus the integral diverges when integrating along
this direction. This is a kind of divergence also the renormalization program cannot make
meaningful, as it cannot be absorbed in a parameter. After all, there is no parameter in
Maxwell theory. Thus, at first sight, it seems to be impossible to find a well-defined path
integral for Maxwell theory.

There are only few possibilities to escape. One is to perform the quantization on a
discrete space-time grid in a finite volume, determine only gauge-invariant observables and
only after this take the continuum and infinite-volume limit. This is in most cases only
feasible numerically, but then a rather successful approach, so called Lattice Monte Carlo
simulations of lattice gauge theory. This approach is a subject of a separate lecture.

Another one is to determine only quantities which are invariant under gauge trans-
formations. Classically, this is perfectly feasible, as an explicit formulation only in terms
of electric and magnetic fields, both manifestly gauge-invariant, shows. At the quantum
level, however, this is not so easy. After all, this amounts to replacing the vector potential
by the electromagnetic fields. The Jacobian then involves solving the partial differential
equations (3.7-3.8), yielding non-trivial integrals, and ultimately leading to a non-local
action. Still, this is possible, though very, very painful. It is, however, far too painful
for the kind of generalization of gauge theories needed in particle physics, and even for
QED in practical problems far too complicated. Thus, while reassuring that it would be
conceptually possible, is not a practical solution.

In this context one may wonder why not directly integrating over the electromagnetic
fields in the path integral (3.11) instead of the gauge fields. This is an inequivalent path
integral to the one obtained by solving (3.7-3.8) as a variable transformation in (3.11).
Interestingly, while mathematically perfectly feasible and doable, this does not yield a
quantum theory compatible with experiments. Why this is so is a very good, and unsolved,

question. It is a purely empirical outcome. This is even more surprising as the gauge-fields
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are classically an irrelevant technical tool, and actually introduce redundancies. They are
thus quite the opposite to what is usually done in classical mechanics, the reduction to
generalized coordinates. Still, if one wants to base the construction of the theory on

experiment, one is therefore stuck with (3.11).

There is a third option, and the one to be used in this lecture. As the possibility to
introduce gauge conditions such as (3.10) shows, the additional degrees of freedom over
which is integrated do not carry physical information®. The aim is therefore to separate off
this unphysical degrees of freedom in a way which allows to remove it. In the end, this will
lead to a(n infinite) prefactor of the path integral, which drops out when normalizing the
partition function at zero source to unity. Even though unphysical information is removed,
this is not equivalent to introduce a gauge-invariant formulation. Any gauge condition will
define one distinct way of removing the superfluous degrees of freedom, but eventually one
still works with the gauge fields A,. But this field will differ for every gauge condition,
and therefore depends on the gauge condition. But this difference depends only on the
gauge condition, and will therefore drop out in gauge-invariant quantities, making them
physical. In the end, and this becomes more clearer in section 4.2, this is essential the
same as introducing a coordinate system, and considering the gauge fields as components,
while gauge-invariant quantities are quantities like lengths, which do not depend on the

coordinate system. And thus it is equally admissible.

In a very rough way, the three options can also be cast into this language: Lattice Monte
Carlo simulations sample a subset of coordinate systems, and averages over the choices. By
using a finite number of choices the infinity of choices does not pose a problem. Removing
the gauge fields is calculating coordinate-independent, which is always more painful. And

gauge-fixing is just working in a choice of coordinate which is fixed once and for all.

After these initial remarks, it is now time to actually perform this gauge-fixing, and
quantize Maxwell theory. To this end select, as in classical electrodynamics, a gauge
condition C[A,,, z] = 0 which selects uniquely the gauge field. I. e., for a set of gauge-fields
related by gauge transformations (3.9) there is one and only one, but also at least one,
which satisfies the condition C' when going through all possible gs. This is actually not a
necessary condition to make progress, and it will be relaxed later on. But for the moment,
it makes the calculation simplest. Also, when generalizing the concept, this is also not so

simple, as will be explored in detail in section 7.1.

An example of such a condition is, e. g., the Landau gauge (3.10), which in this language

"'While this is obvious at the classical level, this remains true at the quantum level because of the

demand that also at the quantum level physics is independent of the observer.
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takes the form, suppressing from now on possible explicit dependencies on z,,,
0=C[A,] =0"A,. (3.13)

To make the path integral well-defined, it is then necessary to get rid of all the gauge
transformed fields which do not satisfy this condition. Then just one representative for
each physically inequivalent field configuration is left.

The question is now how to enforce this in practice. To do this consider the functional

generalization of the Dirac-d function. The expression

. / Dys(C[AZ))

contains an integration over all gauge-transformations g for a fixed physical field configura-
tion A, but by the d-function only the weight of the one configuration satisfying the gauge
condition is selected. Hence, when performing the change of variables ¢ — ¢ + ¢’ with
some gauge transformation ¢’ it remains unchanged by definition: The functional integral
is translationally invariant. As a consequence, A is actually gauge-invariant. Evaluating

it at the gauge-transformed configuration AZ/ yields
-1
AUt = [ pasiciag) / D(g - ¢)3(C1A)

:/Dga ClA9)) = Al4,]

N / Dys(C[AL) (3.14)

Inverting A, the relation

is found.

Inserting this into the functional integral yields
7 = [Dasia) [ Dosclag) estsia)
= / Dy / DAY A[AY]5(C[A5H]) exp(iS[AY])

— [ Dy [ DAAAISCIAL) exp(iS(A,) (3.15)

In the second line, a gauge transformation of the integration variable A, is performed. In

the last line the inner variables of integration have been changed from AZ’ to A;gfg' and it

ZNote that this does not fix the harmonic part of the gauge transformations. However, they form a
measure zero part of the whole set of gauge transformations, and therefore do not matter. Also, in any
perturbative calculation the fields drop to zero at infinity, and thus in this case by definition they are
excluded.
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has been used that all expressions, except the d-function, are invariant. Hence, the integral
over ¢ is not influencing anymore the remaining integral, and contributes only a factor,
which can be removed by appropriate normalization of the functional integral. In addition,
it would have been possible to also replace the action by any gauge-invariant functional, in
particular expressions involving some observable f in the form f[A,]exp(iS[A,]). Thus,
gauge-fixing is not affecting the value of gauge-invariant observables. Due to the d-function,
on the other hand, now only gauge-inequivalent field configurations contribute, making the
functional integral well-defined.

It remains to clarify the role of the functional A. It was demanded that it is always
possible to resolve the condition C[AJ] = 0 to obtain g as a function of C. Then, by

exchanging C' and g as variables of integration, it is found that

A[A] ™ = /DC (det %) 715(0) = (det%;’x]);o’

The appearing determinant is just the corresponding Jacobian. Thus, the function A is

given by
IC[A,, z]
A[A,] = (| det ——2—=
al ( dg(y)

The Jacobian has the name Faddeev-Popov operator, abbreviated by M, and the deter-

) = det M(z,vy). (3.16)
c=0

minant goes by the name of Faddeev-Popov determinant.

A more explicit expression is obtained by using the chain rule

6C[Ay, @] _ a 0C[A,, 7] 6A,(2)
Miz.) d9(y) _/d oA Gg()
(6CUA ], 8C[ A

To proceed further, a choice of C' is necessary. If C'is a local gauge condition, i. e. only

involving the fields and their derivatives, the Faddeev-Popov operator will be local, i. e.
M ~é(x —y).

If this is not the case, the resulting theory will be inherently non-local. Such a local choice
is always possible in perturbation theory. Choosing, e. g., the Landau gauge C' = 0" A, = 0
yields

M(z,y) = —0*0(x —y). (3.18)

Due to the presence of the d-function the functional det A can then be replaced by det M
in the path integral. Note that the result (3.18) is independent of the field variables. Thus,

this factor can be absorbed in the normalization constant. But then the original problem is
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solved and everything is complete. However, the resulting integral has always the implicit
Landau gauge condition to be taken into account. Especially, this implies that the gauge
field is always transverse.

This is implicit, and thus somewhat cumbersome. It can be made more explicit by

taking a detour. To do so select as gauge condition
C =D[A,, x|+ A(x) (3.19)

for some arbitrary function A. In general, this will make Lorentz symmetry not manifest.
This can be recovered by integrating the path integral over all possible values of A with
some arbitrary integrable weight function. Since the path integral will not depend on A, as
this is a gauge choice, the integration is only an arbitrary normalization. Using a Gaussian

weight, the path integral then takes the form

A

/ DADA, exp (—é / dd:cA2) det M§(C) exp(iS)

= /DAH det M exp <iS — 22—5 ddez) ,
where the d-function has been used in the second step. For the most common choice

D = 0, A", the so-called covariant gauges or R¢ gauges, this yields the final expression

7= / DA, exp (z’S - 2% ddx(ﬁﬂA“f) : (3.20)

This additional term has the consequence that the Gaussian integral is now well-defined,

since the appearing matrix is changed to

9u0® — 9,0, = g, 0* — <1 — %) 0,0, (3.21)
which can be inverted. The appearing parameter &, the so-called gauge parameter, is
arbitrary, and can be chosen at will, defining the gauge. Furthermore, the ever-so popular
Landau gauge corresponds to the limit & — 0, as this is corresponding to the case where
all of the weight of the weight-function is concentrated only on the gauge copy satisfying
0" A, = 0. However, in principle this limit may only be taken at the end of the calculation,
as it appears to recover the non-invertible original operator (3.12) in Maxwell theory. The
choice ¢ =1 is known as Feynman gauge.

Of course, this is only the result for a particular class of gauges, and many others exist.
In particular, it is possible to chose conditions C' which include also the matter fields

explicitly or which are not even Lorentz invariant, like the Coulomb gauge 2?21 0;A; =0
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or axial gauges n*A, = 0 with some arbitrary vector n,. However, these kind of gauges
have particular problems, as the gauge conditions themselves are not invariant under
Lorentz transformation. E. g., the Coulomb gauge condition can be removed by a suitable
Lorentz boost. They therefore introduce additional problems. To avoid these, in this
lecture only Lorentz covariant gauges will be discussed. A source for more information on
non-covariant gauges in perturbation theory is, e. g., Burnel, Springer (2008).

This process has at no place involved explicitly any matter fields. They will be added

now.

3.4 (Gauge-dependent correlation functions

There is now one subtlety. What is the propagator of the photon, the answer to the
question that started all of this? Because the matrix (3.21) is now invertible, this seems
to be obvious. But it is not.

To understand what is happening, it is best to go back to the beginning. The photon

propagator is the expectation value

A@AW) = [ DA

Irrespective of the issues with gauge symmetry, this expression will yield zero. The reason
is, as noted before, that because space-time is isotropic, there is no preferred direction.
Thus, a tensor cannot be non-zero. To avoid this problem, it is necessary to contract A,A,
with an invariant tensor of the Lorentz group. There are two symmetric rank two tensors
suitable for the task, g, and p,p,.

Denoting either of them as P,

., the actual object to calculate is

(P™ A, (2)A,(y)) = / DA, P*" A, A€, (3.22)

twice, once for each possible choice of P,,. This object is well-defined from the space-time
perspective, but not from the gauge symmetry perspective. This puts one on the path of
section 3.3.

But before gauge-fixing, it is an interesting question to ask what happens if one tries to
calculate the expression (3.22) by brute force. This can be done, and the result is actually
~ 0(z —y). The reason is that for any gauge field configuration with some value A4, () at
the fixed position xg, there exists a gauge transformation, which is only non-vanishing at
xo, such that the value of the gauge transformed gauge field is —A,(x¢). In this way, any

integration over the full gauge group yields zero. The only exception can happen if x = vy,
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because then this is essentially the square of the gauge field, and thus positive. Hence,
the propagator is only non-vanishing at coinciding space-time points. This argument can
be extended to any gauge-dependent correlation function. Thus, without gauge-fixing
all gauge-dependent quantities vanish up to expressions proportional to §(x; — x;) for its
arguments.

But this should be remedied by gauge-fixing. But it is not as simple. The decisive
step is the expression (3.15). Here, the integral [ Dg was absorbed in the normalization,
because none of the remaining expressions depended on them, because all were gauge-
invariant. This is no longer true, if the integral is taken over gauge-dependent quantities,
like the photon propagator. Thus, the gauge transformation integral can then no longer be
separated as a factor, and be removed. Thus, the whole procedure of gauge-fixing seems
to break down for gauge-dependent quantities.

There if fortunately a solution to this. The expression (3.15) can also be interpreted
differently for any gauge-invariant observable f(A,). Denoting the set of all gauge field
configurations, including all gauge-transformed field configurations, as €2, the following

expressions are identical

v [ PAS ) esalisia) 329

_ Ai[ / Dy / DALAAJS(CIA)) f(A,) exp(iS[A,])

Q/Q. Q

_ /% / DA,AAJG(CIA) F(A,) exp(iS[A,])
Q

_ A% / DAA[A,]f(A) exp(iS[AL]),
Qe

where (2. is the set of all gauge field configurations satisfying the gauge condition C..
Thus, gauge-invariant expectation values are the same, whether they are calculated over
the whole gauge field configuration space or whether over a restricted gauge-field configu-
ration space, provided the Faddeev-Popov determinant is included to compensate for the
geometric structure of the restricted space. Thus, on the level of gauge-invariant quanti-
ties, all expressions describe the same theory. The normalization constants differ, but can
always chosen such that (1) = 1.

However, for gauge-dependent observables the expressions are not equivalent, for the
arguments given above. In the first two lines, they vanish, but not in the third and fourth
lines. Thus, from a purely mathematical point of view, these theories are distinct. From

the point of physics, there is just an infinite number of equivalent quantum theories, the
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one without gauge fixing and the infinitely many choices of (2., which all give the same
observables.

Alternatively, this can also be taken to imply that any choice of theory with the action
S’ =S —ilnA, gives the same observable quantities, provided they are integrated over
the corresponding configuration set (2., either directly implemented as integration range
or by a d-function. In either way, this leads ultimately to the expression (3.20). Note that
gauges like the linear-covariant gauges then can be considered to be averages over theories
with different (..

This infinite degeneracy of quantum theories is a consequence of working with redun-
dant variables. If it would be technically possible to go to generalized variables, just one
theory would remain. Hence, the degeneracy should rather be considered to be a choice
of suitable variables for technical purposes than any physical meaning. At any rate, for
the purpose of this lecture, expressions like (3.20) will be used as the definition of the
quantum theory, while, e. g., lattice calculations rather start at (3.23). But, as was just

shown, both yield eventually the same results for observables.

3.5 DMatter fields

So far, the theory only contained the electromagnetic fields. It remains to introduce
electrically charge matter particles. Again, this requires a postulate, which is then justified
empirically. For this purpose, matter fields, whether they are bosonic ¢ or fermions v, are

required to transform under a gauge transformation as

¢ (x) = (), (3.24)

i. e. by a pure phase factor. In this a new, arbitrary, constant, e appears. This also requires
the matter fields to be complex. A term not involving derivatives, e. g. a mass term ma¢’¢
is trivially invariant under a gauge transformation.

This is different for a kinetic term,
0u? = €' (9, + ieD,g) .

and thus neither a kinetic term for bosons (9,¢)'0"¢ nor for fermions @/_)7“8M¢ can be

alone gauge-invariant. This can be changed by introducing a covariant derivative
Di¢? = (8, — ieA9)¢? = €9 (9, + iedg — ieA, +iedug) ¢ = "D, (3.25)

which transforms now like a matter field. Thus, by replacing all derivatives by covariant

derivatives a gauge-invariant Lagrangian of Maxwell fields and matter is obtained. As
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this is the simplest, but not the only, possibility to do so, this is called minimal coupling.
Indeed, it is again experiment which tells that this is correct.

It should be noted that (3.25) induces an interaction vertex between the matter and
the gauge field, with a coupling strength e. At lowest order in the low-energy limit,
the so-called Thomson limit, this is just the classical interaction of an electron with the
electromagnetic field. This justifies to call this quantity electric charge. It should be noted
that for every matter field there can be arbitrarily different electric charges, as long as the
respective covariant derivatives and gauge transformations use the same. Thus, electric
charge is not fixed by the theory.

Quantizing this theory is now straightforward, as at no point the gauge freedom is
interfering with the additional term, though, of course, any gauge transformation applied
to the gauge field needs to be applied also to the matter field. Other than that, quantization
can be performed in the same way in the presence of matter fields, no matter whether they
are fermionic or bosonic. Since the local gauge freedom has been taken care of already,
no further problems arise, and to quantize QED, it is only necessary to replace the action
by the one of QED, and to also integrate about the (Grassmann-valued) fermion fields,
yielding

Z = /DAMD@/)fD@/_)f exp (—i/ddff (iF;wFW — > (V' Df = mp)iy + %(5MA“)2> )3-26’)
7

from which now calculations can be performed. How this can be done in practice will be
discussed after extending the quantization process to generalized gauge theories, so-called
Yang-Mills theories, in section 4.3. The index f indicates that multiple fermion fields,
so-called flavors, can be present. E. g. proton and electron to describe a hydrogen atom.
Each of them has potentially different masses m; and different electric charges e (thus
the index at the covariant derivative).

As an interesting remark, when comparing the global symmetries of section 3.1 and the
gauge transformation (3.24), it becomes clear that when making ¢ () position-independent,
g, the gauge transformation is a global U(1) transformation, a phase €. In this case, the
covariant derivative can again be reduced to the ordinary derivative, without loosing the
invariance under the now global symmetry. Thus, global symmetries appear at first sight
as a special case of local symmetries. Historically, this is often seen in the other way: Any
theory with a global symmetry can be turned into a gauge theory by making the symmetry
local. This is certainly correct as well. However, there is no smooth limit between both
cases, as there is no notion of a gauge theory with bounded d,,g(z). Thus, global and local

symmetries are a binary distinction. This will be discussed in more detail in chapter 7.
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Classical non-Abelian gauge theories

4.1 Some basics of group theory

Maxwell theory was based on the idea that at every space-time points the elements of a
real vector could be changed by a gauge transformation. To cover also the other forces
observed so far in nature requires to generalize this concept. It turns out that it requires
to allow for fields which are tensor-valued in some abstract internal space, just like with
global symmetries, rather than just real functions. This requires some basic amount of
group theory and the associated theory of algebras, which will be collected here. In fact,
also the global case of section 3.1 can be put usually in the context of group theory.
Start with a group. A group G is a set of elements g with an associative operation -,
which maps two elements g and h of the set into an element of the set, g-h € G, and there
exists a unique identity element e as well as a unique inverse element ¢g~! to every element
g
need, but can, be commutative. If it is not, g - h # h - g, the group is called non-Abelian,

g, such that g - g~ rg=-cand e-g=g-e=g. Note that the operation does not
and otherwise Abelian.

A mapping of the elements g of the set to a linear operator or tensor D(g) in a vector
space such that the group structure is conserved, D(g)D(h) = D(g - h), is called a repre-
sentation!. Such a representation needs not to be faithful, i. e. D(g) = D(h) is allowed,
provided the action of the operation is still represented correctly. However, note that not
every group can be represented non-trivially, i. e. other than setting D(g) = 1 for all
g, in every vector space. Sometimes the vector space needs to have a certain number of
dimensions and/or needs to be complex.

Generalizations of Maxwell theory are then constructed by having fields which no

IThis is not the only possible type of representation, but the only one needed here.

33
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longer map a space-time position to a (complex) (Grassmann) number, but to such a
linear operator or are vectors in the corresponding internal vector space. It is important
to note that the corresponding vector space is not position space, but an additional vector
space.

For quantum field theory the most relevant subclass of groups are the so-called Lie
groups. They are characterized in the following way: Given a matrix representation of a
Lie group, it is possible to write

D(g) = ™", (4.1)
with the 7% called the generators of the group and the ¢* are real numbers. The generators
can be chosen hermitian, i. e., 7, = 71. Note that, by definition?, D(g~!) = D(g)". The
7% are thus base vectors of a different (third) vector space, the algebra. An algebra is a
vector space in which in addition a combination of two base vectors is defined such that
this forms a group. E. g. in a matrix representation this would required that the 7 are
a closed set under forming commutators. In addition, as they form a vector space, they
need also to be a group under matrix addition and multiplication with an arbitrary scalar.
The algebras of Lie groups are called Lie algebras. Note that the representation (4.1)
defines also a representation of the generators, and thus the algebra in the same vector
space. This vector space is different than the one which is spanned by the generators.
In the following, groups will be denoted by capital letters, and algebras by small letters.
To be a Lie group, the generators must satisfy tr(727%) > 0. Otherwise, the group is not
compact, which especially implies the absence of finite-dimensional representation fulfilling
D(g~") = D(g)".

For finite-dimensional Lie algebras there exists a definite number of generators, IV,
giving the dimension of the algebra vector space. It is also defined to be the dimension of
the group, N = dim G. It is important to note that the number N is independent of the
actual dimension of the vector space of the representation of the group always the same.
Thus, depending on the vector space in which the representation is constructed, also the
7% will be matrices of different dimensions. Note that because of (4.1), a generic group
element can be expanded for infinitesimal ¢, as 1 + i7%¢,. Thus the algebra describes
infinitesimal group elements around the identity. It is thus also called a continuous group.
Continuous groups are a special case of groups, and Lie groups are again a special group
of continuous groups, as further restrictions will apply.

Moreover, for the representation to respect the group structure it can be shown that

the 7 respect the commutation relations

[T“, Tb} = if“frc.

2 Again, this is not necessary, but all that is needed for this lecture.
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with the anti-symmetric structure constants . This algebra is fulfilled no matter the
dimensionality of the actual matrices. Thus, the algebra can eventually be defined also in
an abstract way without choosing actual matrices. Because of this, an actual matrix form
of the generators is also called a representation. The structure constants fulfill the Jacobi
identity

fabe ped 4 pace gdb | gade pbe _ () (4.2)
Note that the position at top or bottom (covariant and contravariant) of the indices is
of no relevance for the Lie algebras encountered in the standard model, but can become
important in more general settings.

It should be noted that multiple groups can have the same algebra. Groups having
the same algebra differ by a so-called center, Zg, which satisfies for any z € Zg that
[z, D(g)] = 0. E. g., it can be shown that SU(2) and SO(3) both have the same algebra,
and differ only by the discrete group Z, = {1, —1}. The difference in the groups comes
about in which vector spaces a (faithful) representation is possible in which form, and
whether the representations form a simply connected space or not. While interesting,
these subtle points will only be returned to if need be, which is in most cases in field
theory not the case.

An example is the su(2) algebra, with N = 3, having thus three generators. As a

two-dimensional, complex representation the Pauli matrices,

10
1 0

3 (1 0
™ =1, _1>. (4.3)

are usually chosen. Of course, any unitarily equivalent representation will do as well, as
this only corresponds to a change of basis in the vector space defined by the generators.
Here, it should be noted once more that several vector spaces play a role: The space-time
vector space, the vector space in which the representation of a group exists, and the vector
space which is defined by the algebra. In this example, the space-time vector space is
the usual d-dimensional one, the representation vector space is two-dimensional, and the

vector space defined by the generators is three-dimensional. For this particular case
D(g) = 1wy + T%w,

with w? = 1. However, it is not true in general that the generators can be used so simply

to create the representation of the group elements.
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There is only a denumerable infinite number of Lie algebras (and Lie groups) which can
be constructed in this way. One are the N-dimensional special unitary groups with algebra
su(N), and the simplest group representation SU(NV) of unitary, unimodular matrices. The
second set are the symplectic algebras sp(2/N) which are transformations leaving a metric
of alternating signature invariant, and thus are even-dimensional. Finally, there are the
special orthogonal algebras so(N), known from conventional rotations. Besides these, there
are five exceptional algebras gy, fy, and eg, e7, and eg. The u(1) algebra of Maxwell theory
fits also into this scheme, the u(1) group is the special case of all f4%¢ being zero, and the
algebra being one-dimensional. This is equivalent to so(2).

The most relevant algebras for the standard model are su(2) and su(3). Though po-
tentially any (Lie) algebra/group can be used to construct a valid quantum field theory,
this lecture will mostly concentrate on the case of su(N). Thus, for the sake of simplicity,
in the following mostly the expressions for su(/V) will be given. Others can be obtained in
a straightforward way.

The su(2) algebra has the total-antisymmetric Levi-Civita tensor as structure constant,

fabe = e with €% = 1. The algebra su(3) has as non-vanishing structure constants

f123

158 — foT8

1
V3
2
1
147 _ _ £156 _ 246 _ 257 _ 345 _ _ p367 _
J==f f f f f 5

and the corresponding ones with permuted indices. There is some arbitrary normalization
possible, and the values here are therefore conventional. From these, also the generators for

the eight-dimensional algebra su(3) can be constructed, the so-called Gell-Mann matrices,

010 0 —2 0 1 0 O
2 =110 0 2 = i 0 0 =10 -1 0
0 0 0 0 0 0 0
0 0 1 0 0 —2 0 0 0
™ =100 0 = 00 0 =10 01
1 00 2 0 0 010
00 O ] 1 0 O
7 . 8
7T =10 0 —2 ™= —10 1 0 . 4.4
. 73 (44)
0 2 O 0 0 =2

In general, there are N? — 1 base vectors for su(N), but the dependency for the other
algebras is different.
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Generators, which are diagonal as matrices, and therefore commute with each other,
are said to be in the Cartan subalgebra or subgroup of the algebra or group, respectively.
For su(2), this is only one generator, for su(3) there are two. The size of the Cartan
subalgebra is called the rank of the group.

The lowest-dimensional realization of the commutation relations is called the funda-
mental representations of the algebra or group. Since the commutation relations are
invariant under unitary transformations, it is possible to select a particular convenient
realization. Note, however, that there may be more than one unitarily inequivalent funda-
mental representations. For su(2), there is only one. For su(3), they are two, the second
one created by using the —A** matrices. In general, the number of fundamental represen-
tations equals the rank of the group. Not all fundamental representations need to be of
same dimensionalities, but a concise characterization will not be introduced here.

It also possible to give representations of the algebras with higher-dimensional matrices.

The next simple one is the so-called adjoint representations with the matrices
(A%)i; = —if%,

which are three-dimensional for su(2) and eight-dimensional for su(3). There are also cases
in which the fundamental and the adjoint representation coincide. There are an infinite
number of further representations with increasing dimensionality, which will not be needed
here.
Further useful quantities are given by the Dynkin index T for an arbitrary represen-
tation R (R being e. g. 7 or A)
trRORY = 6Tk,

and the Casimirs Cr
R RS = 0 Cr, (4.5)

being for su(N) (N? —1)/(2N) for the fundamental representation and N for the adjoint
representation.

To perform a path-integral quantization of a theory involving Lie algebras, it will be
necessary to integrate over a group. This can be done using the Haar measure, defined for

group elements g = exp(0°7,) as
dg = I(0)IT;,d6",

where [ is the actual Haar integral measure. The Haar measure is invariant under a
variable transformation using a different group-element, i. e., for ¢ — g¢’ with an arbitrary

different, but fixed, group element ¢’ no Jacobian appears. This replaces the translational
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invariance of the measure of ordinary integrals. Furthermore, the Haar measure is defined

such that
/ dg =1,

el
i. e., an integral over the complete group yields unity. The measure / can be shown to be

1
1) = —detM
0) = 3 de
dg )
-1 _ b arba
oge = T M (4.6)
Vo = / det MIIY_, d6”
G

where the second line is an implicit definition, and Vi is the appropriate normalization.
As an example, group elements of SU(2) can be written as

, (4.7)

g—¢ b (cos T +isin B cosny e sin B sinny )

ie'" sin L sin 1y cos 5 — isin I cos 1

where the three-dimensional vector % with maximum length of 27 due to the periodicity
of the exponential has been decomposed into polar coordinates with 7, and 73 ranging
from 0 to 27 and 7, to m. Using the implicit definition (4.6), this yields the Haar measure

for SU(2)

4
dg = — sin? ﬂdnl sin 1odnedns,
Ve 2

and the group volume Vg has a value of 1672,

4.2 Orbit structure

This brief section will analyze some implications of groups and group structures when
applying group elements to something, usually the vectors of the vector space in which a
representation is defined. It should be noted, however, that the following could be also
defined without an actual representation, as long as the action of a group element on some-

thing is defined. But within this lecture this will always be realized in a representation.

4.2.1 Orbits

The basic concept is that of an orbit. Take a single vector v of the vector space in question.
Then an orbit, sometimes also called group orbit, @ = {D(g)v} is defined as the set of

all vectors obtained under application of all group elements from this single vector. In a
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sense, this generalizes the concept of a ray. An example are the hyperspheres which are
obtained under the application of the rotation groups on a single vector pointing to the
surface of the hypersphere, e. g. in R? the orbit of (1,0)” would be (cos a, sina)? under
the two-dimensional rotation group.

This structure has a number of consequences. First, the group is itself an orbit, as group
elements can be applied to group elements by the group composition. Always starting from
the unit element the whole group is created as a single group orbit. Second, any set on
which a group acts can be decomposed into distinct orbits, though the number of orbits
does not need to be countable. Third, group invariants, i. e. elements of the vector space
satisfying D(g)v = v, are trivial, i. e. one element, orbits. Fourth, cosets of a subgroup H
of a group G, i. e. the set of all elements of type gh or hg, are orbits as well. Note that
in general, except for invariant subgroups, left and right cosets are not identical, and thus
the orbits of left and right cosets are not identical.

From the point of physics, it is useful that orbits can also be classified by their invariant
tensors. An invariant tensor of rank n is a tensor 7" in the representation space of the group
which satisfies Dy(g)...D,(g)T = T, i. e. it remains invariant under application of group
elements. E. g. in the simplest case of SO(n) and the vector representation, the invariant
tensor is proportional to the unit matrix. An invariant tensor yields a characterization of
an orbit, i. e. a quantity which is different for different orbits. In the example this is the
length of the vector, which is invariant under rotation, and thus characterizes an orbit.

Since representations can have more than one invariant tensor, orbits may have more
than one invariant to characterize them. Then, two orbits do only agree if they agree in
all the quantities characterized by invariant tensors. E. g. for the tensor representation
of SU(3), build from matrices V,; = v,v, with v in the fundamental representation, there
are two invariant tensors. Therefore, there are two quantities for any orbit which are
invariant under the action of the group. One is again the length. The other is a more
complicated quantity, which follows from the fact that every matrix of this representation

satisfies d5,V, = 0, and d is hence a traceless, symmetric tensor.

4.2.2 (Non-)linear representations

Though most of the previous has dealt with linear representations, i. e. representations
where group elements g have been mapped to matrix representations D(g) such that they

act as

D(g)awb

on the elements z of the representation (Hilbert) space. This is not necessary.
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The only requirement for a representation is actually that it maintains the group com-

position law. Thus, it is possible to formulate a non-linear representation

fa(z,9),

provided
where the group composition is maintained. Then, this map is a non-linear representation.

Though non-linear representation of groups (and algebras) are rare, they are sometimes

encountered. This will be, e. g., the case in section 5.2.

4.2.3 The little group

Given some vector v, it is possible that there is a subgroup H of the original group G for

which every subgroup element h satisfies
D(h)v=v

and thus this particular vector is invariant under a subgroup, and this identifies a suborbit.
The subgroup H is then referred to as the little group, sometimes also stability group or
isotropy group, of the vector v. Note that a little group of a continuous group can be both
discrete and continuous. Orbits with the same little group are collected, and called strata.

A straightforward example is the rotation group SO(3) in its three-dimensional rep-
resentation. The vector v = e, has then as little group SO(2), all the rotations in the
x-y plane. Note that the little groups are representation-dependent. E. g. in the trivial
representation, all orbits have the full group as little group. For SU(2) in the fundamental
representation, there is only one non-trivial type of little group, with the little group being
just the trivial group containing only the unit element. The reason is that for every vector
in the fundamental representation, there is an SU(2) transformation which transforms it
into a unit vector in one direction, and thus all of them are not invariant. In the adjoint
representation, there is again only a single non-trivial type of little group, but with little
group U(1), as there a phase is free.

In physics, this becomes especially important if there is a physical reason, like an
external magnetic field in a spin system, which is fixed. Then a spin system, which had
previously some higher symmetry group, will have a lower symmetry group, which is the
little group defined by the direction of the magnetic field. The little group is called in this
context also the residual symmetry group.

In general, there is an infinite number of orbits, but only a finite number of subgroups.

As an example, for the group SO(n) and vector representations there is a trivial type of
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little group given by the orbit v = 0, which has as little group the original group. All
vectors of non-zero length have only SO(n — 1) as little group, the rotations around them.
Thus all vectors of non-zero, but fixed, length belong to the same type of little group.
For symmetric rank two tensor representations, the little groups of SO(n) are different,
and the strata can be classified by the number of degenerate eigenvalues, as the spectrum
is invariant under rotations, but the ordering is not. Similar, but more complicated,
considerations apply to both more complex representations and other groups like SU(n).
Note that the orbits of a little group H are in one-to-one correspondence to the coset
G/H, as the remaining group elements will transform them into each other.

The little groups can also be characterized by the invariants of an orbit. Given any

orbit ¢, then an invariant is defined by

where D(g) is any group element. Thus, the action of an invariant on an orbit is invariant
under any group transformation. E. g., once more the length of a vector for SO(n) is such
an invariant. As noted, there can be multiple invariants, which can be labeled by an index.

It is possible to ask what are the extrema of the invariants with respect to the orbits,

210) _,

99
that is which orbits maximize the invariant. The solution to this question is known as
Morse theory. E. g., for the length of a vector, I(¢) = ¢'¢, the only extremum is the
trivial vector ¢ = 0.

Since in physics potentials in the Lagrangian (or Hamiltonian) formulation are in-
variants of the symmetry groups, often but not always the second-order invariant, Morse
theory is actually equivalent to looking for extrema, and thus (metastable) equilibrium
of potentials. Since potentials often also break some larger group to a smaller group, the
question thus turns into the question of finding the little groups, and types of little groups,

given some higher-order invariant.

4.3 Yang-Mills theory

It is now possible to generalize Maxwell theory to the basic building block of essentially all
gauge theories, Yang-Mills theory. This is done by upgrading the gauge fields of Maxwell
theory to a tensor product of a vector field times a Lie algebra. This will be done here
for an arbitrary gauge algebra, though the dimension of the algebra will be referred to as

colors. Specializing the gauge algebra will then define a concrete gauge theory. E. g. for
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QCD it is su(3). Effectively, the gauge field will assign for each point in space-time for
every direction an element of a Lie algebra.

How this happens is actually rather direct. In Maxwell theory, the gauge fields were
a product of the (trivial) generator of u(1), being 1, and the gauge field A,. Thus, the
vector space spanned by the u(1) algebra are just the ordinary real numbers. Thus, for
a theory including a Lie algebra the generator will be replaced by the generators of the

group, i. e., the gauge fields will be given as
Au(x) = Al(2)7, (4.8)

with the generators 7%. Note that at this point the generators are not in any specific
representation. Rather, the gauge fields are currently vectors in the vector space of the
algebra, and the A} are the components. The x-dependence merely states that a different
vector of the algebra space is associated with every space-time point. 1. e. gauge fields are
elements of the vector space spanned by the generators of the Lie algebra.

Hence, there are dim G gauge fields in a Yang-Mills theory. Most of the following can
be done essentially completely abstract, i. e. without choosing a particular representation
for the generators. However, it is usually practical to chose a representation, usually the
lowest-dimensional one. Then the 7¢ are matrices of size the lowest-dimensional funda-
mental representation. E. g., for su(/N) these are N x N matrices, like the Pauli matrices
(4.3) or the Gell-Mann matrices (4.4).

It then remains to construct a gauge-invariant action for Yang-Mills theory, which
generalizes Maxwell theory. This is again an axiomatic process, which can be motivated
by various geometric arguments, which will be discussed in section 4.4, but in the end
remain a postulate. It is experiment which vindicates the following.

Since the gauge field is now Lie-algebra-valued, so will be any gauge transformation
function being a vector in the algebra space, 7w, (x), from which the group-valued unitary
gauge transformation

G(z) = exp (igT%W,(x)) (4.9)

is obtained. Again, this does not yet specify a representation. The gauge transformation

is now defined to act on the gauge fields as
A, — GAG' +Go,GT, (4.10)
which in infinitesimal form reads for the gauge fields Aj

A% = A+ Diw, (4.11)
Dyt = 570, — gf A, (4.12)
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Note that this requires the gauge transformation (4.9) to be in the same representation
as the generators, if a representation is required. Note that (4.10) is inhomogenous, as
is the Abelian version (3.9), in the sense that a field-independent term arises. The ijb
is called the covariant derivative in the adjoint representation of the gauge group. The
adjoint stems from the appearance of the structure constants. Note, however, that this is
a relation in terms of coordinates in the algebra space, and is not yet requiring a choice
of representation.

There are two remarkable facts about this. On the on hand, there appears an arbitrary
constant ¢ in both (4.9) and (4.12). This constant will later turn out to take the place
of the conventional electric charge as the coupling constant of Yang-Mills theory. The
second is that the transformation is no longer linear, but there appears a product, even in
the infinitesimal case, of the gauge field and the gauge transformation function w®. This
non-linearity gives rise to all kind of technical complications.

This more involved structure requires also a change of the field-strength tensor, to
obtain a gauge-invariant theory in the end. The field strength tensor of Yang-Mills theory

1S
Fu = 0, A, — 0,4, — iglA,, A)] = F70 = (0,A% — 0,A% + gf ™ Ay Au)7e. (4.13)

The field-strength tensor is again a vector in the gauge algebra. There are two more
remarkable facts about this field strength tensor. One is that it is no longer linear in
the gauge fields, but that there appears an interaction term: Gauge fields in a Yang-
Mills theory interact with each other, and the theory is even without matter non-trivial.
Furthermore, the appearance of g confirms its interpretation as a coupling constant. The
second is that a quick calculation shows that this expression is not gauge-invariant, in
contrast to Maxwell theory. The reason is the non-commutativity of the algebra-valued
gauge fields.

However, the combination

tr(F,, F*) = F% F

urs a

is. To see this, it is useful to first establish the behavior of F},,. Under an infinitesimal
transformation, it follows that the additional terms transform as
1 a a aoc C (&
gaﬂDyb "= 0,DW" + (A D! + A DY)
1 a abe c, b c b abc( Ab c c b
;(au&, — 0,0,)w" + [0, AW’ — 0, ATW) + f(AOw + A 0,w")
abc( pede Ab pe, d bde pc pe, d
T [ AAWT + AT ALWT)
_ abc 17b c
- f Fuyw )
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where it has been used that

(0,0 — 0,0, )w" = 0
(0,A5 — 9, A5 )W’ + AL’ — ASO,w + AL O,we + AW’ = (0,A5 — 9, A% )w’
(4.14)
fabchdeAZAiwd + fabcfbdeAZAi d — (fadbfceb + f‘wade)AZAiwc
abc pdeb pd pe, ¢
= ffCAL AW

Here the anti-symmetry of the structure constants and the Jacobi identity (4.2) has been
used. Note that it was essential that in (4.14) the coupling constant appearing in the
gauge transformation and in the field strength tensor was identical.

Thus it remains to form the product of the two field strength tensors. To leading order,

only one is transformed, yielding
abc b prapv, c
JOF,, P We.

Since F}, is antisymmetric in the Lorentz indices, this vanishes, since the quadratic con-
traction is then symmetric in @ and b. This implies that the field-strength tensor transforms
homogeneously under a non-infinitesimal gauge transformation, in contrast to the fields

themselves, as
F, — GF,G™",

i. e. like a similarity transformation in the algebra space.

Thus, in analogy to Maxwell theory, the Lagrangian

1 14 1 a 14
L= —te(F ") = = Fp, FY

pursa

defines a suitable gauge-invariant object, which defines Yang-Mills theory. Though it looks
simple at first, it is a highly non-trivial theory, as it includes the interaction of three and
four gauge bosons.

Another consequence of the gauge-variance of the field strength tensor is that color-
electric and color-magnetic fields are gauge-variant as well, and they can thus not be
measured: Yang-Mills theories do not manifest themselves as observable fields nor as
observable color waves. From this follows also that color charge is gauge-variant and thus
not observable, in contrast to electric charge. The only type of gauge-invariant observables
in Yang-Mills theory are bound-states, and their interactions and behavior. However, after
fixing a gauge, it is of course possible to make statements also about the gauge bosons, and
even use experiments to indirectly say something about the properties of gauge bosons in

a particular gauge. Much more will be said on this topic during this lecture.
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4.4 Yang-Mills theory as geometry

As noted in section 4.3, it is possible to attach a geometrical interpretation to gauge fields.
For this, it is best to understand a little bit more what gauge transformations and gauge
fixing really are.

The definition (4.8) is actually the statement that at every point in space a tensor in
a vector space is attached. I. e., for every point in space exists a vector in an additional
vector space. Go first back to the Abelian case. There at every point of Minkowski space
M* is also attached the vector space R?*, i. e. the total® vector space is M* x R*. The
vector x is an element of M*, and each component of the vector A, is an element of R.
Thus, A,(z) assigns to each element of M a vector of elements of R. Thus, to every point
of M* four vectors in the algebra space R are assigned.

Now, every vector space can have a basis. This basis can be chosen independently in M*
and each of the four algebra spaces R. However, as linear algebra shows, comparing vector
components makes only sense if the same basis is chosen. Basis-independent quantities, e.
g. the length, can be compared without referring to a basis.

A gauge transformation (3.9) in this picture translates the components of the vector
A, (z) independently at every space-time point. It is just a translation, as a quantity
0,9(x) is added to every component, not a rotation. Especially, none of the components
of A,(x) is mixed. Thus, a gauge-transformation is a translation in R. If g(z) would
not depend on z, everything would be simple, as this would be a global transformation,
and thus the gauge fields at different points in M* would still be comparable. But the
translation is now different at every point. Thus, because of a gauge transformation, it
is no longer possible to compare two vectors in R at different points in M*. Note that
technically in principle every vector in each R could be transformed differently, i. e. with a
vector-valued gauge transformation rather than a divergence. However, this would break
Poincare invariance in M*, and is thus not suitable to describe physics.

In this view, the covariant derivative in section 4.5 will play an important role, as it
will be seen to just compensate for these translations. But before going there, it is useful
to have a closer look still at Maxwell theory.

The first is the role of gauge-invariant quantities, like the electromagnetic fields (3.7-
3.8). They are constructed such that position-dependent translations in R drop out. They
are independent of the position in R, and therefore local translations do not affect them.
They are invariants in the internal vector space R.

The second, immediate, question is, what is about local rotations mixing components

3Total because here the path integral formalism is used. If an operator-based formulation would be

used in addition a state space would appear.
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of the vectors in R? Could (3.9) be extended to also include rotations? This would mix
transformations in M* and R. Obviously, electromagnetic fields would not be invariant
under such a rotation. This would contradict experiment, and therefore such rotations
should not be part of the theory. This is ensured by the theory itself: The Maxwell action
is not invariant under such rotations. Could they be added? In principle, it could be

possible to construct such a gauge theory. But so far the need did not arise.

The third question comes from the insight that if this is all about a change of basis,
why bother? Why not work exclusively with invariant quantities? After all, this is what
classical mechanics teaches: Any remaining degree of freedom is nothing but a redundancy
which can be eliminated by passing to suitable generalized coordinates. And classical
electrodynamics shows that is indeed possible. The answer to this is one of practicality.
In fact, it is possible to eliminate gauge fields altogether. Some things have even been
calculated in this way, especially the infamous Aharanov-Bohm effect. But in general,
especially when going to Yang-Mills theory, this becomes practically essentially impossible.
Thus, introducing redundancy by having gauge fields as auxiliary degrees of freedom,
paying with the appearance of the internal vector space, is practically the better choice.
Moreover, any formulation without gauge fields turns out to be inherently non-local, to
be able to include effects like the Pauli principle, entanglement, and others. While not
a real conceptual problem, this is an almost insurmountable practical one. The obvious
follow-up question is then why this kind of redundant variables, and not some other. The
answer is that this has been the one that works. Others may exist, but none has been

found making it easier.

The fourth is what the role of gauge-fixing then is. Gauge-fixing is essentially elimi-
nating the freedom of redefining the basis. Especially in a gauge like Landau gauge, where
there is one and only one solution for the gauge condition (at least perturbatively) no
freedom is left. Thus, gauge-fixing is nothing more than fixing the basis in R once and for
all. And then, of course, also a comparison of vector components makes sense. But, as
with any basis choices, physics cannot depend on it. That this choice of basis gets as in-
volved as seen in section 3.3 is merely a consequence of having to deal with the integration
over all possible coordinate systems, a feature which is due to the path integral a genuine

quantum problem.

Fifth, when passing to Yang-Mills theory, the situation becomes only technically more
involved. The simple translations of (3.9) become replaced by the non-linear transforma-
tion (4.10) in the vector space spanned by the Lie algebra. Thus, R becomes replaced
by V), the vector space of the Lie algebra. Because the geometric structure of such vector

spaces is very involved, this has a lot of technical complications, as will be seen throughout



Chapter 4. Classical non-Abelian gauge theories 47

the lecture. But on a conceptual level, this does not change anything.

Finally, it should be remarked that if one would allow for position-dependent trans-
lations in M*, this would yield general relativity. Thus, the concept coming with gauge
theories underlie the two central theories of modern physics, the standard model of particle
physics and general relativity. All of the things said here then also apply to space-time
and space-time coordinates, and it is necessary to pass to coordinate-invariant quantities.
This is already the case in classical general relativity, as much as in classical electrody-
namics. Also there one needs to work with gauge-invariant quantities, the generalization
of electromagnetic fields, and no longer with coordinates, as they are no longer physical.
How to do so at the quantum level has not yet been fully understand, and this is the
quest for quantum gravity. This is the topic of a different lecture, and thus here only the

translations in R, and its generalizations V, will be considered, and not in M?*.

4.5 Matter, representations, and coupling universal-
ity

After having the generalization of Maxwell theory for the gauge fields, the next step is to
generalize section 3.5. L. e., introducing matter interacting with the gauge fields, just like
electrons do with the electromagnetic field. In the following, it will be irrelevant, whether
the matter are (pseudo)scalars, fermions, or have other spin assignments, though this of
course influences details of the Lagrangian structure to form Lorentz scalars.

In addition, the following will use the concept of minimal coupling, which is a direct
generalization of minimal coupling in QED, i. e. it will work using a covariant derivative
only slightly generalized from the QED version. While there may be other possibilities to
introduce gauge theories so far this is the only type consistent with any experimentally
known theory. For this reason, this lecture is exclusively devoted to this class of gauge
theories. They are also arguably the simplest version, and still more than complicated
enough to be not fully understood until today.

QED is an Abelian gauge theory. For an Abelian group structure, every irreducible
representation is one-dimensional. I. e. everything boils down to sets of independent
functions, not vectors. Thus, everything ultimately boils down to allow for phase rotations
of the matter fields under a gauge transformation, ¢ — €9“®) . where g is some arbitrary
constant. This implies that ¢ needs to be complex. In fact, from the vantage point of
global symmetries of section 3.1, this is having a global U(1) symmetry, and making it

local. This is indeed also the usual way of creating a gauge theory: Take a matter theory
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with global symmetry, and making the group, or some subgroup of it, local*. Now, any
generalization of phase transitions will still leave combinations of the type ¢f¢ invariant
under a gauge transformation, but not a kinetic term involving d,,. Thus, ordinary kinetic
terms involving ¢'0,¢ are no longer gauge-invariant. But this need to be, as discussed in
section 4.4.

The origin of this problem is that J, is not only involving the field ¢ at some position
x. Because of the limiting procedure defining a derivative, it also involves information
from some nearby region. But because of the gauge freedom, the coordinate systems
even at two nearby points can be different. And because the field changes under gauge
transformations, it is like vector components, and they can only be combined if calculated
in the same coordinate system.

It is thus necessary to somehow compensate for the possible change of coordinate
system. Go back to QED. This can be achieved by introducing again a covariant derivative
D,,, which has the property that under a gauge transformation it behaves as D,¢ —
eigw(“*’)DuQﬁ, i. e. that applied to the field the whole object transforms as a field. Then,
the combinations appearing in kinetic terms become again gauge-invariant. Because of
this the covariant derivative is also called parallel transporter, because it makes the field
comparable.

This requires that the covariant derivative itself transforms as
D, — eig“(m)DHe*igw(x).
If it would be just the ordinary derivative, this would yield
909, e~ = 9, —igd,w().

Thus, a mismatch J,w(x) arises. But this is precisely of the same form as (3.9). Thus, a
covariant derivative defined as
D, = 8, +igA, (4.15)

has exactly the desired properties. Because this implies that the gauge field connects the
nearby points to compensate for the change of coordinate system, the gauge field is also
called connection in a more mathematical context. And this is exactly what appears also in
(3.26), in QED. It should be noted that the constant g has been arbitrary, but parametrizes
the strength of the coupling between the gauge field and the matter field. However, as

long as the constant is the same for the gauge transformation and the covariant derivative,

4If a subgroup is made local, and the original group was not simple, some global group remains.
However, this will not be relevant throughout most of this lecture, but plays a very important role in
actual theories.
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it is arbitrary, and needs to be measured to be fixed. At the same time, it can be different
for different matter fields.

This is the procedure of minimal coupling: Chose a matter field with global symmetry
group, gauge the symmetry group or a subgroup, and fill in covariant derivatives with
couplings taken from experiment. That’s it, this is how the standard program for con-
structing a gauge theory from a non-gauge theory works. It should be noted, however,
that even if the gauge fields are redundant degrees of freedom, the ungauged and gauged
theories differ qualitatively. If passing to appropriate generalized coordinates it is not the
ungauged theory, which arises, but a more complicated one. Moreover, the matter fields
are now gauge-dependent. Thus, just as the gauge fields themselves, they depend on a
choice of coordinate system, and are hence no longer physical degrees of freedom, as they
were in the ungauged theory. How to remove the gauge field again will be discussed later,
and what then are physical degrees of freedom.

The recipe to put matter into Yang-Mills theories is quite similar, but for two impor-
tant details. The first is that a non-Abelian gauge theory has many different irreducible
representations, and especially many higher-dimensional ones. It is thus necessary to chose
the representation for the theory with the global symmetry. Any choice is possible, and
experiment will dictate which one is necessary.

Choosing some representation R, this representation is n-dimensional. The generators

in this representation are then N n x n matrices 7%, and group elements can be written

as exp(igrfw,(r)/2). The factor 2 is here a convenient normalization. Any matter field is

then an n-dimensional vector® ¢;. A gauge transformation then acts as
R
b; — (exp <zg%wa(:c))) b;. (4.16)
ij

Note that this is still a translation in the vector space spanned by the algebra, but in the
vector space of the representation, i. e. in which the matter fields are defined, this is a
(kind of) rotation. There can be multiple matter fields, each of which can be in a different
representation. However, as will be seen below, the constant g in (4.16) is needed to be
the same.

Just as before, combinations like ¢l¢, are invariant under such transformations, but
$10,¢, are not, and require the introduction of a covariant derivative. This covariant

derivative is defined as
ij ij -9 sa ij
D)} =609, — Z§AM(Tf) J.

5Depending on algebra and representation this vector can be real or complex, which will not matter
here.
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The important difference to the covariant derivative in the QED case (4.15) is that here the
same coupling constant g appears as in the Yang-Mills field strength tensor (4.13). This
is the second important difference to the Abelian case, and is called coupling universality.
The reason is that in the gauge transformation of the Yang-Mills field (4.11) the covariant
derivative in the adjoint representation appears, which also involves the coupling constant.
This term is absent in the Abelian case, as the structure constants vanish for an Abelian
gauge theory.

To see that this is necessary, consider the fundamental case. Assume that there would
be a difference, and the matter would couple with the coupling constant ¢ instead of g. For
good measure, also allow that the gauge transformation for the matter could be modified

by some factor. Then

i q a__a
<5J6M QAM w) ( ik iz T]ka>
_ kg, ! A + P2 (9,0" + ab,) + qA““ kot —
= 3 W 2 787 kab

ab_a b
Tij D Ti0

w '
p=Z 1 1
=7 5”“@— A“ p + A“ “T]bka — qf“bcAu T —2(;7'&@1’8“

=9 ik Zgaaga b, b b
= 0"0, — _A,uTik+ 2Au TR + 17070,

) 1
(5,j + QTZ]a ) (@»,ﬁu gAM ]k)

Thus, the gauge transformation needs to be of the form (4.16) and the coupling constants

need to be the same.

This has very far reaching consequences for any particle physics theory. It determines
that the interaction strength of the gauge bosons and between the matter and the gauge
bosons is uniquely related. This is a unambiguous prediction, which is experimentally
testable. The other is that not every classical non-Abelian gauge theory can be consistently
quantized, as will be discussed in chapter 9. The latter has, e. g., implications to the
equality of the electric charges of electrons and protons, as is discussed in the lectures on
electroweak physics or physics beyond the standard model.

In much of the following, the gauge algebra/group will be su(N)/SU(N) with matter in
the fundamental representation. This is the situation encountered in the standard model.
It is also technically often the simplest case. A generalization to arbitrary representations
and gauge algebras/group is usually straightforward, often just a replacement of numerical
factors and constant matrices.

There is one important distinction to note. If a representation is not complex, as

is the case for all representations of SU(N > 2), but (pseudo)real, matter particles and



Chapter 4. Classical non-Abelian gauge theories 51

antiparticles are not independent. Rather, they are the same, possibly up to a phase. This
will play an important role in section 7.3.2, where physical states, especially bound states,
will be constructed.

It has also a second implication, if there are multiple fields in the same representation.
If there are multiple fields in the same representation and with otherwise the same quantum
numbers they can be transformed into each other by an additional symmetry transforma-

6. This is called a flavor symmetry’. The group associated with this symmetry will

tion
depend on whether the gauge group representation of the matter fields is complex, real,
or pseudoreal. If the matter is fermionic, this flavor symmetry can also be combined with
the corresponding chiral symmetry in different ways, depending on the type of represen-
tation. However, as this is otherwise not part of the gauge symmetry, and the possibilities
quickly proliferate, this issue is treated in lectures for particular implementations of gauge

theories.

SProvided no other terms in the Lagrangian, like mass-terms or non-gauge interaction terms, break
this symmetry explicitly.
7Or, especially when it comes to the Higgs, custodial symmetry.



Chapter 5

Perturbative quantization of
Yang-Mills theory

So far, Yang-Mills theory was treated entirely classically. It is now time to quantize it.
In principle, this would appear to be a straightforward extension of section 3.3. However,
this is not the case, for two reasons. The first is the appearance of the self-interaction in
(4.13). This will require additional steps, and will ultimately lead to the introduction of
auxiliary fields. The other is that the non-Abelian nature will introduce a problem when
constructing the non-Abelian Faddeev-Popov determinant (3.16), as (3.14) will turn out to
be a far more non-trivial statement. This second set of problems turn out to be actually
not appearing in perturbation theory. Therefore, to deal with one problem at a time,
here only a perturbative quantization, i. e. only valid when doing perturbation theory,
will be done. The extension beyond perturbation theory will be done in chapter 7. This
makes sense, as essentially all the concepts introduced in the perturbative quantization will
find their counter-part beyond perturbation theory, but at the expense of more technical

difficulties. Thus, such a two-stage approach is particularly suitable for concept building.

5.1 Quantization

For the same reasons as for Maxwell theory in section 3.3 also in Yang-Mills theory flat
directions appear. As there, different possibilities are available to cope with the problem,
of which gauge-fixing will be the method of choice here. As in the case of Maxwell theory
this will be restricted to gauge conditions, which will not involve the matter fields in a

manifest way. Thus, the following is the same for any matter content of the theory!, and

!Examples of gauge conditions which involve the matter fields explicitly are discussed in the lecture

on electroweak physics.

52
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the matter fields need not be included explicitly. Furthermore, only the class of covariant
gauges will be discussed in detail, though other (non-covariant) gauges have also been
studied intensively in the literature, e. g. Coulomb or axial gauges. As they introduce a
host of additional technical complexities, without yet any obvious and simple gains, this
topic is beyond the scope of this lecture.

The first step is again to select a gauge condition, but this time one for every gauge
field, C*[A%, 2] = 0, e. g. again the Landau gauge® C* = 9" A%. The next steps are then
the same as for QED, only keeping in mind to drag the additional indices along, and that
the integration over gauge transformations is now performed using the Haar measure. This

continues until reaching the expression
7 = /DG/DAZA[AZM(C“[AZ])exp(iS[AZ]) (5.1)

in which for QED A could essentially be absorbed in the measure. For non-Abelian gauge

theories, this is not possible. For a non-Abelian gauge field, the functional A is given by?

0C*[A,, x])

A[AL] = (det 50°(y)

) = det M (z, y). (5.2)
ca=0

with the non-Abelian Faddeev-Popov operator M®.

A more explicit expression is again obtained using the chain rule

Mab(l‘,y) o 5Ca<l’) :/d4z(sca($)5AZ(Z)

36" (y) A (2) 06°(y)
4 0C () o _ 00 (x) e
/d z5AfL(Z) Dyo(y —2) = 52 () Dy (y). (5.3)

The important difference to the Abelian case (3.17) is the appearance of the covariant
derivative instead of the ordinary one. As a consequence, the gauge field itself appears in
the Faddeev-Popov operator for any gauge condition®. This is what makes it impossible
to get rid of the Faddeev-Popov determinant in the same way as in Maxwell theory.

To proceed further, a choice of C'* is necessary. This will again be covariant gauges,
selected by the condition C, = D, + A,(= 0,A% + A,) for some arbitrary functions A®.

2For simplicity, here only gauge conditions linear in the group indices are used. Of course, in general

gauge conditions can also depend on gluon fields with a different index than their own.
3This determinant can be zero outside perturbation theory, see again section 7.1.
4The covariant derivative has even perturbatively zero modes, and can thus not be inverted to get rid

of this problem.



54 5.1. Quantization

The path integral then takes the form
Z = /DA“DAZ exp ( % d*rA“A ) det M6(C) exp(iS)

= /DAZ det M exp (’LS - —/d4 DD ) (5.4)

for a Gaussian weight, and the d-function has been used in the second step. The arbitrary
parameter £ is again called the gauge parameter. As the remaining determinant of the
Faddeev-Popov operator is a highly non-local object, the current expression is unsuited
for most calculations.

This determinant can be recast, by introducing auxiliary fields, as an exponential.

Using the rules of Grassmann numbers it follows immediately that

det M ~ /DCGDEG exp <—i/d4xd4y5a(a:)M“b(a:,y)cb(y)) : (5.5)

where the auxiliary (Faddeev-Popov) ghost and antighost fields ¢ and ¢ are Grassmann-
valued scalar fields. Note that ¢’ = ¢ and (i¢)" = i¢ holds, and there is no relation between
ghost and antighosts, despite their (historic) names®. Since the ghosts are just auxiliary
fields, Spin and Grassmann parity assignments are not at odds with the spin-statistics
theorem. As a consequence the sign of the kinetic term of the ghosts is wrong compared
to ordinary scalars, a sign of this unphysical spin-statistic relation. If the condition D* is
local in the fields, the Faddeev-Popov operator will be proportional to é(x — y), and the
ghost action will become local.

It is furthermore often useful to introduce an additional auxiliary field, the real, scalar

Nakanishi-Lautrup field b*. This is obtained by rewriting

exp( 5 d*zD*D ) /Dba exp< /d4 <§baba +baD“)) .

Upon using the equation of motion for the b field, the original version is recovered.

The final expression for the gauge-fixed path integral then reads

= /DAZD()“DC“DE“ exp (iS + /d4:c (gbaba + baD“) — /d4xd4y5“(a:)M“b(x,y)cb(y)) .
(5.6)
Choosing the gauge D* = 9" A}, = 0, this takes the form

= / DA DY Dc*De” exp (iS+z’ / d'x (gbaba +b“8uAg) — 1 / d4xc“8“DZbcb) :

5Though there is a relation in Landau gauge, but not in general covariant gauges.
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Furthermore, the ever-so popular Landau gauge corresponds to the limit & — 0, as this is
corresponding to the case where all of the weight of the weight-function is concentrated
only on the gauge copy satisfying 0" A}, = 0. However, in principle this limit may only be
taken at the end of the calculation.

To return to QED, it is sufficient to notice that in this case
b b
Dy ¢” — 0,9,

and thus the ghost term takes the form

—1 / d*rct 9% .

Hence, the ghosts decouple, and will not take part in any dynamical calculations. However,
their contribution can still be important, e. g., in thermodynamics. The decoupling of the
ghosts is not a universal statement. Choosing a gauge condition which is not linear in the
gauge fields will also in an Abelian theory introduce interactions.

This program can be performed in a much more formal and general way, the so-called
anti-field method. This will be introduced in section 5.3. It is also possible, but much
more tedious and less developed, using canonical quantization. This will therefore not be
done in this lecture.

To include matter fields requires just to add their contribution to the Lagrangian, and
to integrate over them, as they have not been involved in the gauge-fixing procedure, just
like in section 3.5. Also, the same applies for gauge-dependent correlation functions as for

the Abelian theory in section 3.4.

5.2 BRST and asymptotic states

As stated, the chromoelectric and chromomagnetic fields themselves are no longer physical
in a Yang-Mills theory. It thus requires some other method to identify physical degrees of
freedom, and a more general construction of the physical state space is required.

A possibility to establish the physical state space is by use of the BRST (Becchi-Rouet-
Stora-Tyutin) symmetry, which is a residual symmetry after gauge-fixing. Perturbatively,
it permits to separate physical from unphysical fields. In the so-called Kugo-Ojima con-
struction it is attempted to extend this construction beyond perturbation theory, though
whether this is possible has not yet been settled. In fact, there are many more issues to

be considered beyond perturbation theory, which will be addressed in chapter 7.
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5.2.1 BRST symmetry

The starting point for the discussion is the gauge-fixed Lagrangian with Nakanishi-Lautrup
fields included
oD®

1 §
= __Fo pm
c + S

it

b2, + b Dy — / d* 21 (2) ——=DPuy(2).

Herein the gauge condition is encoded in the condition C* = D®[A,, z] — A%(x) = 0.
Furthermore, matter fields are ignored, as they will not alter the discussion qualitatively.
Their contributions will be reinstantiated later.

Gauge-fixing actually did not fix the gauge completely. One freedom is that if D* =
D“[AZ] only depends on gauge fields of the same color a explicitly there is a global gauge
transformation still possible, i. e. a space-time independent rotation G # G(x). This just
states that there is no global color direction preferred by the gauge choice.

But there is also another symmetry. As will be seen, it is related to the fact that
covariant gauges, except for Landau gauge, average over gauge copies. The symmetry will
be related to gauge transformations between two different copies over which is averaged,
accompanied by a readjustment of the Jacobian, and thus the ghost fields. It is hence a
global symmetry, as the averaging was not done in a space-time-dependent fashion. This
will be the BRST symmetry. The existence of this symmetry is far from obvious.

It is here best to work backwards, i. e. starting from the known form of the BRST

symmetry. The associated infinitesimal BRST transformation dp is defined as

oA, = ADSuy = AsAL (5.7)
opu® = —)\gf“bcubuc = Asu® (5.8)
Sl = A\ = Asii® (5.9)
5 b —0= Asb?. (5.10)

Herein, A is an infinitesimal Grassmann number, i. e., it anticommutes with the ghost fields.
This is a very different form than usual symmetries, which involve only non-Grassmann
parameters, and has thus some quite unique properties.
As a consequence, this so-called BRST transformation s has to obey the generalized
Leibnitz rule
s(FQ) = (sF)G + (—1)Grassmann parity of F pos

with Grassmann parity of an object is 1 if it is Grassmann odd, i. e. contains an odd
number of Grassmann numbers, and 0 otherwise.
Showing the invariance is simple for the classical Lagrangian, as the transformation

for the gauge boson is just an ordinary gauge transformation with gauge parameter Au®,
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which is an ordinary real function. This is the manifestation of what has been said above
that this is a transformation between the different gauge copies.

That the remaining gauge-fixing part of the Lagrangian is invariant under a BRST
transformation can be seen as follows. The quadratic term in b is trivially invariant. The

second term from the gauge-fixing part transforms as

oD* oD®
a a 4 b _ 10 4 be
s(bDa)—b/dy5 bsAu—b/dyé =D,
Ay Ay

To determine the transformation of the ghost-part, there are four components on which

the transformation acts. The first is when s acts on the anti-ghost. This yields

— 5Da be 5Da be
—s(tq(x)) /d4z5A,’§ Dfuc(z2) = _ba/d4Z5A;‘, Dfuc(z).

It therefore precisely cancels the contribution from the second part of the gauge-fixing
term.

The next is the action on the gauge-fixing condition,

oD* oD*
4 be . 4 4 d be
/d ys <5A,’§(y)> Dby, = /d yd Z—éAlb,(y)éAg(z) (sA(2)) Dyfue(y)
oD*

_ 4 4
= / T S A ()6 AT ()

In linear gauges, like the covariant gauges, it immediately vanishes since the second deriva-

de be o
Dyfuc(2)Dyfuc(y) = 0.

tive of the gauge condition is zero. In non-linear gauges, this becomes more complicated,
and in general requires the exploitation of various symmetry properties, depending on the
actual gauge condition.

The two remaining terms can be treated together as
s(DfPup) = Ousu® — gfL((sAS ) uy + A suy)
= _gau(fabcubuc) — 9D uguy — gf foge ASuu’
= 21 Oulu) — 2uptte — 29 (FL A gty + 9, A uguc)).

The first two terms cancel each other, after adequate relabeling of indices. The last two
terms can be rearranged by index permutation such that the Jacobi identity can be used
so that they vanish as well,

= gf“bc(uba“uc + (0" up)ue — 2updtuy)

+g(ff e Aluguy + f fE AL uquy + FFC A uque)
— (b e Aty gy + 9% £ Ay gy 4 £ FA0 Aty )
= GU S S S ) Ay = O,
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for which a number of index rearrangements and relabellings are necessary, taking always
the Grassmannian nature of the ghosts duly into account. Hence, indeed the gauge-fixed
Lagrangian is BRST-invariant.

An amazing property of the BRST symmetry is that it is nilpotent, i. e., s> = 0. This
follows immediately from a direct application. The previous calculation already showed
that

0= s(Dzbub) = SQAZ.
It is trivial for the anti-ghost and the auxiliary b* field by construction. For the ghost it

immediately follows by
SQUG ~ S(fabcubuc) ~ fabcfbdeudueuc - fabcfcdeubudue = fabc]cbde (udueuc + ucudue) = 0.

The last step is not trivial, but follows from the fact that the ghost product is Grassman-
nian in nature, and only non-zero if all three indices are different, and thus behaves as an
anti-symmetric tensor €.ge.

There is even more possible. It holds that the gauge-fixing part of the Lagrangian can

b~ (e (G -
o f a a — / 4 5Da be
= 2b*, +b*D, + 1, dyéAZ(y)D“ub(y)'

2
Hence, the gauge-fixing part of the Lagrangian is BRST-invariant, since s> = 0. This can

be written as

be generalized to other gauge conditions by adding arbitrary so-called BRST-exact terms
s(u®F,) with F* arbitrary to the Lagrangian. The factor of @ is necessary to compensate
the ghost of the BRST transformation, since any term in the Lagrangian must have a
net number of zero ghosts. This extension leads to the so-called anti-field formalism for
gauge-fixing, which will be discussed in more detail in section 5.3.

The BRST transformation for matter fields also take the form of a gauge transformation
with the parameter Au®. Therefore, all matter Lagrangian contributions automatically
satisfy invariance under a BRST transformation. For a fermionic or bosonic matter field

¢ in representation 7% it takes the form

0pdt = Nigu'r,;

So = igris(uiey) = igrid (L uuad; +igunthot) ~ gt {7 7} uand; =0,
where in the second-to-last step the relation between structure constants and generators

has been used backwards, permitting to combine both terms into the symmetric anti-

commutator. The combination with the anti-symmetric ghost product yields then zero.
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5.2.2 Constructing the physical state space

The following discussion shows how to explicitly construct the state space using BRST
symmetry. It extends thereby the Gupta-Bleuler construction of QED, and it can be

directly extended to include also matter fields.

5.2.2.1 Negative-norm states

The first concept in constructing the physical state space is the realization of the presence
of states which do not have a positive norm. The simplest example is already given in
Maxwell theory. Choose, e. g., Feynman gauge, i. e. £ = 1. The corresponding propagator
is then given by Gaussian integration as

. d4p eiP(z—y) . d3p o e,
MMmAxw>=5%W/f—7 . z_awW/LT___em<y»

2m)4 p? + e 2(2m)3|p]

The norm of a state

¥ = [ @) an(o) 0) = [ TEELemm ) A0(a) 0]

with f(z) an arbitrary weight function, created from the vacuum by the operator A, then

reads
v = [t [ @yl s @ - - [ 2160 <o

Hence, there are negative (and zero) norm states present in the state space. These cannot
contribute to the physical state space, or otherwise the probability interpretation of the
theory will be lost. Or at least, it must be shown that the time evolution is only connecting

physical, i. e. with positive definite norm, initial states to physical final states®.

5.2.2.2 BRST algebra

That they indeed do not contribute can be shown using the BRST symmetry. In fact, it
will be shown that

QB V) s = O, (5.12)
[QBaw]i = s

6The precise characterization of what is a final state beyond perturbation theory is open. One pos-

sibility, discussed before, is a non-perturbative extension of the construction to follow. Another one
characterizes all physical states by the necessary condition to be invariant under renormalization - after
all, physics should be independent of the scale at which it is measured. However, whether this condition
is sufficient, in particular beyond perturbation theory, is also not clear. Bound states with non-zero ghost
number, e. g., may also possess this property, though may not be viable physical states.
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will be sufficient to define the physical state space, where the second line defines the BRST
charge (). The + indicate commutator or anticommutator, depending on whether v is
bosonic (commutator) or fermionic (anticommutator). The BRST charge Q5 can also be

defined from the Noether current. It is given by
3 ab a 1 abc —
Qp = | &’z | b, Dy up — u,0pb" + agf UpteOplg | -

It is fermionic. Since s* = 0 it directly follows that Q% = 0 as well.

The BRST charge has evidently a ghost number of 1, i. e., the total number of ghost
fields minus the one of anti-ghosts is 1. This ghost number, similarly to fermion number,
is actually a conserved quantum number of the theory. It is due to the invariance of the

Lagrangian under the scale transformation

u* = e*u”

= e e,
with real parameter a. Note that such a scale transformation is possible since u* and u®

are independent fields. Furthermore for a hermitian Lagrangian the relations

UT:U

= —a

hold, as noted above. This symmetry is a new symmetry, in contrast to the residual global
color symmetry and BRST symmetry itself. It is not related to a gauge transformation,
as it does not change the gauge fields, it acts as an identity transformation on them. Its
origin is that an additional auxiliary degree of freedom has been introduced with the ghost
fields, their relative length. Hence, the relative length of the ghost fields is a redundant
degree of freedom, and could be integrated out without affecting the physical content of
the theory. In reality, this reduces again practicality, and it is not done.

As a consequence of the presence of this symmetry, also the BRST transformation and

charge have ghost number 1, and are Hermitian. Together, they form the BRST algebra

{@prsT; @BRST} = 0 (5.13)
[iQc, Qrst] = Qprsr (5.14)
[iQc,iQc] = 0 (5.15)

as can be seen from an explicit calculation.
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5.2.2.3 State space

Since the Lagrangian is invariant under BRST transformation, so is the Hamiltonian, and

therefore also the time evolution and thus the S-matrix,

@p,H] = 0
[@p,S] = 0.

Hence, if in fact the BRST symmetry is manifest”, and the condition (5.12) defines the
physical subspace that is already sufficient to show that physical states will only evolve
into physical states. It remains to see what kind of states satisfy (5.12).

Because the BRST charge is nilpotent the state space can be separated in three sub-

spaces:
e States which are not annihilated by Qg, Vo = {|¢) |Q5 |¢¥) # 0}.

e States which are obtained by Qg from Vo, Vo = {|¢) | |¢) = Qp ), |¥) eVa}. As a

consequence QpVy = 0.

e States which are annihilated by @p but do not belong to Vg, Vi = {|x) |@s|x) =
0,1x) # @B ), V[¢) €Va}.

The states in V5 do not satisfy (5.12), and therefore would not be physical. The union of

the two other states form the physical subspace,
Vo= Vo UV,

It is this subspace which is invariant under time evolution. It is not trivial to show that
all states in this space have positive semi-definite norm, but this is possible. This will be
used here without proof. However, all states in Vj have zero norm, and have no overlap
with the states in V7,

(o) = (0lQBlY) = 0
(dlx) = @|@slx) = 0.

Since matrix elements are formed in this way the states in V{y do not contribute, and every

state in V}, is thus represented by an equivalence class of states characterized by a distinct

"The consequences of a not manifest BRST are far from trivial, and the non-perturbative status of
BRST symmetry is still under discussion, though there is quite some evidence that if it can be defined it
is well defined. But how to define it is not finally settled.
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state from V) to which an arbitrary state from V; can be added, and thus a ray of states.

Therefore, the physical Hilbert space H, can be defined as the quotient space

Ker@Qp
Il’IlQB ’

the so-called cohomology of the operator (). Therefore, all states in H), have positive

Hp:%/VO:

norm, provided that the states in V; have.

It is useful to introduce the notation that an element of the kernel of a nilpotent
operator is called closed or a cocycle. Thus, a closed element vanishes when acted upon
with the operator. An element in the image of a nilpotent operator is called exact or

coboundary.

5.2.2.4 Asymptotic space

To define the theory in the vacuum, use can be made of asymptotic states, in perturbation
theory usually known as in and out states. A corresponding physical asymptotic state ¢

must therefore obey
sy = 0.

In the following, the classification of the fields will be done in this form for perturbation
theory. In this case, this will finally amount to discarding essentially all composite fields.
Beyond perturbation theory, this is no longer possible, as cluster decomposition in general
no longer holds in gauge theories. How to proceed beyond perturbation theory is not yet
completely understood, see chapter 7.

To obtain the asymptotic fields, start with the BRST variation of a given Green’s
functions. Asymptotic states are defined to be the pole-part of the asymptotic field. To

obtain these, consider a propagator

(T'(s9i) k) -

In this case, the indices 7 sum all space-time and internal indices and 7T is the time-ordering.
Since in perturbation theory all interactions are assumed to cease for asymptotic states,

the BRST transformation become linear in the fields

S"Lpl’ — S"Lpg = zkwg

Furthermore, by comparison with the previous calculation, the coefficients can be defined

as
1 152
Ca (Topr) = (T (s1ps)r) = mmzm
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at least asymptotically. Note that the source coupled to si; is necessarily the one for a
composite operator. Since in this case the Green’s functions will be dominated by the
on-shell (pole) part, only those coefficients will be relevant where si; and 1, have the
same mass.

The interesting question is then the form of these asymptotic propagators appearing.

In case of the gauge field

A (o) = [ alyRy o)), (5.16)

where the index a stands for asymptotic. That only u appears is due to the fact that the
ghost is the parameter of the BRST transformation. The propagator then has the form

Rab <T Aaa b> _ <TAaa > )
The later identity is correct, since
s(AB) = (sA)B+ (—1)? AsB (5.17)

and the fact that a physical vacuum expectation value for any pure BRST variation, s(AB)
vanishes, (s(AB)) = 0. It then follows further

—(nﬁw>:—%<TAyﬁ> —<TA%¥>@w:gDﬁ¢m (5.18)
where it was assumed in the second-to-last step that the gauge-fixing condition C'* is linear
in the field, C% = ¢*“A”, and the appearance of partial derivatives has been compensated
for by a change of sign. This is therefore a statement for all contributions not-orthogonal
to ¢

Now, because of Lorentz and (global) gauge invariance, it must be possible to rewrite

RS = 60, R.

Therefore, asymptotically

a 1 ac v a

5%R_EQWC——@4ﬁ> (5.19)
must hold. The gluon propagator is asymptotically the free one. The right-hand side
equals precisely the mixed propagator of the free A, and b field. This one is given by
§%9,6(x — y), as can be read off directly from the Lagrangian. Therefore, R = §(x — y)

to obtain equality. Reinserting this into (5.16) yields

SAZ“ = J,u".
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For the ghost the asymptotic BRST transformation vanishes, since its BRST transform is
of ghost number 2. There is no single particle state with such a ghost number. The BRST
transformed of the anti-ghost field is already linear, yielding

SAZ“ = Jyu”
su™ = 0
—aa aa
su = b
sb* = 0,

for the full list of asymptotic BRST transformed fields. Unsurprisingly, these are exactly
the BRST transformations of the free fields.

From this follows that the longitudinal component of A,, since 0, gives a direction
parallel to the momentum, is not annihilated by s, nor is the anti-ghost annihilated by
the BRST transformation. They belong therefore to V5. The ghost and the Nakanishi-
Lautrup field are both generated as the results from BRST transformations, and therefore
belong to Vj. Since they are generated from states in V5 it is said they form a quartet with
parent states being the longitudinal gluon and the anti-ghost and the daughter states being
the ghost and the Nakanishi-Lautrup field. Therefore, these fields not belonging to the
physical spectrum, are said to be removed from the spectrum by the quartet mechanism.
Note that the equation of motion for the field b#* makes it equivalent to the divergence of
the gluon field, which can be taken to be a constraint for the time-like gluon. Therefore,
the absence of the Nakanishi-Lautrup field from the physical spectrum implies the absence
of the time-like gluon. Finally, the transverse gluon fields are annihilated by the BRST
transformation but do not appear as daughter states, they are therefore physical. In
general gauges, the second unphysical degree of freedom will be the one constrained by the
gauge-fixing condition to which b is tied, while the two remaining polarization directions,
whichever they are, will belong to V;.

Of course, the gauge bosons cannot be physical, since they are not gauge-invariant.
Therefore, their removal from the spectrum must proceed by another mechanism, which
is therefore necessarily beyond perturbation theory. A proposal for a similar construction
also applying to the gauge bosons has been given by Kugo and Ojima, though its validity
has not yet satisfactorily been established, see chapter 7.

The introduction of matter fields ¢ follows along the same lines. It turns out that all
of the components belong to Vi, i. e., sv = 0, without ¢ appearing on any right-hand
side, and therefore all matter degrees of freedom are perturbatively physically. This can

be directly seen as their gauge, and consequently BRST, transformation is

o = iguTib;,
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and hence its free-field (g = 0) result is sy = 0. This is expected, since no asymptotic
physical bound-state with ghost and fermion number one exists.
Similar as for the gauge boson, this cannot be completely correct, and has to change

non-perturbatively.

5.3 General anti-field approach

The previous construction can be generalized in a way which is both illuminating the
underlying structures more as well as is useful in many practical calculations, especially

in more complicated theories. This is the so-called anti-field formalism?®.

5.3.1 Structure of gauge symmetries

To start out, it is useful to generalize the concept of gauge theories. In fact, to handle the
types beyond the Yang-Mills type requires a formulation like the antifield formulation, at

least as far as has been established.

5.3.1.1 Yang-Mills type

The type encountered so far was the Yang-Mills type with gauge transformation

At(z) = A%(x)+6.A° (5.20)
S AN () = Dye™(x) = Oue + [ AL (@), (5.21)

i

where €°(x) is a set of arbitrary functions, the gauge parameters. In these theories, the

commutator of infinitesimal gauge transformations reads
[0.,6,] X = 0eX, &%= fo ebn° (5.22)

with €, n, £ are gauge parameters and where X can be any field. It follows that the
algebra of the gauge transformations closes, i. e. is valid, off-shell as the commutator of
the gauge transformations is again a gauge transformation of the same type. Alternatively,
this could be stated in the form that the algebra holds for any values of the fields.

8This section follows strongly A. Fuster, M. Henneaux, A. Maas, “BRST Quantization: a short review”
(Int. J. Geo. Meth. Mod. Phys., Vol. 2, No. 5 (2005) 939-963, hep-th/0506098).
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5.3.1.2 Closure only on-shell

Off-shell closure holds for Yang-Mills gauge theories but is not a general feature of gauge
systems. The gauge transformations might close only when the equations of motion hold.
Notable examples where this is the case are extended supergravity theories. Rather than
discussing the gauge structure of supergravities, which is rather intricate, “closure only
on-shell” is illustrated in the case of a much simpler (but of no direct physical interest)
system. Start with the Lagrangian

1, . i i 1.
L= 5((11 — ¢ =% = §y2, y=q¢-¢—-¢ (5.23)

for a model with three coordinates ¢!, ¢* and ¢3. £ is invariant under two different sets of

gauge transformations, which can be taken to be
0.¢' =e+ed’ij, 04" =¢, 6.¢° =eq’jj (5.24)

and
6" =0, 8,4 =n, 6,4°=-n (5.25)

The commutators of the gauge transformations on the fields are given by

0,6, ¢ =enii, [6.,0,] ¢ =0, [5,8,] ¢* = eni. (5.26)

From (5.23), the equation of motion for y is § = 0. Thus, the algebra of the gauge
transformations (5.24) and (5.25) is closed (and, in fact, Abelian) only up to equations of
motion, i.e., only on-shell. Otherwise, it cannot be expressed only in terms of the fields

q¢', but requires their derivatives, and thus canonical conjugated momenta, as well.

5.3.1.3 Reducible gauge theories

The gauge transformations might also be “reducible”, i.e., dependent. Consider a theory

of an Abelian antisymmetric tensor field B,, = —B Following the construction of

|77
Yang-Mills theory, the field strength tensor is now rank three and is found to be

H,,=0,B,,+0,B,,+ 0,B,,.

A Lagrangian
1
L= —EHWPH’“’” (5.27)

can be constructed which is invariant under gauge transformations

oaB, = 0.\, — O\,
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where A is the gauge parameter. These transformations vanish for a class of parameters
A, = 0,¢ (5.28)

meaning that the gauge transformations A, are not all independent. Such gauge trans-
formations are called reducible, and the corresponding gauge theory is said to be re-
ducible. Such antisymmetric tensor fields define a natural generalization of electromag-
netism, A, — B,, and occur in many models of unification. The main difference with
electromagnetism being the irreducibility of the latter.

Reducibility could be stacked. If; e. g., € in (5.28) in turn obeys some equation, this

would be a second level of reducibility, and so on.

5.3.1.4 Reducibility on-shell

The last version is the possibility that the reducibility of the gauge transformations holds
only on-shell. This therefore combines the previous two cases. Adding to (5.27) an auxil-
iary field A, leads to
1 1
L= EAM’SWPUHVW — gAuAM-
This Lagrangian reduces to (5.27) by inserting the equation of motion for A,

1 vpo
AN = g{‘:u P Hypo—.

The Lagrangian is invariant under gauge transformations of the form

0ABu = 0.\, — 0 A, (5.29)
0nA, = 0. (5.30)

Thus, nothing yet happened for the Abelian case. Upgrading this to a non-Abelian case
by considering, like in the Yang-Mills case, Lie-algebra-valued fields A, = AjT, and
B,, = B, 7, requires again to introduce covariant derivatives instead of partial derivatives,
0, — D,,. This is the so-called Freedman-Townsend model.

It can now be shown that in this model the gauge transformations vanish for parameters
A, = D,e. But now, this vanishing occurs only if the equations of motion are satisfied.
This is due to [D,, D,] < F,,, and F},, = 0 is the equation of motion for B. The theory

is said in that case to be reducible on-shell.

5.3.2 BRST construction revisited

In section 5.2.1 it was observed that the complete gauge-fixing part could be rewritten

as (5.11), i. e. as a BRST transformation of something. It is possible to generalize this
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observation, and to show that every gauge-fixing prescription can be rewritten in terms of
a BRST-exact term. This could be alternatively phrased as that it is possible to specify a
gauge by the part of the gauge symmetry it does not fix, at least at the perturbative level.

To do so, consider a gauge theory of fields ¢ described by a classical action Sy(?).
The equations of motion constrain the fields classically to certain trajectories, denoted by

Y. Now, let the action be invariant under (infinitesimal) gauge transformations
50" = Rl.e”. (5.31)

where R can contain derivatives or the fields themselves, as has been the case so far.
However, it is allowed that the gauge transformation functions e could also be Grassmann-
type, which occurs, e. g., in supergravity theories. But here this will only require to keep
track of exchanges of fields, introducing an occasional power of —1.

Assume the theory to be (on-shell) reducible, with no reducibility on the reducibility
functions. In such a case there are relations among the gauge parameters but no relations
among the relations, i. e. there exists statements like (5.28), but there are no further

relations involving the e. In general, such relations take the form?

050

with some matrices Z and C', and the on-shell relations appear due to Euler-Lagrange

equation on the right-hand side.

Pure ghost number | Anti-field number | Total ghost number
@ 0 0 0
c® 1 0 1
? 2 0 2
o; 0 1 —1
c, 0 2 -2
A 0 3 -3

Table 5.1: Quantum numbers for the different field types. The total ghost number is

defined as pure ghost number minus anti-field number.

9Note that here, and in most of the expressions in this section, J is a total derivative. Thus % =
%’5 — 6(‘;;—5) + ... where the ¢’ are partial derivatives. Thus, the sum terminates for field theories usually

after the second term, and yields the Euler-Lagrange equations, and thus the equations of motion. The
minus sign appears from the partial integration when removing the variational part of the field, just like

in classical mechanics, and leads to alternating signs in each term.
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Now, rather then to try to incorporate this into the path integral, and localize the
results using ghost fields, this will be done in reverse order. I. e., get the ghost fields first,
and show how they can be used to implement the gauge condition. For each commuting
(anticommuting) gauge parameter £ fermionic (bosonic) ghost variable ¢* are introduced.
Also introduce ghosts of ghosts ¢®, one for each (independent) reducibility identity of the
theory. The set of original fields, ghosts and ghosts of ghosts are collectively denoted
as ®4. In addition, the configuration space is doubled by adding conjugate fields with
respect to each of the ®s by introducing so-called anti-fields ®%. They are postulated
to have opposite (Grassmann) parity. Gradings, i. e. charges under the various counting
symmetries, are assigned to the various fields as displayed in table 5.1. Note that neitehr
antighost fields nor Nakanishi-Lautrup fields appear at this stage. They will be added
later.

For the following it is useful to define the antibracket for functionals of fields F(®4, ®%),
G(®4, %) as

(F.G) = SEF6LG B SRF 5LG.
IPA 0D%  JP* 9P
It is hence an extension of the usual Poisson bracket, but now involving fields and the
corresponding anti-fields instead of conjugated variables. Here L (respectively R) refers
to the standard left (respectively right) derivative. These are related as
SR oL F
5 (field) = §(field)’

_ )5ﬁe1d(5F+1)

where € denotes the Grassmann-parity.

The antibracket has the following properties:

o (F,G) = —(—1)ErtDEct) (G F) where e = 0 (1) for F bosonic (fermionic); the
anti-bracket is symmetric if both F' and G are bosonic, and antisymmetric otherwise.

e Jacobi identity, (—1)E+DEr+D(F (G, H)) + cyclic permutations = 0

e (FG, H)=F(G, H)+(F,H)G (—1)*¢Ea+t). (F,GH) = (F,G)H+G(F, H) (—1)sc¢r+1)

e The ghost number of (F,G) is the sum of the ghost numbers of ' and G

which can all be shown by straightforward explicit calculations.
The BRST transformation of any functional F(®%, &%) can be written in terms of

antibrackets,

sF = (S, F).

The generating function S(®4, ®*) of the BRST transformation is sometimes called the

generalized action. The reason for this will become evident later.
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The BRST transformation is nilpotent of order two, which takes the form
(S,9)=0.

This equation is called the (classical) master equation.

The generalized action, and thus both the BRST transformation and the solution to
the classical master equation, can be obtained constructively. It can be shown to be unique
up to canonical transformations. This construction yields a, not necessarily finite sum,

and is given by

S = So+51+S+...

Sp = classical action, S; = @IR.c™, Sy=c 2%+ ...

The proof of this statement (including the reducible case) is involved, and will be skipped,
but yields all higher terms as well. At the perturbative level S is under quite mild as-
sumptions local in the fields and their derivatives.

The solution S of the master equation is key to the BRST-antifield formalism. It can
be written down explicitly for the Yang-Mills theory and the Abelian antisymmetric model

introduced earlier. In the Yang-Mills case it is given by
S = 1 d"x F} F'" + [ d"x A™D,c* + 1 d"z ¢ f.cc (5.32)
- 4 ursa a— K 9 al be :
and for the antisymmetric Abelian tensor by
1
S = 13 /dnx H,,,H""? + /dnx B (0,c, — 0ycp) + /d"x cto,c

In those cases, the solution S of the master equation is linear in the antifields. For gauge
systems with an “open algebra”, i. e. for which the gauge transformations closes only
on-shell, or for on-shell reducible gauge theories, the solution of the master equation is
more complicated. It contains terms that are non-linear in the antifields. These terms
are essential for getting the correct gauge fixed action below. Without them, one would
not derive the correct Feynman rules leading to perturbatively gauge-independent matrix

elements.

5.3.3 Observables

It is now time to substantiate the claim

H"(s) ~ Observables (5.33)
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where the BRST differential is given by sF' = (S, F'). In particular,

§7S 518y
s@t = (5,0 = ——— =~ - (5.34)
5%, — 0P,
. .. ofS §ES
Sq)A = (S,(I)A):W: k 5(1)‘4 (535)

Note that the ghost number of S is 0, the ghost number of the BRST transformation is
1 as well as the one of the antibracket, so that the gradings of both sides of the equation
sF = (S, F) match. Again, a full proof of (5.33) is far too lengthy. Instead, only the key
ingredients that underlie it will be given.

To that end, the BRST transformations of all the variables according to the antifield

number is expanded. This leads to

s=0+7+> s (5.36)
>0
The first term ¢ has antifield number -1 and is called the Koszul-Tate differential, the
second term 7 has antifield number 0 and is called the longitudinal differential, and the
next terms s; have antifield number 7. Although the expansion stops at d++ for Yang-Mills
theory, see (5.32), higher order terms are present for gauge theories with an open algebra,
or on-shell reducible theories.

Explicitly, the Koszul-Tate differential satisfies d¢° = 0, as there is no field operator of
anti-field number -1 and d¢} = §S/d¢" . For the longitudinal differential it follows in the
same way that!’

o' = R (5.37)
Note that
0=5"=84+ {57} + (¥ + {6 s1}) + ... (5.38)

In this equation each term has to vanish separately, as each term is of different antifield
number.
Let A be a BRST-closed function(al), sA = 0. As seen already in section 5.2 the
equivalence class
A~ A+ sB. (5.39)

0Tn the following R will be assumed to be a local operator. However, in general it can contain also

integrations, i. e.
16 (@) = [ iy () o),

which would require somewhat more lengthy expressions throughout, though would change little.
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plays an important role. Since dealing with observables, the only relevant operators are of
ghost number 0, thus A needs to have total ghost number zero and B total ghost number
—1. The latter can only be satisfied, if B contains at least one anti-field. Expanding A
and B in antifield number yields

A=) Ae=Ag+ A1+ As + ...

k>0
B=Y By=Bi+By+Bs+..

k>1

Acting with s on A using the expansion (5.36) then gives
O+v+..)(A+ A1+ ...)=(vAs +04;) + ...,

where the term in parentheses collects all antifield number zero contributions. The con-
dition sA = 0 implies that this term must vanish on its own and thus vAy = —J0A;.

Furthermore,
A4+sB=A+(0+~v+..)B=(Ag+0By) + ...

where the last term in parentheses is again the antifield zero contribution. Using (5.35),

_0B10S)
L7 50 5@

0B

implies that the second term of the antifield zero contribution in A+ sB vanishes when the
equations of motions are fulfilled, i.e. on-shell. A similar property holds for §A;. There is
therefore a clear connection of § to the dynamics and the equations of motions.

From (5.37) and the fact that v is a derivative, this yields!

5Ay .
- R .
0t a®

YA =

As this is a gauge transformation (with gauge parameters replaced by the ghosts), vA,
vanishes if Ay is gauge-invariant. Thus, the longitudinal differential is associated with
gauge transformations. A necessary condition for A to be BRST-closed is thus that its
first term Ag be gauge-invariant on-shell. And furthermore, two such Ags are equivalent
when they coincide on-shell.

It turns out that the condition on Ay is also sufficient for A to be BRST-closed, in the
sense that given an Ag that is gauge-invariant on-shell, it can be completed by terms Ay,
As ... of higher antifield number such that sA = 0.

11 A can only depend on ¢;, as it has pure ghost and antifield number 0.
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To summarize: the term that determines the cohomological class of a BRST cocycle is
the first term Agy. This term must be an observable, in that it must be gauge invariant on-
shell. Tt can therefore be concluded that H(s) captures indeed the concept of observables.
The differential ¢ reduces therefore the on-shell functions to the set of all gauge-invariant

functions.

5.3.4 Application as gauge-fixing to the path integral

Consider first the Yang-Mills case. To perform actual path-integral calculations, it is
necessary to gauge-fix the theory, as discussed in section 5.1. In comparison to section 5.1
so far the antighost field and the Nakanishi-Lautrup fields are missing, while having all
the additional anti-fields. While both approaches can be used in this case independently,
it is very convenient to combine them. Thus, add as additional fields the antighost ¢, and
Nakanishi-Lautrup fields b,, together with their antifields. They transform still as s¢, ~ b,
and sb, = 0. Take ¢, and b, have ghost number -1 and 0, respectively. The corresponding
antifields ¢** and b** have thus ghost number 0 and -1, respectively. It can then again
be shown that both fields are BRST exact. Hence the cohomology is not altered by the
introduction of these new variables. In particular, the set of observables is not affected.
The solution of the master equation with the new variables included reads, for Yang-Mills
theory,

1 1
S = —Z/d":styFé‘” +/d":pAZ*Duca + §/dnx02f“bccbcc —i/d"wc*“ba. (5.40)

The last term is called the non-minimal part.
From this generalized action the gauge-fixed action S, will be constructed. It will be

shown later that the generating functional
z - /D@A exp (%Sw[cpf‘]) , (5.41)

does then not depend on the choice of the functional ¥. Here, 1 is called the (yet un-
specified) gauge-fixing fermion, and has Grassmann-parity 1 (hence its name) and ghost
number -1. In (5.41), the notation

Pt = (Aﬁ,cA,EA,bA)

(I)*A — (Aﬁ*,CA*,EA*,bA*),
has been used.

The gauge-fixed action Sy [®4] is now defined as

oY
A A *
S¢[(I> ]:S|:(I> 7(I>A:5q)A:|7
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i. e. it is the generalized action with the anti-fields fixed by the derivatives of the gauge-
fixing fermions with respect to the fields. Before turning to the proof that this is correct,
it is helpful to illustrate (5.41) by showing how the gauge-fixing fermion v can be used to
reproduce the familiar expressions for the path integral of the Yang-Mills theory, (5.40).
A possible choice, which leads to non-degenerate propagators for all fields and ghosts,

is given by
¢mq/ﬁ%ﬁ(ﬂ+%w) (5.42)

where F* is the gauge condition, e.g. F* = 9" A}, for covariant gauges and « is the gauge

parameter. This yields

o == (g

0Ca
A = ag = —i0uta
o= e
c :%: 0.

This leads to the familiar gauge-fixed Yang-Mills action

4 2

1
S%ﬁmﬂgﬁgz/ﬁ%(—JWFW¥4WQDWW%@W+%N>%),

as was obtained by the Faddeev-Popov procedure in section 5.1. The conventional Landau
gauge is recovered by taking the limit & — 0. As the resulting path integral can be written

as
/ D[AZéacaM(auAZ)e(%Sw [Az,éavcaD’

the transversality of the gauge boson is directly implemented. Landau gauge is thus called
a strict gauge. An example of a non-strict gauge is Feynman gauge, o = 1, in which case
the equations of motion do not imply F* = 0 but yield instead b* ~ F.

The choice of the gauge-fixing fermion is arbitrary. E. g. to ¢ a term ~ ¢,¢,¢¢ can be
added, which yields quartic ghost couplings. Quartic ghost renormalizations may even be
needed without such explicit terms, e.g. when using F* = 9* A% + d*, A? A, where d*,
is a symmetric tensor in color space.

By appropriately choosing the gauge fixing fermion, the path integral can be reduced
to an expression that involves only the (perturbatively) physical (transverse) degrees of
freedom and which is manifestly unitary in the (perturbative) physical subspace. Inde-
pendence on the choice of ¢ (still to be proved) guarantees then that the expression (5.41)

is correct.
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As a final point, note that in order for (5.41) to be indeed independent on the choice
of 1, it is necessary that the measure is BRST invariant. This can be investigated using

the operator A,
L L
b 000 .
IP4 %

A=(-1) (5.43)

The BRST transformation can be written as

B 6Ls
5@2 M’

P4 = oY = o4 4 (uS, dM) = ¢ — (04, ) = 4

where p is a constant, anti-commuting parameter. The Jacobian'? of this transformation

is given by /
st a0 OtS

T T 508 50"

Therefore the measure transforms as

DO 5 det J DO

For an infinitesimal transformation, this can be approximated by the super-trace, i. e. a

trace with negative signs for fermionic quantities,

sL6S ) . sL6lS

TN - (=07 5D 0041 L+ A4S,

detJ%1+str(

It follows that the measure is BRST-invariant if, and only if, AS = 0. The property
AS = 0 can be shown by explicit calculation for pure Yang-Mills theory. The more

general case will be treated later.

5.3.5 Beyond Yang-Mills theory

The results of section 5.3.4 generalizes straightforwardly to gauge theories other than

Yang-Mills theory. The solution of the master equation S is of the form
S =S+ iR c™ + ...,

where Sy is the classical action. The second term is uniquely determined by the gauge
transformation (5.31), and all further terms depend on the specific theory. While the

expansion of the solution of the master equation stops at antifield number one in the

12As the Jacobian involves commuting and anti-commuting fields, the Jacobian “determinant” is actu-
ally a so-called super-determinant sdet, where additional minus signs arise from anticommuting fermionic

quantities.
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Yang-Mills case, higher order terms appear in the case of open gauge systems. It is again
often convenient to extend to the non-minimal sector by introducing ¢, and b, and the
corresponding antifields in a similar manner to what has been done in the case of Yang-
Mills theory.

Assuming again AS = 0, the quantized theory follows from a path integral

Z = /D@A exp (%Sw[éA]) :

Sy is the solution S of the master equation
(S,5) =0, (5.44)

in which the antifields have been eliminated by use of the gauge-fixing fermion v as before,

Sy[®@4] = Sy {@A, Y = %} : (5.45)

The gauge-fixing fermion has again odd Grassmann-parity and ghost number -1. It is in

perturbation theory given by a local expression

Y = /d":px((I)AﬁM(I)A,...,8M1...6Mk(I>A).

For theories with an open algebra, the terms quadratic in the antifields will lead to quartic
(or higher) ghost-antighost vertices in the gauge-fixed action. While these terms are a
gauge-dependent option in the Yang-Mills case, they have an unavoidable character (in
relativistic gauges) for open gauge algebras. These terms, which follow directly from the
general construction of the gauge-fixed action, cannot be obtained through the exponen-
tiation of a determinant, since this procedure always produces an expression which is
quadratic in the ghosts.

A useful concept is that of gauge-fixed BRST transformation, which is what s becomes

after gauge-fixing. It is denoted by s, and defined as

8¢(I)A = <S(I)A)

=51 /DA -

Note that s?p = ( is in general only valid on the gauge-fixed shell, i.e. for field configurations
satisfying 6S,/5®4 = 0.
If S is linear in the antifields, i.e. if the gauge algebra closes off-shell, s,®4 = s®4.

This follows directly from
5P = (S <I>‘l) = ——S (5 46)
’ ¥’ '
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which is independent of the antifields, if S depends only linearly on the antifields. In that
case sfp = 0 even off-shell provided all variables are kept. This is the case in Yang-Mills
theory!3.

If S is linear in the antifields, one may in fact write it as
S =Sy — (50N D%,

by virtue of (5.46). The gauge- fixed version is then

Sw = So — ($¢¢A)% = SO — Sww. (547)
Therefore s,,Sy = 0, as the first term is BRST invariant, and the second term is annihilated
by sy by virtue of sfb = 0, which holds off-shell when S is linear in the antifields. The
property s,Sy = 0 is actually quite general and holds even when S is not linear in the
antifields. It can be proved directly as follows,
6L Sy, B oS oLSy,
0dA ¥ 04

SySy = (5407

The left-derivative in this expression is a total derivative, as S, depends on ®4 directly

and through the gauge-fixing fermion. Using the chain rule, this yields by virtue of (5.45)

RS (6s . Fe 6S Y
50% \0®A " 5DASDB 5D, )

The second term vanishes because the product of the functional derivatives of S have a
symmetry in (A, B) opposite to that of the second functional derivative of 1. The first

term vanishes by the master equation, thus proving the claim.

5.3.6 Quantum Master Equation

In order to prove perturbative gauge independence of the expressions given above, it is
necessary to discuss two important features of the path integral.

First, assume that a theory of fields x“ is given, governed by the action S[x%], with
no gauge invariance. This could be the gauge-fixed action. Expectation values are, after

proper normalization, calculated as

(F) = / Dy F exp (%S[}d) | (5.48)

13In Yang-Mills theory, often the auxiliary fields b, are eliminated by means of their own equations of
motion. Then off-shell nilpotency on the antighosts is lost, for which s¢, ~ b,, even though si = 0 is true
off-shell beforehand.
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where h has been reinstantiated temporarily. The so-called Dyson-Schwinger equations

can be directly derived from the vanishing of the path integral of a total derivative!4

/wa<Fe )_0.
SF i _6S
4 p2=
<5><a+h 5><“>

<F§%> = m<§%> . (5.49)

This expression contains in the left-hand side the expectation values of the classical equa-

This leads to

0,

which is equivalent to

tions of motions. In the classical limit & — 0, the right-hand side vanishes and the classical
equations of motion hold.

Second, if x* is changed under a transformation, y* — x® + €%, where €* depends on
the fields, the expectation value (5.48) is in general not invariant. Furthermore, invariance
of the classical action is not sufficient to guarantee that the path integral is invariant. Also
the measure needs to be invariant.

Especially, this raises the question whether the measure is BRST invariant, which can
be tested with the methods outlined in section 5.3.4. If this test failed, it is necessary to
modify (5.48) to reestablish a meaningful quantum theory. This may be possible, in some
cases, by taking a different measure!®. This requirement is crucial, since BRST symmetry
guarantees gauge-independence of the results.

Assume that there are non-trivial measure terms. They can be exponentiated!® into
the action. Since there is an overall (1/h) in front of S, the measure terms appear as
quantum corrections to S. So, this replaces effectively the classical action by a “quantum
action”

W =S +AM, + My + ..., (5.50)

where the functionals M, stem from non-trivial measure factors. The theorem disccused
below states that quantum averages are gauge-independent if the master equation (5.44)

is replaced by the “quantum master equation”

1
S (W, W) = ihAW, (5.51)

4Which is itself a consequence of translation invariance of the measure, and which is part of the
definition of the path integral.

15Usually, the measure is taken to be the naive measure. However, it is part of the definition of a
quantum theory, and may actually be chosen differently. This leads potentially to different results for

observables, and ultimately experiment would decide which one describes a given system.
16This requires the absence of zero modes in a suitable sense. It is exactly here where (additional)

non-perturbative problems may arise.
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where A is defined in (5.43). Note that if AS = 0, the Jacobian is unity for the BRST
transformation and W might then be taken equal to S. The quantum master equation
then reduces to the classical master equation (5.44), which is solved by S. However, while
there is always a solution to the classical master equation, the solution to the quantum
master equation might get obstructed, creating a gauge anomaly to be discussed in chapter
9. For the moment it is assumed that this is not the case.

This leads to the general rules for computing expectation values of observables (in-
cluding of 1). These are the quantum averages, weighted by exp(iW/h), of the BRST
observables corrected by the addition of appropriate & (and possibly also higher) order
terms. Namely, consider a classical observable A,. Construct its (in fact, one of its)
BRST-invariant extension A = Ag + ghost terms, so that (S, A) = 0. The BRST cocycle

A has to be augmented as
A= a=Ay+ hBy+ h* By + ...
where the terms of order /& and higher must be such that ca = 0, where ¢ is defined as
oa = (W, a) —ihAa,

with T the solution of the quantum master equation (5.51). Note that the B-terms
supersede the ghost terms needed classically to fulfill (S, A) = 0. The operator o is then
the quantum generalization of the BRST variation s. The 1-independent expectation

value (Ag) of the observable Ag[¢'] is computed from « as

(40) = [ Do (@A, @, - %) exp <ﬁw {@A, ¥, - %D D

The claim is that this expectation value does not depend on the choice of the gauge-fixing

fermion, i. e.
Y=+ =9 +p (5.53)
(Ao)y = (Ao)y,

where p is an arbitrary modification of .
To prove the claim, denote the argument of the path integral (5.52) by V for conve-

nience in the following. It can be shown straightforwardly that
AV =0< oca =0.

Now, perform the variation of the gauge fixing functional (5.53). The variation of the

quantum average (5.52) is equal to

ot 6tV
/ Dk S (5.54)
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To evaluate this expression, note that
o otV B ol 6V +(—1) obstv
504 \M507 ) T 504 50, 3045,

The derivatives are total ones. Denoting partial derivatives by a prime ’; the last term can
be rewritten as
sLotv §'Lotv §%p  LSLV

OA5T, | AT, | 5DAGDE sbredy | D L

As in the case of equation (5.48), the second term vanishes by parity arguments. Thus
the integral (5.54) can be rewritten as a total derivative in field space, which vanishes in
view of translation invariance of the standard measure. Therefore the path integral does
not get modified if one changes the gauge-fixing fermion, as claimed.

Given Ay, its BRST extension is determined up to a BRST exact term sB, see (5.39).

This ambiguity can be extended to higher orders in h as
a—a+op.
It can been shown straightforwardly that

(08) exp <%W) N (5exp (%w)) |

As the right-hand side is a total derivative by its definition, (5.43), the path-integral over

the left-hand side vanishes

h

Therefore adding any element in the image of o does not alter the quantum averages. The

/D@Uﬁexp <£W> = 0.

path integral associates a unique answer to a given cohomological class of o, i.e., does not
depend on the choice of representative.

Note that the ambiguity in «, given Ay, is more than just adding a o-trivial term to a.
At each order in i a new non-trivial observable can be added since this does not modify
the classical limit. This addition is relevant, in the sense that it changes the expectation
value by terms of order A or higher. A similar ambiguity exists for the quantum measure
(i.e., the My, M etc. terms in W). These terms do not spoil BRST invariance and must

be determined by other criteria, e. g. experiment.

5.4 Ward-Takahashi and Slavnov-Taylor identities

If a theory has a symmetry, irrespective whether it is global or local and whether it is

explicit or hidden, this symmetry implies that certain changes can be made to the fields
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with well-defined consequences. From this results similar well-defined consequences for the
correlation functions. In particular, this implies certain relations between combinations of
correlation functions, so-called Ward-Takahashi or rigid identities for global symmetries,
and Slavnov-Taylor identities for local symmetries.

These identities have two particular useful purposes. One is that it is possible from
the knowledge of some correlation functions to infer knowledge about other correlation
functions. The second use is that by checking the identities after a calculation it is possible
to determine whether errors occurred, being them either of numerical origin, by some glitch
in the calculation, or by the approximations made. Unfortunately the fulfillment of the
identities is only a necessary condition for the absence of errors, not a sufficient one. It
is always possible that some errors cancel each other in the identities, so care has to be

taken when interpreting a check using such identities.

5.4.1 Ward-Takahashi identities

Take a theory with only bosonic fields for simplicity, otherwise additional factors of minus
one will appear due to the Grassmann nature of fermionic fields. Let the theory be

symmetric under the change

¢ = ¢ =d+dp=0¢+ef(¢,2), (5.55)

with e infinitesimal. Then the generating functional Z [J] should not change, i. e., 67

should be zero. This variation

5F(6) = 25 = Zef

<25

acts on two components in the path integral. One on the action itself, which yields

1 S [ gl 05 d
=5 ( iS+i [ d xJ¢) J iS+i [ d J:qu
O\° 00 T )efe

to first order in e. The second is the measure. The shift (5.55) is a variable transformation,
which generates a Jacobian determinant. This Jacobian determinant can also be expanded

in €, yielding

5’_ ef\ of
det% dt<1+£)—1—|— 5¢+O( ?).

Together, this yields the variation

_ ! eiS—i-ifddeqb' )
5Z /Dgf)( ( 50 J) f) (5 56)
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Differentiating this expression once with respect to the source and setting the sources
afterwards to zero yields an expression connecting different correlation functions. E. g.,

performing a single derivative will yield

(1o D) i (gt ) + (T =0

In general, there will not only be one field involved, but many fields, numerated by a field

index i. In this case, expression (5.56) takes the form

S e

i. e., it becomes a sum over all fields. Deriving this expression in total n times for any
sequence of field types 7; yields the set of all Ward-Takahashi identities, sometimes also

called rigid identities given that global symmetries are sometimes called rigid symmetries,

) 05
(T 0452 ) (T 6 )5 )
+ > (T i (a0) fi T 105 () = 0. (5.57)

To obtain practical cases requires to insert an action with a certain invariance.
Take as an example the action for the so-called linear o-model (or ¢* model) with

positive mass squared,

L= (0,0)10%6 + Sm6'6 —~ A(6'6)"

The transformation function is then f; = Fi¢;, where ¢ = 1 refers to ¢ and i = 2 refers
to ¢f. The derivative of f actually vanishes in this case, since the Jacobian matrix under
a linear shift of the fields is zero, by the definition of translational invariance of the path
integral (2.9). This is not necessarily the case, and they cause so-called anomalies to be
discussed in chapter 9.

Furthermore, the action is invariant under the global symmetry transformation. This

implies

OSlpi+efil [ 4 0SO(di+efi)
e ‘0‘/d TSe oe ‘/ 5,

and thus also the second term in (5.56) vanishes. Hence, only the third term remains,

fz,

which can be conveniently written as

0= 5 (TTI} 6, (5.58)
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which are called Ward identities in this context. E. g., at level n = 2, this identity implies

(T(66(2))d(y)) + (To(2)0(y)) = ($(2)o(y)") — (¢(x)e(y)") =0,

which seems rather trivial. However, when rewriting the theory in terms of a scalar ¢ field

and a pseudoscalar y field, i. e. ¢ = o + 1, this implies

(Toox) + (T'odx) = (xx) — (o0) =0,

which implies that the propagators of both fields are identical, when, as here, no global
symmetry breaking is included. At tree-level, this is immediately visible, but gives a
constraint for the results beyond tree-level.

Of course, this is a rather simple result, and much more interesting ones are obtained
at higher order and/or for more complicated theories. E. g., when the transformation is
taken to be field-independent, but local, the quantum version of the equations of motion,

the Dyson-Schwinger equations (5.49), are once more obtained, as will be exploited below.

5.4.2 Slavnov-Taylor identities

Of course, it is possible to perform the same for a local symmetry, a gauge symmetry. This
yields the so-called Slavnov-Taylor identities (STIs). However, it is rather useful to take a
different route to obtain them. In particular, the BRST symmetry will be very useful to
obtain them much more directly than before.

Take a gauge-fixed theory, in which a BRST symmetry is well-defined and local, i.
e., with a gauge-fixing condition at most linear in the fields. Since the vacuum state is

physical and thus BRST-invariant, s|0) = 0, it follows immediately that

0= <$(TH1¢1)> = Z Ulg<T((Hl<k¢l)(5¢k)(Hm>k¢m))>
k

where ¢; stands for any of the fields in the theory, o, is +1 if the expression II;-,¢; is
Grassmann-even, and —1 if it is Grassmann-odd.

A non-trivial example for the usefulness of such an identity is given when regarding
the BRST transformation of the two-point correlator (T'u(x)D® [AZ, y]), where D" is the
gauge-fixing condition. This yields

0 = (s (Tﬂ“(x)Db [Az,y])) = <T(sﬂ“(x))Db [Az,y}) — (Tﬂ“(x)(sDb [Az,y}»

= (T0"(2)D" [A},y]) — (Tu"(z)(sD" [A4], y]))

_ —%<TD“ (A, 2] D" [A, y]) — (Tu" (x)(sD" [AL, y)))
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where in the last line the equation of motion for the Nakanishi-Lautrup field has been used.
The next step is to identify the action of the BRST transformation on the gauge-fixing
condition. The BRST transformation annihilates any pure functions not depending on the
fields by definition. Thus, it requires only to specify the action on the gauge condition D®.

The result depends on the choice of this condition, and here one will be chosen which
is linear in the gauge fields, D* = f;ijff , though f may contain derivatives, though it will

not contain integrals in the following. This yields

1 1% (& —a C
0= —¢ vefoa(TALAD) — (T (2) (s f AL))
1 1% C —a C 1 v C —a 55
— LD~ (TE @) Dty = — D — (Te @ ) (559
where fof, is the gauge boson’s propagator.

To determine the second expression, the Dyson-Schwinger equations (5.49) can be used.
It is useful to derive them here somewhat more explicitly than in section 5.3.6. Since the

path integral is by definition translational-invariant, it follows that

_ O gistifdtars _ 88 is ifdde¢_< (65 )>
O—/D¢i5¢e+ —/D¢(5¢+J)e+ =(T 5¢(x)+J(x) :

Differentiating this expression with respect to J(y) yields

0= <T (w(y) S+ o) + ‘gjé‘; §)> =20, <T¢%> Tt -y, (5.60)

where the limit of J — 0 has been taken in the last step!”.

Thus, an expression like the second term in (5.59) is just a ¢ function. In the present
case, taking the color indices and the Grassmannian nature of the ghost into account, this

finally yields
vefraDpy, = €65 (x — y),

or for the linear covariant gauges fl‘jb = 09, in momentum space
P'p"Diy(p) = —i€6™. (5.61)

Thus, the gauge boson propagator’s longitudinal part has only a trivial momentum-
dependence. This result could also be derived using functional derivatives or directly
from the gauge condition, and therefore holds irrespective of the calculational scheme,

and in particular beyond perturbation theory.

1"Beyond perturbation theory there are subtleties associated with this limit.
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In the same manner more complicated STIs can be derived. In general, they connect
n-point, n 4+ 1-point, and n + 2-point correlation functions. They are very useful in per-
turbation theory, as the n + 2-point contributions turn out to be always of higher order
in the coupling constant than the order at which a perturbative calculation is performed.

Beyond perturbation theory, however, their usefulness diminishes quickly.



Chapter 6

Perturbative treatment

6.1 Perturbation theory

The most basic method to calculate physical quantities is perturbation theory. The prime
example are cross-sections. However, as will become clear when deriving their perturbative

evaluation, there are many problems which cannot be addressed using this method.

6.1.1 Cross-sections and decays

The primary quantities of interest at experiments are cross-sections and decay processes.
The basic starting point is the same object as in non-gauge theories, the partial differential
cross section do, which has for two incoming particles of mass M; and momenta p; and n

outgoing particles of momenta ¢; the form

do = L (2m)*6 | pr +p Z q LT X .. X L | M ]2
= 1 2 — i il >
4\/(2712?2)2 — MM, p (27?)3qu (27T)3Eqn d

where M is the transition matrix element between the incoming state ¢ and the outgoing
state f. This formula can be generalized to also more than two incoming particles. How-
ever, in practice it is very hard in experiments to get any appreciable amount of three-
particle collisions, so this plays little role in experimental physics. It is of much more
importance in other environments, like the interior of a sun, where the enormous particle
fluxes can compensate for the difficulties of colliding three or more particles. However,
even in these cases four and more particle collisions are unlikely.

More interesting is the situation with a single particle in the initial state, which decays

into an n-particle final state. The corresponding cross section is then called dI', and given

86
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by
1 d? Q1 d? Qn
I = 2 4 E X 2
d 2E v 5< qz> X (2 ) |Mfz‘

To get the total values for do and dF, they have to be integrated over the final momenta
¢; for a particular channel, i. e., a particular final state. If identical particles occur, their
interchange has to be taken into account, which adds a factor 1/m! where m is the number
of such identical particles. These give the cross-section for a particular channel, i. e., set of
particles in the final state. The final results are obtained after summing over all possible
channels.

The central question of quantum field theory is therefore reduced to the calculation of

the transition matrix elements M. These are defined as

(fISli) = (fli) +i(2m) 0 (pi — ps) M, (6.1)

where p; and p; are the total initial and final state momenta, and S is the S-matrix, which

is perturbatively® defined as the time-ordered product of the interaction Lagrangian as
S = Teifddazﬁj

where £; contains only the parts of the Lagrangian which are more than quadratic in the

fields, and the time-ordering operator T is defined as

T(p(x)(y)) = 0(zo — yo)P ()9 (y) + 0(yo — w0) Y (y) ¥ (2),

where the minus sign applies if both fields are fermionic. The generalization to an arbitrary
number of fields leads then to Wick’s theorem.

Since the S-matrix is nothing more than just the time evolution operator, this expres-
sion is just given by correlation functions of the operators creating and annihilating the
initial and final state, respectively. E. g., for a two muon to two electron process, the

expression is the correlation function

(upalSlec) = RoR (T (upiefeh)),

where the R; are field normalization factors to be discussed latter. The resulting expression
is a vacuum-to-vacuum transition amplitude, a so-called correlation function or Green’s
function. Calculation of these functions is therefore everything necessary to calculate the
transition matrix element. This will now be done in perturbation theory using the path

integral formalism.

!'Non-perturbatively one is stuck as formulating the process using correlation functions, and then
evaluating the full expression (2.7) for a given process. This leads also to interesting questions about how

to define the initial and final state, some of which will be discussed in chapter 7.
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6.1.2 General construction

Already by construction, time-ordered correlation functions can be calculated using the

path integral as

Doy ... e 5107]
(Thy...0,) = / fz)lgbeis[qb,J]

(6.2)

However, this is so far only a tautology, as this gives no constructive way of calculating
actually the correlation functions. The method of choice used here will be perturbation
theory. This essentially boils down to expanding the exponential in the fields, giving essen-
tially an infinite series of quasi-Gaussian integrals. The result is that the transition matrix
elements are determined by a sum over correlation functions in a theory with quadratic
action. Such an expansion of the field is essentially an expansion around zero field val-
ues, and thus assumes that the field amplitudes are small. Hence, this is a perturbative

approach.

To do this, split the Lagrangian into a quadratic part £, and a remainder part L,

which includes all the interactions. This yields for the generating functional

7 [J] _ /D¢eifddmﬁleifddm(£2+J¢)

_ eifddle[i;{]]/D¢€ifddx(52+J¢)_

This is only a rewriting of the expression, and is still exact. The argument of L£; is just
indicating that all appearances of the field have been replaced by the derivative with
respect to the source. To see the equivalence, take as an example a theory with cubic

interaction term

Lr= §¢3
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and expand the exponential

ot il 555] /D¢ i [di(LatT0)

8 \"
= D S A ifdiz(Lo+To)
/¢;n! (3!’/ yz’éJ(y)s) ‘

A 0% Gi [dindg Cad
— : d i [diz(La+T¢)
/ng (1 + z/d v PAICIERETI) + ) e

= oo (11 [y j( 7 s [ atsoits =)+ ) e

— ¢ ) i S dta(L2+T9)
/D¢(1+z/ L )

= /Dﬁb (1 +i/ddy§gb3 + ) ot [ dte(LatT o)

e (3 ) e

_ /ngezfd $L]eifdd$(£2+v]¢).

Such manipulations are very helpful in general.
To proceed it is necessary to perform the remaining shifted Gaussian integral. This

can be readily generalized from the formula for ordinary numbers,

T b2
/daze jeaztbr _ 2\/jea.
a

/ Deetd da@@)@ic/26@) I @o) / Dot Aa(0(@)20(@) o4 [ iy ()A(—y)J ()

This yields

= Z,[0] o5 [ dadlyJ(z)A(z—y) I (y) (6.3)

There are a number of points to take into account. () is just the quadratic part of the
Lagrangian, e. g., for a free scalar field it is just (—9? — m?)/2. The addition of the
term e is actually needed to make the integral convergent, and has to be carried through
all calculations. This can also be formally justified when using canonical quantization.

Secondly, the so-called Feynman propagator A is defined such that
(2Q —ie)A(x —y) = 6%z — y).

That it depends only on the difference x — y comes from the assumption of translational

invariance, which applies to the standard model. For a scalar particle of mass M and thus



90 6.1. Perturbation theory

Q = (—0% — M?)/2, this Feynman propagator takes, after Fourier transformation,
(—0% — M? +ie) /ddpeip(my)A(p) = i/ddpeip(my)
/ddpeip(xy) (p* — M? +ie)A(p) = i/ddpeip(my)
(6.4)
the form z'
A(p) = m,

which is more useful for a calculation than the rather involved position space expression,

(6.5)

which can actually only be described in form of a tempered distribution. Thirdly, the
factor Zs [0] in front of the integral containing the Feynman propagator is just the factor
1/a in the conventional integral, conveniently rewritten as an exponential. This factor
will cancel partly the denominator in (6.2) when taking the limit J — 0 at the end of the
calculation.
This is then sufficient to write down a perturbative calculation of an arbitrary corre-

lation function. Take, for example, a model of a single scalar particle with interaction

Ay

41"

The perturbative expression up to linear order in A/4! for a process involving two particles

L=

in the initial and final state, essentially elastic scattering, is then

(T (1) B(2)p(23)b(24))
[ Dpp(x1)p(w9)p(23)p(24) e’
[ DepeiSle-] Y

1 o £iS[6.7]
710157 (20)07 (22)87 (23T (1) / De

_ Z, (0] 5t eifddmﬁj[%]e—%fdda:ddyJ(x)A(m—y)J(y)
Z 0] 0J(x1)0J (22)0J (x3)d0J (24)

J=0

J=0

The next step is to expand both exponentials, the first in a formal power series in £, and

the second one in the conventional exponential series?,

Z, (0] &4 1L/Xx [, & \"
Z10] 67 (21)0J(22)8 (23)8J () (Z nl (E/ ! y¢5J<y>4) ) g

X (; % (—% /dd:vddyJ(x)A(x - yﬂ(.v)))

2t is this operation - expanding in a power series and swapping summation and (functional integration)

J=0
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Both are polynomial in the sources. The expansion of the exponential of the interaction
Lagrangian yields terms with zero, four, eight,... derivatives with respect to the sources.
The second term produces terms with zero, two, four,... powers of the sources. Since the
sources are set to zero at the end, only terms without sources will remain. Thus, to order
zero in the interaction Lagrangian only the term with four sources will survive the external
derivative. To first order in the interaction Lagrangian only the term with eight powers
of the sources will survive.

To this order in the expansion, the expression takes therefore the form

_ Z|[0] 5t 1/ i 9
T Z[0] 6J(21)0 T (22)8 (23)0 (x4) \ 2! (_ﬁ/ddxddyJ(x)A(x—y)J(y))

_% ddz%5Ji2)4 (—%/ddxddyj(z)A(x — y)J(y)) +O()\2)

In principle, taking the derivatives is straight-forward. However, e. g., the first term is

given by the expression

54 d d d d
57 (1000 (2)00 (2)0 7 (@1) /d Y1d Yo d®ysd®ys T (y1) A(yr — y2) J (y2) I (y3) Ays — ya) J (ya).

The first derivative, with respect to J(z4) could act equally well on all four sources under
the integral. It will therefore provide four terms. Correspondingly, the second derivative
can act on three different terms, making this 12 terms, and so on, giving in total 24 terms,
with all possible combinations, or partitions, of the four arguments.

To illustrate the process, two steps for a particular combination will be investigated.

- which is not valid beyond perturbation theory. The mechanism can be seen by an example,

;\} () /dwem_/\z /d:vz ”41

S1)EN (1 (1) YX (4 — 1
-y (1!2( Ir (QH) Z\F 5 -

- 212
3\ N 105)%  3465)° N 675675)\4 0 ((Ai)i))
2v/2 82 1642 1282 Vi

where K, is the modified Bessel function of the second kind. The reason is the lack of absolute convergence

- _ 2
draz* exp™®

8
Vv

- (i

)

of the series, which does not permit the exchange of integration and summation. Note that for A < 1
the first few lines appear to converge, but this changes starting from terms of order 1/A. Conversely, this
shows that the limit A — 0 is not smooth. The generalization of this is known as Haag’s theorem, that
for any non-interacting field theory the free theory and the interacting one are not unitarily equivalent,
as will be encountered again in chapter 7. In fact, note that the correct result has an essential singularity
in A, making the absence of a smotth limit explicit.



92 6.1. Perturbation theory

The first derivative acts as

0 d,. jd
70 | @A =) )

= /ddxddyéd(az —z)A(x —y)J(y)+ ... = /dyA(m —y)Jy)+..., (6.6)

where the points indicate further contributions. For the action of the next derivative, there

are two possibilities. Either it acts on the same factor of the product of the integrals, or

on a different one. Take first the possibility of the same factor. If it is a distinct factor,

this just provides the same action. If it is the same factor, this immediately yields
i [ o= 0I0) = [ duAen =5y = ) = Alwi = o)

In total, this yields for the term proportional to A = 1

A=— Z Az — xj) Az — xp), (6.7)
Pijri
where Pj;j; indicates that the sum is over all 4! possible permutations of the index set
{ijkl}.

The situation becomes somewhat more complicated for the terms proportional to A,
since now multiple derivatives with respect to the same source J(z) appears. Again, a
single such derivative acts like (6.6). A difference occurs when the second derivative occurs.
This can either act again on another factor, but it could also act on the same factor. The
first case just produces another factor of type (6.6). The second situation is different, and

yields
4]

il N CEMUORY RN TR ENCES R
which appears to look like A(0). However, this not quite the case, as will be visible later.
In particular, the expression A(0) cannot be easily interpreted. Furthermore, an integral
over z still appears. It is therefore useful to keep first explicit terms of A(z — 2) in the
following.

After a slight change in notation, there will then be 8! possibilities for the order A
contribution. However, many of them turn out to be identical, yielding in total three

further contributions

AB = —id / PN — 1) A — 22) A — 25)A(x — 34) (6.9)
AC = —% > Az — ;) /ddazA(az — 2)A(z — 2p) Az — 2) (6.10)

MD = —= [ d%2A(z — 2)A(z — 1) Z Az — xj) Az, — xy). (6.11)

ikl



Chapter 6. Perturbative treatment 93

These four terms have simple interpretations, if each factor of A is considered to be
a particle propagating along the connecting line of  — y. Then, the first term (6.7)
corresponds to the interference pattern of identical particles when they are observed at
two different initial and final positions: Since the particles are identical, any combination
is possible, including that one particle vanishes and the other one appears. This can be
visualized by using a line to symbolize a factor of A, and draw all possible combinations

between the four points.

Similar interpretations hold for the three remaining terms (6.9-6.11). The expression
(6.9) contains for each factor of A a common point. This can be taken to be just a meeting
of all four particles at a common vertex point x. Since there appears a pre-factor of A, it
can be said that the four particles couple with a strength A, thus also the name coupling

constant for A\. Such an interaction vertex could be denoted by a dot.

The third term (6.10) can be seen as one particle just propagating, while the second
particle has an interesting behavior: It emits at an intermediate point a particle, and
reabsorbs it then. Such a virtual particle contributes to a cloud of virtual emission and
absorption processes, which becomes more common at higher orders. Pictorially, this

corresponds to a loop in the propagation, which again harbors an interaction vertex.

The last contribution is different, as when drawing lines there appears an additional
graph, which is disconnected from the initial and final positions, and has the form of the
number eight. Such a disconnected diagram is also called vacuum contribution, as it is

not connected to any external input, and is thus a property of the vacuum alone.

In general, the expression (6.7-6.11) are very cumbersome to deal with in position
space. It is therefore more useful to perform a Fourier transformation, and perform the
calculations in momentum space. In particular, this removes many of the cumbersome
sums over partitions. How to switch to momentum space will be discussed in more detail

after taking care of the remaining factor Z, [0] /Z [0].

Since the current calculation is a perturbative calculation, it is adequate to also expand
Z5[0] /Z[0] in A. This can be most directly done again using the formula (6.3). Thus, the
factor Z, cancels immediately, and the remaining expansion terms are, up to combinatorial

factors, very similar as before. Its inverse is thus given, to order A, by

ix [
Z2 [0 =1+ % d'eA(r — 2)A(xr — ) + O(N\?) = 1+ AD.
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This term is easily identified as the prefactor appearing in (6.11). To order A, this yields

(To(e)s()olas)ote) = T EEEAD) 4 o)

= (A+AB+C+AD))(1=AD)+0O(\) = A+ ANB+ C + AD) — AAD + O()\?)
= A+ AB+C)+0(\).

Thus, to order A, the term with a disconnected contribution is canceled. It turns out
that this is a generic result, and that all diagrams with disconnected contribution in a
perturbative expansion always cancel, and a general proof can be constructed in a very
similar way to this evaluation in ¢* theory up to leading order. However, this is beyond
the scope of this lecture.

As stated, the explicit expression in position space turns out to be very awkward to
use in actual calculation, and their evaluation in momentum space is preferable. This can
be done using the expression for the Feynman propagator in momentum space, (6.5). The
total sum then becomes

(27 / (ddpl %y d'ps d'Ps _ipraripratpsratpins) o

d d d d
2

2m)z (2m)2 (2m)2 (27)

dsd d J !
X Z(Zﬂ') 0 (pr +p1)d (Pi+pj)p22 —m2p? —m?

Pijki

—iA6%(p1 + p2 + p3 +
(p1+ P2+ ps P4)p% —m2p2 —m?p2 —m?p? —m?

—<27T)d)\Zéd(pi+pj)5d(pk+pl) : i i i /(ddq i

2 p; —m?pp —m?pi —m? ) (27)% ¢ —m?

Prjk

Note that the ie contributions have not been written explicitly in the propagators, but
left implicit. This is the standard conventions for such a representation of a perturbative
expression. Of course, if the result is desired in momentum space rather than position
space, which is normally the case, the Fourier transformation can be dropped.

The result already shows a number of regularities, which can be generalized to the so-
called Feynman rules, which permit to directly translate from a graphical representation to
the mathematical expression in perturbation theory. These can be derived rather generally,

though this becomes rather cumbersome. Here, these will be stated simply without proof:
e Select the type and number of all external lines

e Determine the order (in all coupling constants, i. e., in all vertices) to which the

process should be evaluated
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e Draw all possible diagrams connecting in all possible ways the external lines with up
to order vertices, and add them

e For each line, write a propagator of this particle type
e For each vertex, write the interaction vertex, i. e. essentially 6"L;/d¢™, for each

e Impose the conservation of all quantities, including momentum, conserved by a giving
vertex at each vertex. This can be most directly done by following each input

conserved quantity through the whole diagram until its final result

e Integrate over all undetermined momenta, i. e., each momentum running through a

loop

e For each closed fermion loop, multiply the term by minus one, because of the Grass-

mann nature

e Lines, which are attached to the outside of a diagram, receive a further propagator
of the corresponding type

Two things can further facilitate the result. On the one hand, any diagram will be zero, if
any conservation law is not respected by the transition from initial to final state. However,
in such cases also the perturbative vertices vanish identically. Secondly, there are many
diagrams, which are identical up to reordering, as in the previous example. They can be
collected, and normalized using so-called symmetry factors.

It can be immediately shown that the previous results can be obtained from these
rules, as an explicit example of the more general Feynman rules. In general, the necessary

propagators and vertices can be derived from the classical (possibly gauge-fixed) action as

s
ST (1) 00 |,y

o (2, T)

which afterwards can be transformed to momentum space by a Fourier transformation.
The conservation of momenta and other quantum numbers will then appear as suitable
o-functions, which are usually factored of and manually imposed afterwards. For the
propagators, it is still necessary to invert the results, see section 2.4.

Perturbative calculations in Yang-Mills theory with scalar and fermion fields in some
representation can be performed in essentially the same way. It is just necessary to replace

it with the corresponding propagators and vertices derived in the same way from the
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Lagrangian. These are the propagators for the gauge bosons, ghosts, fermions, and scalars

—i6 k. k
Dab — L — 1— pvv
w12 e (g“ (1=97 )
'5ab
DY =
p= + 1€
i i(py* +m) i0yj
DF = 5z‘j 3 2 = -
p*—m*+1e  p,Yr —m+e
ng _ 10"

p% —m? + i€’
respectively. There are in addition 3-point vertices of fermions and scalars and gauge
bosons, three gauge bosons, and ghost and gauge bosons

[999(p, q, k)i = igy"ty;

T9°%(p,q, k)57 = igti(q+ k),
T99(p, q, k)2 = gf™(g" (k- p)* + ¢""(p — )" + g""(q — k)")

L™ (p,q, k)5 = gf*p,

respectively, and the four-gauge-boson vertex and the two-gauge boson-two-scalar vertex®

L9 (p, q, b, Dy = —ig”(ff*“(9""g"" — 9"79"")
+facefbde (guugpa o guagup) + fadefbce (guugpa o gupgua))

P99(p, ¢, k. D’ = ig°gudanti

and all momenta defined incoming. Note that because ghosts obey Fermi statistics closed
ghost loops also receive a minus sign. If the Nakanishi-Lautrup field remains, further rules
are appearing. Especially the propagators become matrix-like, as there are now two-point
vertices changing the gauge field to an auxiliary field.

Returning to the scalar theory, perturbative calculations can be further simplified by
passing to connected, amputated diagrams.

The so-called connected diagrams are diagrams in which all lines are connected with

each other. In the previous case, the result can be symbolically written as
AA + AN 11, (6.12)

where A is a propagator, A’ is a propagator with a loop attached, and II is the graph

where all four lines are connected. This is called the full correlation function. Of course,

3If the scalar is in the adjoint or any other representation a more complex gauge structure emerges.
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A and A’ can also be determined from the two-point function (T'¢¢), to the same order,
and therefore contain no new information. The only new contribution for the four-point
function at this order of perturbation theory is II. It would therefore be useful, if it is
possible to only calculate this contribution, instead of the whole one. Indeed, it can be

shown that for a correlation function with n external legs

G(xl,...,xn) = GC<SL’1,...,.§L’n)—FZGc(SL’Z’,...,.I‘j)Gc<.§L’j,...,.I‘k)
+3 Ge(@i oo 1)) Go(Ths oo 2) G, oo ) + . (6.13)

where the sums are over all possible ways to split the index set {z;} in two, three,...
subsets. Furthermore, every connected correlation function G., i. e. anyone which cannot
be written as a product of two or more other connected correlation functions, is a series

in the coupling constant. Thus, in the present case,

G<x17x27x37'r4> = Gc(x17x27x37'r4> + ZGc<xi7xj)Gc(xk7xl>

Py

Ge(r,y) = Alr—y)+ Az —y),

where again the A is the propagator, and A’ is the propagator to order A, which includes
the attached loop, and G, is the only diagram with all points connected. Contributions
proportional to A2 have to be dropped, as they are of higher order in the perturbative
expansion. This relation can be inverted to obtain the connected correlation functions from
the other, but it is more interesting to calculate just the connected, and then calculate the
complete one by the formula (6.13).

Finally, all external lines have the propagators attached to them, they are called non-
amputated. Removing this yields the amputated correlation functions I', which can imme-
diately yield again the non-amputated one. Thus, it is sufficient to calculate the amputated
ones. In the same way, explicit momentum conserving factors can always be reinstantiated.

Thus, the calculation of the four-point function boils finally down to the calculation of
the amputated, connected two-point function to order A\, and the amputated, connected
four-point function. These are just given by

d :
Ie(pg) = —i)\/ %ﬁ

Co(p,q, k1) = —i), (6.14)

rather simple expressions indeed. Only missing is the explicit form of the contribution
from A’. However, it requires renormalization, and will be discussed in section 6.2. These
are also called proper or vertex correlation functions. In fact, for the four-point vertex

function to leading order in A, the entire result is given by (6.14).
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There is a further possibility to reduce the effort of perturbative calculations, though
these do not reduce it further for the present example. It is rather simple to imagine situ-
ations, were it is possible to cut a single internal line to obtain two separate graphs. Such
graphs are called one-particle reducible. It can be shown that it is sufficient two know all
graphs, which cannot be separated in such a way, so-called one-particle irreducible graphs
(1PI), to obtain all relevant results, and to reconstruct also the one-particle reducible
ones. The generic connection can again be illustrated. Take two graphs which are 1PI,

say graphs A(p,q) and B(k,[). They can be joined to a one-particle reducible graph by

Alp, 9)A(q)B(g,1),

i. e., by the insertion of a propagator. This can be repeated as necessary.

Thus, the final addition to the Feynman rules is

e Identify in all the diagrams the connected, amputated 1PI graphs. Calculate these,
and the result can be obtained by just multiplying and adding the results together

such as to obtain the original graphs

Note that the construction can be extended further, to so-called nPI graphs. However,
their recombination is in general no longer possible by multiplications, but usually involves

integration over intermediate momenta. This is beyond the scope of this lecture.

From this construction it follows that there are two distinct classes of perturbative
calculations. One is the class of so-called tree-level calculations, in which no loops appear.
Since graphs without loops are always one-particle reducible, they can always be cut so
long as only to consist out of vertex and propagator expressions. On the other hand,
this implies that a tree-level calculation can always be written as just a multiplication
of propagators and vertices, without any integration. These contributions turn out to be
furthermore the classical contribution, i. e., whatever remains when taking the limit of
h — 0. Nonetheless, even tree-level calculations, in particular for many external particles,

can become very cumbersome, and both a technical as well as a logistical problem.

The second type of diagrams are all graphs with loops. Since they vanish in the classical
limit, this implies that these are the quantum, or also radiative, corrections to a process.
The integrals make an evaluation much more complicated. Furthermore, the integrals are
usually not finite, leading to the necessity of the renormalization process to be discussed

now.
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6.2 Renormalization

So far, all calculations have been (essentially) at tree-level, i. e., no integrations have been
necessary, as are required by the Feynman rules if loops appear. Such loop expressions
are always of higher order in the coupling constants than the corresponding tree-level
diagrams. However, experimental precision is sufficiently high to be sensitive to loop
contributions, so-called radiative corrections. In fact, for QCD next-to-next-to-next-to-
leading order (N3LO) precision is already required, and for some quantities in QED even

NILO results are available?.

One of the generic problems of such loop corrections is that the corresponding integrals
are usually divergent. At first sight, this might seem to invalidate the theory. However, it
turns out that it is possible to make the integrals convergent without introducing additional
parameters into the theory, albeit at the price that the theory still looses its validity at
some high cutoff-scale. Since this scale can be pushed to very high energies, this is of little
practical importance, as it can anyway not be assumed that conventional gauge theories

could be theories of everything, since they do not include gravity.

To make sense out of such a theory requires then two basic steps. One is a prescription
how to regularize integrals, i. e., how to map their divergent value to a finite value. For
this purpose of regularization the integrals are made convergent by the introduction of
some parameter, and the original divergence is recovered when sending this parameter to

a particular limit. As a result, all quantities calculated will depend on this parameter.

The second step, the so-called renormalization, gives a prescription how to redefine the
theory such as to loose the dependence on this extra parameter, the so-called renormaliza-
tion scheme, without recovering the original divergence. The consequence of this program,
and the particular renormalization scheme used, is that quantities like masses or coupling
constants can no longer be interpreted as static quantities, but will depend on the scale
at which they are measured. It is said that they become running. However, measurable
quantities, like a cross-section, turn out not to depend on the measurement scale, at least
for an exact calculation. Unfortunately, most calculations are not exact in general, and in
particular for the standard model. As a consequence, a dependence on the scale may be
left.

4Note that in the standard model context calculations may be at different order in the various appearing
couplings, as the quantitative contributions, due to the differing sizes of the relevant couplings, are vastly
different. Thus, often calculations are done to the orders such that the quantitative contributions of all

involved interactions are of roughly the same size, rather than of the same order.
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6.2.1 Cutoff regularization

To illustrate the concept of regularization, it is useful to go to a simple model, the Yukawa
model of a scalar ¢ and a fermion y. This model appears throughout strong interaction
physics, where the fermions are often interpreted as either quarks or nucleons, and the

bosons as mesons. The simplest case with just one flavor each has a Lagrangian given by

)\
ﬁ_— 00" @ + xi (70, —m)x—— ¢* — =o' — yoxx

Hence there are two masses, m and M, and two coupling constants y and A\. With two
flavors of fermions, representing the nucleons, and three flavors of mesons, representing
the pions, this model gives already a first reasonable approximation of nuclear physics.
Start with the self-energy of the scalar particle to order O(A!,°). In this case, there
is only one diagram contributing, a so-called tadpole diagram. This is also exactly the
diagram apperaing in the evaluation of A’ in section 6.1 in (6.12). Hence, the result for

this quantity will be obtained now.

A d*p 1
m=-= 6.15
¢ 2/(27?)4p2—M2+i6’ (6.15)

where the factor 1/2 is a symmetry factor. The integration over py can be performed first

Its value is

by contour-integration and using the Cauchy theorem, since
A d*p 1
Hq); = ——= / —p / dpo D) N
2 ) (2n)* pg — p? — M? +ie

A/ &p / 1
2 @ o+ P M) (po — P+ M) + e

This has a pole in the upper half-plane, and vanishes sufficiently fast on a half-circle
at infinity. The residue at the simple poles py = £+/p? + M? is 1/(po F /P> + M?),
dropping the small contribution of ie, which only served to not have the pole on the axis.

The Cauchy theorem then yields, using polar coordinates in the final expression,

A 2d
¢_4—/p MZ'
0

This integral is divergent, as announced. It is also the only contribution at this order of
perturbation theory, so there is no cancellation possible to remove this divergence. To
make sense of it, it is necessary to regularize it. The most straight-forward possibility is
to replace the upper integral limit co by a large, but finite number A, the so-called cutoff

regularization.
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The integral can then be calculated explicitly to yield

; M2 A+A\/1+%22
m = A [ g2 — M?In ~. (6.16)

¢ 42 A2 M

As can be seen, the integral diverges with the cutoff A quadratically, and has in addition
a sub-leading divergence logarithmically in A. Still, as long as the limit is not performed,

the result is finite, independent of the momentum, but explicitly dependent on A.

6.2.2 Renormalization prescription

To remove this dependence, it is worthwhile to investigate the total structure of the two-
point function I'yy, which is just the propagator Dy,. Amputation of the unamputated
equation

Loy = Dyo(p® — M? +T14) Dy

yields the expression for the amputated and connected two-point function by division,
giving
1 2 2
— =p" — M~ +1I,.
Do
However, in a perturbative setting the self-energy is assumed to be small. Thus, it is

possible to expand the self-energy, and replace it as
1

2 2 A
R Y E N § (6.17)
Dy ¢

To leading order the propagator is then given by

2 2 A
p* — M=+ 113 .
(77— M7+ ie)?

Dyy =

Instead of using this approximate expression it is possible to use the inversion of the

expression (6.17),
1

p2—M2+H2‘)+z'e'

Dy =

This results in the so-called resummed propagator, as it contains contributions which are
of higher-order in the coupling constant.

Diagrammatically, it corresponds to an infinite series of diagrams with an ever-increasing
number of tadpole attachments. This already illustrates that this is only a partial resum-
mation of the perturbative series, since at order A\? there are also other types of diagrams
contributing. Thus, this looses some of the systematics of the perturbative expression,

and it is necessary to be wary with it.
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Nonetheless, for the current purpose, it is more transparent to work with the expression
(6.17). As is seen from the result (6.16), the contribution IT}} is momentum-independent
and dependent on the cutoff A. If it would be finite, it could be interpreted as a change

of the mass M, since then the expression would have the form
p2—M2—5M2—>p2—M1%

with the renormalized mass

Mp =V M? + 0M?2.

The actual mass of a ¢ particle, which would be measured in an experiment, would then
be Mg, instead of the bare mass M. In fact, since the experimental measurement is the
only knowledge available on the theory, it is mandatory that the bare parameters of the
theory, like the bare mass M, are adjusted such that the resulting renormalized mass Mg
agrees with experiment®.

Now, since the actual bare parameters cannot be measured, there is nothing which

prevents us to set it to
M? = M}, — 6 M?,

with the experimental input Mpg. This automatically fulfills the requirement to reproduce
the experiment. In particular, since M is not an observable quantity, there is no reason
for it to be finite, and independent of the cutoff A. Thus, it is possible to absorb the
infinity of the divergent integral in unobservable bare parameters of the theory. This can
be arranged already at the level of the Lagrangian by replacing

2 2 2
The second term is a so-called counter-term, and it depends on the actual order of the cal-
culation. E. g., at tree-level, it would be zero. This replacement is called a renormalization

scheme.

6.2.3 Counter-term structure

It is actually not the the only contribution which appears. If the calculation is extended
to also include corrections up to O(\,y?), there is a second diagram contributing to the

self-energy, which is due to a loop of the fermions. The expression then takes the form

Y =1+ 1Y,

5This implies that the bare parameters have to be adapted at each order of perturbation theory

calculated.
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with the fermionic contribution given by

v _9_2/ d'p tr((yp + M) (w0 — ) + M)
(2m)* (p2 — M? +ie)((p — q)? — M? +ie)

¢ 2

Using the trace identities trl = 4, try,=0, and trv,v, = 4g,, this simplifies to

_y_Q/ d' p(p —q) + M?
2 ) @m)t(p* = M? +ie)((p— q)* — M? +ie)
Since the numerator scales with p?, the integral is quadratically divergent. Suppressing the

1€, the expression can be rewritten by introducing a zero and then shifting the integration

argument, as

_9_2/ d'p (p* —=m?) + ((p — q)*) —m?) — ¢ + 4m?
2 (2m)4 (p> —m2)((p— q)2 — m?)

- _y; / (;ijr)4 ((p - Q)12 T —1m2 e mf)T(;_—q;)Q - m2)>

- L [ i (e )

Such integrals can be performed using a number of analytical tricks. However, for the

present purpose this will not be necessary. This will be taken up in section 6.3. It is
sufficient to observe that the resulting integral, just by counting powers of integration

momenta, will have the form
Hy2 — A2 2 2)1 A 2 2
o — 1 +(02m +C3q)nm+f(m7Q)a

where f is some finite function when A is send to infinity, and depends on both A\ and y,
as do the constants ¢;.

The first two terms have again the same structure as the tadpole contribution (6.15).
However, the third term is different, as it does depend explicitly on the momentum. There-
fore, it cannot be absorbed into a mass renormalization. However, it can be absorbed in

a renormalization of the kinetic term. If in the Lagrangian the modification
0,00" ¢ — 0,00" ¢ + 6240, 00" ¢ = Z40,,¢0" @,
is performed, the kinetic term of the field ¢ has been renormalized by a factor Z,. Choosing
02y = —c3ln %,

this will remove the divergence. By this the field amplitude is arranged to agree with the
1

experimental one by the introduction of the wave-function renormalization qu.
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Performing further calculations, it turns out that similar changes have to be performed
for the remaining bare parameters m, A\, and y, yielding a renormalized fermion mass mg,
and renormalized couplings Ag and ygr. Thus, including these counter-terms yields the

renormalized Lagrangian

1 " (A ]\JR2 2 )\R 4 _
Lr = 2 L 00" D + Xi(y au_mR)X_7¢ T — YROXX

6Zs SM? Ep)

+ 9 8#‘258“(? + Xi<5zx’7ﬂau - 57”)9( Y <Z52 - Z¢4 — OYPXX-

It should be noted that always certain products of fields appear together with a parameter
of the theory. Thus, often explicit factors of various Zs are introduced such that not
kinetic terms are renormalized, but rather the field itself, in the sense of an amplitude
renormalization. In this case, explicit factors of Zi1 2 are multiplied for each field in the
counter-term Lagrangian, and the counter-terms dM, dm, d\, and dy are redefined by
appropriate factors of Z; 2 This is, however, conventional, but the more common case.

Also, it is usual that dx is rather defined as
dx = Zyo = (14 02,)z,

i. e. as a multiplicative factor to the original quantity. However, Z, may then depend

again on z, even in the form of 1/x. E. g., renormalized QED reads then

1 1 o _
Lopp = = FuF" = 30" A" 4+ Qi+ m)y + ey
57 71 . .
—TAFWF“” — 525 (8, A"V + 0 Zyhin 8,0 — (Zyy Zyy — 1)made)

+(ZeZ 42 Zy — 1)e A by .

In this case all parameters, m, e, and , as well as A, and 1 have been multiplicatively
renormalized. It should be noted that also the ghost fields would have to be renormalized,
if they would not decouple in QED. The extension of this to the non-Abelian case is hence
a straightforward generalization.

The remaining question is then whether this is sufficient, or whether further terms, e. g.
a sixth power of the fields, would be necessary, or whether non-multiplicative terms would
appear. It can be shown that in perturbation theory in four dimensions for any gauge
theory of the Yang-Mills type with parameters with at least zero energy dimension, i. e.
dimensionless couplings, masses, or couplings with dimensions of energy to some positive
power, it is always possible to perform the renormalization with a finite number of terms.
Thus, the process is finite, and for QED actually complete at this stage. This is called
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renormalizability by power-counting. However, this is only proven in perturbation theory,
and though it is commonly assumed to hold also beyond perturbation theory, a proof is
lacking.

The general proof, also for dimensions different than four, and more complex theories
is possible, but beyond the current scope. However, for most quantum gauge theories in
four dimensions with non-trivial dynamics and observable bound states renormalization is

necessary.

6.2.4 Renormalization schemes

So far, the counter terms have been identified by direct comparison. However, assume

that the propagator has finally the form

b 2 — 2 + 2p2
o p4 + (d2 _ 02)p2 — 242’

Such a propagator has no longer the form of a conventional free particle. It is thus not
clear how to determine, e. g., dm, such that it represents the mass of a particle. Thus, it
is necessary to give a more precise definition of what physical mass means. Since such a
mass would be expected as a pole, one possibility would be to choose it as the smallest

momentum at which the propagator has a simple pole. In this case, this would imply
mpr = d,

and thus the counter-terms can be arranged such that this equality holds. This is called
a pole scheme.

It becomes much more ambiguous for the coupling constants, as they are not associ-
ated with some pole. For the electromagnetic charge, it still seems reasonable to choose its
macroscopic value, i. e., the one known from classical physics, which is the so-called Thom-
son limit. A similar definition cannot be made for, e. g., the strong coupling. Another
possibility is therefore, e. g., to choose®

T4 (p,q,p+q) = e,
for two arbitrarily chosen momenta. This already shows that a certain ambiguity is intro-
duced, because a scale p is introduced, which is proportional to p, at a fixed ratio of p and
q. It is even more ambiguous when it comes to identify conditions for the wave-function

renormalization.

6The Thomson limit is this expression at p = ¢ = 0.
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In fact, it turns out that the conditions chosen are arbitrary, i. e., any genuinely
measurable quantity is not depending on this choice”. Thus, any choice will do. Any such
set of choices is called a renormalization scheme, and it is possible to express quantities
using one renormalization scheme by results in a different renormalization scheme. For

QED, e. g., it is possible to define the following set of renormalization conditions

(P*guw = Pubv) oo D4 (1) = i (6.18)
129 Dl (%) = i€ (6.19)

trDyy(p?) = im(p?) (6.20)

(tryup Dyy) (%) = 167 (6.21)

DA (2, 2, i) = de(p?) (6.22)

Note that there is no condition that involves a mass of the photon. The corresponding
counter-term would violate gauge-invariance, as a term ~ Ai is not gauge-invariant. The
condition (6.19) follows actually directly from the QED version of the STI (5.61). There
are two remarkable, and generic, features in this description.

One is that in the definition of the renormalization constants appears a scale yu, the so-
called renormalization scale. Its value is arbitrary, but it cannot be removed. Of course, it
would be possible to choose for each of the five conditions (6.18-6.22) a different scale, but
these would then differ only by constant prefactors multiplying the single scale. Since this
scale is arbitrary, nothing which is observable can depend on it. This observation is the
basis for the so-called renormalization-group approach, which uses this knowledge and by
forming derivatives on renormalization-scale-invariant quantities determines (functional)
differential equations, which are useful for determining properties of correlation functions.

There is a further consequence of this scale. If a theory like Yang-Mills theory is
taken, there appears no dimensionful parameter at the classical level, and the theory is
classically scale-invariant. However, when the renormalization conditions are imposed,
this is no longer the case, since they involve this scale. Since this scale is a manifestation
of the ultraviolet divergences, and thus incompleteness of the theory, it is thus created in
the quantization process. It is thus said that the classical scale invariance is broken by
quantum effects, a process also referred to as dimensional transmutation. In a sense, it is a

global anomaly, as the quantization process itself is breaking the classical scale symmetry®.

"Actually, any quantity which is renormalized cannot be measured directly. The only direct measure-
ments possible measure either cross sections, masses, or decay rates in one form or the other, and permit

then an indirect determination of the parameters.
8As a side remark, it should be noted that the exact masslessness of the photon can be shown to

be a consequence of this broken scale symmetry in massless QED. In this case the photon becomes the
Goldstone boson of the breaking of the global scale symmetry.
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This perspective will be further discussed in chapter 9.

The second feature is that the mass of the electron and the electric charge now depend
on the renormalization, and thus energy scale, by virtue of the renormalization condi-
tions (6.20) and (6.22). Thus, the parameters of the theory become energy-dependent,
and out of a set of theories with fixed parameters e and m a single theory with energy-
dependent parameters emerges. These energy-dependent quantities are therefore called
running. Some more properties of this feature will be discussed in section 6.4. Note that
masses manifest themselves as poles in correlation functions, and only in the pole scheme
this explicitly enters, while (6.20) is actually only indirectly related to this pole. There is
also a problem with masses for gauge-dependent elementary fields, which will be discussed
in more detail in chapter 7. In the end, everything which depends on the choice of scheme
and scale are not physical. However, measurements can nonetheless be used to determine
them within a fixed scheme as a function of the scale, using a prescription like (6.18-6.22).
And thus one can, e. g., plot the energy-dependence of such a quantity. However, the plot
is only meaningful after fixing the renormalization scheme.

When changing to Yang-Mills theory, there are more renormalization conditions, due
to the ghosts, and if there is more than one matter type. However, because of coupling
unification further vertices do not all renormalize independently. Only those appearing
at the Lagrangian level require usually independent conditions. A vertex like a two-
fermion-two-ghost vertex, which arises at loop level, will not need an independent counter
term, though it will need to be renormalized. This distinguishes the so-called primitively
divergent quantities from those whose renormalization could be determined in terms of
others. In practice, however, this may actually be very involved.

As a consequence, standardized renormalization schemes have been developed, which
are commonly used, and are therefore usually not made explicit. These schemes have been
tailored for particular purposes, and must be looked up, if a calculation is to be compared
to preexisting results. However, to compare to the commonly used schemes, it is necessary
to introduce another type of regularization, dimensional regularization. Before doing so in

section 6.2.7, it is useful to linger a little more on general properties of renormalization.

6.2.5 Renormalization group

As discussed in section 6.2.4, in the renormalization process a renormalization scale p is
introduced. However, the choice of this scale was arbitrary, at least as long as > 0. As a
consequence, any physical observables should not depend on this scale. Especially, it must
be permissible to shift this scale yp — p + du without affecting observables. Of course,

since this scale was used to define the renormalized parameters, this will induce a shift in
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all the parameters p of the theory p — p + dp, in Yang-Mills theory the gauge coupling g
and the masses of the matter fields m. This will also induce a shift in the field amplitudes
07, as these are also renormalized.

Consider a single field. The latter implies that a vertex function

" = (¢1...0n)

will be shifted under an infinitesimal transformation in p to first order as
" — (1+nézZ)r" (6.23)

A dependence on different fields will just induce a sum of the different shifts. However,
simultaneously, the correlation function is a function of the parameters of the theory,
and of the renormalization scale. E. g., the renormalized propagators depend only on
the renormalized parameters g and m, and the renormalization scale pu. Also any wave-
function renormalization is entirely given in terms of these quantities. Thus, (6.23) must

also be given by’

orr orr n
0ZT" =dI'™ = 0 ) om.
n o [ a9 g+ om m
To remove the explicit dependence on dpu, usually the redefinitions
dg
= U 6.24
B = p o (6.24)
om
ﬁm = ﬁ—
m op
0z

are performed, called § functions or v anomalous dimensions. The particular correlation
function no longer appears. Hence, these are universal functions of the coupling constant,
masses, and the renormalization scale only. However, they are not unique. Since the
dependence on the renormalization scale implies that they depend on the way how it is
fixed, and therefore on the renormalization scheme.

This form is known as the/a Callan-Symanzik equation

o 0 0 .

which is an exact equation the correlation function has to fulfill. Especially, if the functions

B, Bm, and v would be known, then it would be possible to determine its running with

91f there are more parameters, like the gauge parameter, further terms appear. This is right now an

unnecessary complication.
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the renormalization scale u. Setting e. g. all momenta equal to u, like it is done in certain
renormalization schemes, this would provide limited knowledge on the full momentum
dependence of I'™.

These equations can alternatively be derived in an integrated form. Since for any

multiplicatively renormalized vertex function'®

o= ILZMT,

where ¢ enumerates the fields, and the n; counts the times a field appears in the related
expectation value. The vertex function I'y only depends on the unrenormalized quantities,
while I" is the renormalized one. Since the left-hand side does not depend on p, neither
does the right-hand side. Taking a total derivative on the right hand side with respect to
w also yields (6.25).

The situation becomes particularly simple in a mass-independent scheme, i. e. where
all renormalization conditions do not involve any mass explicitly!'. Then in the equation
(6.25) the functions do not depend on any ratios p/m, and the equation can be integrated

using the method of characteristics, yielding

C(u, a,m, Q) = exp —;ni dxgl((j)) U, a,m,Q),

where the barred quantities are the initial conditions. The most important point is that
the dependence on () is not involved. The importance of this becomes even more evident
when rescaling all dimensionful quantities by a common factor, especially by jz such that

the initial condition becomes fi independent. This yields

i) ()

= exp /adx<ﬁ‘§;)—zi:ni ) F(l,a,%,%)

(6%
where dr is the naive/canonical /engineering dimension of I, i. e. the one obtained by just

F(M7a7m7Q) = Iadr‘exp _an/dx

7i(z)
B(z)

counting the dimensions of the fields in the expectation value. In the second line, the

ONote that under certain conditions there may be mixing between various vertex functions under
renormalization. Then this is a matrix equation. This complication will not be considered here. Also a

dependence on the gauge-parameter is skipped over here, but can be considered if necessary.
11Such schemes have their own problems due to threshold effects, but this of no importance for the

present case.
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relation (6.24) has been used to include the canonical dimension into the exponent. Since
without renormalization all ~; vanish, they modify the canonical dimension. Thus the
name anomalous dimension.

A very interesting case arises if the function either has only one momentum scale ()
or all momenta are equal, i. e. the so-called symmetric configuration. Then by setting
i = @, the equation describes the dependency on () alone. Since due to the ~;, this is not
a scaling just with Q. since the limits of the integral now implicitly depend on @, this
shows how the classical scaling at m = 0 is broken due to quantum corrections.

Of course, the dependence of the relevant functions can, e. g., be obtained first in fixed-
order perturbation theory, and then be used to integrate the equation. This yields so-called
renormalization-group improved results, where the name 'group’ is here of historical origin
only. Still, the whole process can be remapped to a half-group.

E. g. for Yang-Mills theory coupled to /Ny fermions in the fundamental representation
it follows to NLO

G = Blal@) ~ —a* Y pa
5, = L;CA—ngTR (6.26)
2 dir 2 .
S oy = mle(@)~ 0 Y ne’ (%20
Y% = Cg¢

where [y and 7o (and also (1) are the same in all mass-independent renormalization
schemes, while the futher expansion coefficients are not. The approximation indicates
that this will not capture any non-perturbative contributions. As discussed later in sec-

tion 6.4, this yields, e. g., the running of the coupling.

6.2.6 Gauge-symmetry-breaking regulators

The cut-off regularization discussed in section 6.2.1 is by no means the only possibility.
There exist quite a plethora of different regularization methods, which are all consistent.
However, almost all of these prescriptions are in conflict with symmetries, in particular
gauge symmetries. This is not a problem in principle. It will only yield that there are
more counter-terms, which break the symmetries. Thus the symmetries are not manifest
anymore at the level of the renormalized Lagrangian, but only at the level of physical
observables, like cross-sections. This also modifies the STIs and WTTs, as they reflect this
breaking.
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However the modified STIs and the additional counter-terms make this rather cum-
bersome in many practical applications. The cut-off regularization is one example of such
a regularization prescription which breaks the gauge symmetry in intermediate steps. E.
g., when using a pure cutoff-regularization with cutoff A, the gauge boson tadpole term
will yield a term proportional’> A2 but proportional to the structure g,,. Likewise,
the other one-loop parts have similar structures. As an example, doing the calculations
explicitly for the three-dimensional case, the full self-energy to one-loop order in Landau

gauge reads

2 2
ab ab¥ CA PuPv 9 CAA ab
Mo = =06, <g“”+ p? >_ 6rpz O I
2 ¥ 4g2C 1A 2¢2C 4 A
_5(11;9 A 5 = 6pup . g A 5ab » g A 5abg,w
32p p? 6m2p? 3m2p?
11¢2C4 pup\  G*CaA
_ ab M ab
=9 61p < w T ) T e 0 G, (6.28)

where in the first step the first two term comes from the ghost loop, the third and fourth
one from the gluon loop, and the fifth from the tadpole. This violates the not modified
Slavnov-Taylor identity (5.61), as

_gQC’AA

672

pupy Dy, = 5%

which should yield zero on the right-hand in Landau gauge. Thus, cutoff regularization

breaks gauge invariance. This can be remedied by adding a counter term

2
_ 5N e

672 ¢

Le

to the Lagrangian, which also violates gauge invariance, as it is effectively an (infinite) mass
term for the gauge boson. This additional counter-term cancels the effect, and restores
the Slavnov-Taylor identity, and thus gauge invariance at the quantum level. Thus, gauge
invariance is allowed to be broken by the regulator, provided the renormalization ensures
that gauge invariance is maintained in the renormalized theory. As this example shows,
this is usually technically involved.

However, any regulator has some problems involved. Most regulators break some
symmetry. Others are only applicable under certain assumptions. These are usually
violated beyond perturbation theory, but are satisfied within perturbation theory. In
such a situation it is possible to establish regularization procedures which are consistent

with all symmetries, albeit being restricted to perturbation theory. Since the results after

12Tn two dimensions this will be logarithmic.
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renormalization is again independent of the regularization procedure!?, this should not
affect the final outcome.

6.2.7 Dimensional regularization

An example of such a perturbatively well-defined regulator prescription is so-called di-
mensional regularization. It leaves all symmetries manifest. The price to be paid is the
assumption that correlation functions are analytic functions of the dimensionality. That
this is violated beyond perturbation theory can be seen from the fact that two-dimensional
Yang-Mills theory is actually a trivial theory, which can be solved exactly. There are no
physical degrees of freedom, as there are no transverse polarizations. Therefore, even at
the level of perturbation theory, it is only a theory of gauge-fixing, and the physical state
space is empty. Because of the exact solvability, this result can be demonstrated non-
perturbatively: There is only one physical state: An empty vacuum. As the theory is
interacting for higher dimensions, this implies a non-analyticity at two dimensions, and
thus the assumption is violated. Thus, this regulator will not work non-perturbatively
without also inducing problems.

But for perturbation theory it is without problems. In fact, it is perturbatively so
well working that it has become the mainstay of perturbative calculations, even though it
requires that the analytic structure of the appearing correlation functions has to be known,
and that the presence of anomalies and chiral symmetries requires very special attention.

The name dimensional regularization stems from the fact that an integral is analyti-
cally continued away from the number of dimensions in which it should be evaluated to
a dimensionality in which it is finite, then evaluated, and finally the result is analytically
continued back to the original number of dimensions. In this process, the change of dimen-
sions is entirely formal, and therefore not restricted to an integer number of dimensions.
The original divergences then appear as poles of the type 1/6 with ¢ being the distance
to the desired dimensionality. These poles correspond to the explicit appearances of the
cutoffs, e. g. in equation (6.15), when a cutoff regularization is performed.

The rules for dimensional regularization can be given mathematically quite precisely.
The first part of the prescription is to set any integral to zero, which does not depend

explicitly on a scale,
/ddk(k:Q)O‘ = 0. (6.29)

For integrals involving a scale, take the following example, which is continued to D being

13 At least for renormalizable theories.
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different from the target number of dimensions d

(6.30)

1 1 M / dPk 1
(

A=— [ d% AT = :
im? (k2 — m? +ie)" - im? 2m)P=d (k2 — m? + ie)"

The original, unregularized integral is obtained in the limit D — d. Since this is only a
regularization, the total value of A" should not change its energy dimensions, and there-
fore a dimensional regularization scale M is introduced. This is nothing but the usual
dimensional transmutation. This integral is convergent for D < 2r. Performing a Wick

rotation, i. e., replacing formally ky — ik, yields

(2r M) P / D (=1)" (2mM)*P / D-1 (=1)
Ar=22"""7 = k=7 d|k|dQ
2 d k(k2 +m? + i€)" 2 [kldS2p (k% +m? + ie)"’

which is for a finite integral always permitted. Using the rotational invariance, the angular

integral can be performed yielding the volume of a D-dimensional unit-sphere,

vl

2T

/dQD = (6.31)

S~
~—

[e o]

r
I'(z) = /tZ1etdt.
0

Of course, a sphere is only a geometric object in the conventional sense for D being integer.
The expression (6.31) is therefore taken to define the volume of a sphere in non-integer
dimensions.

The remaining integral is then elementary, and can be solved using Cauchy’s theorem,

to yield
ol (T — Q)
A" = (4 M2 =D 2 —1) 2
R
So far, this result is valid in D < 2r dimensions. To obtain the originally desired dimen-

sionality, replace D = d — 20,

F(r—%—i—é)

F(T) (_1>r<m )Eiri :

A" = (47TM2)5

A" is now expanded for small 9, as the desired limit is 6 — 0. For the case of r =1, i. e.,

for a massive tadpole like (6.15), the expansion in ¢ yields

A (L e —m ™ 1) 400 6.32
= 5 v+ Indr nM2+ +(), ()

where ~ is the Euler constant v =~ 0.577. This expression has a simple pole in ¢, replacing

the divergence on the explicit cut-off.
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From now on, the procedure is essentially identically to the cut-off regularization:
Renormalization is performed, with the divergent terms being absorbed in counter-terms.
If just the term 1/4 is absorbed the corresponding renormalization scheme is called minimal

subtraction (MS), but more commonly the (almost always appearing) combination

1
g—fy+ln47r

is absorbed by the counter-terms. This is the so-called modified minimal subtraction
scheme, denoted by MS, the standard scheme of most perturbative calculations.

Similarly, it is possible to calculate any kind of other diagram. For example, a massless
loop integral in the MS-scheme takes the form

/ (;l:idq%(q )%= L T(ma=f- 5T+l + 6>p2<%+a+6>7 (6.33)

(4m)z  T(d+a+ B (—a)l'(=p)
and so on. It is usually possible to reduce given loop integrals by appropriate transforma-

tions into one of several master integrals, for which the dimensional regularization results
are known, and can be found either in books or some tables in review articles.

An important insight is that an expansion of I' will always yield terms like 1/§, and
never terms like 1/§2. Thus, the apparent divergences are of different orders than, e. g.,
in cutoff regularization, showing explicitly the difference.

In comparison, the result (6.28) in dimensional regularization reads

20 QC Dup
o = —gwd A (5 o Pebr) e T (g gPelr)
" 6ap \" Ty 32p \ " 2 )

PuPv\ cab 11g°Cy
= _ 7= 1 _
(5“” p? )5 ( 64p )’

and thus has the same, finite!*, transverse part than the one obtained in cutoff regular-
ization, but is directly compatible with the STT (5.61).

6.2.8 Lattice and infrared regularization

An alternative to violating gauge invariance with a cutoff regulator is violating Poincare
symmetry using a lattice as a regulator. There are two distinct advantages compared
to the cutoff regulation. The consequences of Poincare symmetry are much more easily
to estimate, like angular momentum, than of gauge invariance violation. The reason

is that Poincare invariance is a global symmetry, rather than a local one. This also

141n three dimensions Yang-Mills theory is superrenormalizable, and thus the correlation function itself

is, after renormalization, finite.
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implies the second advantage. Once gauge invariance is broken, the results even for gauge-
invariant quantities will depend on the choice of gauge until gauge invariance is restored
by renormalization. Because most calculations are approximate, this restoration is usually

not exactly possible, leading to residual violations, and thus dependence on the choice of

gauge.

Of course, there is a disadvantage. A lattice is obtained by making space-time discrete.
This implies that integrals become sums and various directions are different, e. g., diag-
onally between two lattice points compared to along the edge of a lattice. This leads to
much more involved tensor structures, and severely more complicated calculations. Thus,
this approach usually lends itself easier for numerical calculations, so-called lattice simu-
lations, than for analytical calculations. Even though there are exceptions to this rule. As
even the numerical simulations are very involved, a description of them will be relegated

to the corresponding lecture.

Once this is done, the results will be depending on the distance of the lattice points,
the lattice spacing. In the renormalization this dependence has then to be removed, just
as always a dependence on the regulator has to be removed. However, this has now also
to be done numerically, leading to technical problems, which are also beyond the scope of

the present lecture.

There is, however, one element of further importance. For any numerical simulations
the number of points has to become finite. Thus, in addition the volume has to be made
finite.

However, a finite volume has also an interesting further advantage. Because a finite
volume restricts the maximum distance this will regulate also the infrared, not only the
ultraviolet, of integrals. Thus, in theories in which there are spurious infrared divergences,
e. g. in loop integrals with massless particles, they will be regulated. Because wave-
lengths are limited, every particle is massive in a finite volume. Of course, this implies
a dependence on the volume of the results. Taking the limit of the volume to infinity
afterwards should then be possible without additional renormalization. After all, flat
Minkowski space with infinite volume is the arena where particle physics is defined. Thus,
these regularization is here only a technical tool. In fact, imposing a finite volume can

also be combined with different regulators than a lattice regularization.

This becomes especially important when using approximate methods. Especially many
infrared divergences in gauge theories emerge only in perturbative calculations, and are an
artifact of them. Then, such regulators are necessary, and have to be dealt with carefully.
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6.2.9 Composite operators

When dealing with gauge theories beyond perturbation theory, it will be seen that com-
posite states, i. e. products of fields evaluated at the same point, become very important.
E. g. the simplest composite operator to describe positronium is ) (x)y(x), where 1) is
the electron field. They describe, e. g., bound states. They also play a role in various
perturbative settings.

However, such a product is usually ill-defined at the quantum level. As a consequence,
such operators are usually not renormalized just by renormalizing the field operators in-

dividually, but require further (multiplicative) renormalization, i. e.

(W(@)¢())r = ZyZ(2)(2),

where Z,, are the wave-function renormalizations of the fields 1, and Z, is the additionally
required renormalization constant.

But since in a renormalizable theory only a finite number of counter-terms are required,
this divergence cannot be an independent one. It must thus be expressible in terms of the
other renormalization constants. In fact, in the present case it turns out to be related to
the mass renormalization, as this is the same composite operator as the mass term in the
Lagrangian. Thus, it must be given by the inverse of the fermion mass renormalization,
and hence ma(x)y(x) is actually finite and renormalization-group and renormalization-
scheme invariant, and thus observable.

This still leaves the question of how to calculate Z.. Of course, one possibility, often
the simplest one, is not to search explicitly for the relation to the other renormaliza-
tion constants. Instead, the composite operator is directly calculated and renormalized
independently. Since the divergence structure is unique, this will introduce at most an
ambiguity in the prefactor, which can be fixed by comparison to an observable quan-
tity. Actually, this may even be the quickest path to determine the relation to the other
renormalization constants by reverse engineering the functional dependency on the other
renormalization constants based on the divergence structure.

It is, of course, also possible to systematically derive the relations. The starting point

is to add a source term for the composite operator to the action, e. g.

L, - / dex (@) () (z).

Correlation functions of the composite operator are then obtained by derivatives with
respect to the new source y(z). In this case, the term has the same structure as a mass-term

with z-dependent mass x(x). Thus, this term contributes to the mass of the fermions, and
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thus its renormalization is fixed together with the mass renormalization of the fermions.
This is how the relation to the mass-renormalization of the fermions comes about.

In case of composite operators with more than two fields, however, the situation quickly
deteriorates. Since formally the term is non-renormalizable, at least for fermions, this
implies that formally all possible counter-terms with the appropriate mass-dimension have
to be included. These are fixed in the same way as in any non-renormalizable theory.
The only exception is that as the sources of the composite operators are send to zero at
the end of the calculations, these counter-terms are actually not free, but fixed by the
remainder. Nonetheless, calculating them is as complicated as in any non-renormalizable
theory, and therefore in practice this way is rarely done. Especially, since there is no

general construction principle for interesting theories which avoids these troubles.

6.3 Examples of perturbative calculations

In the following some processes will be discussed, to enhance familiarity with the details
of the procedures and add a number of technical tricks to the tool set. Only Yang-Mills
theory will be considered, though without explicitly specifiying the gauge group. As the
most relevant case is four dimensions, and issues like renormalization are specific for every
dimension, the following will be done only in four dimensions, and using dimensional
regularization and in the MS scheme.

Also, there are additional issues in both lower and higher dimensions, which would
lead astray at this point. E. g., perturbation theory works in three dimensions only up to
one-loop order, and in two dimensions not all, because of infrared singularities, and in five

dimensions Yang-Mills theory is perturbatively non-renormalizable.

6.3.1 Ghost self-energy

The simpelst possibile 1-loop process in Yang-Mills theory is the one-loop correction of
the ghost propagator, as it involes only a single diagram: a so-called rainbow diagram,
where the ghost emits during propagation a gluon, which it later absorbs again. Using the

Feynman rules of section 6.1.2, the relevant expression for this diagram is

(gw . 5)my) ( 1

B g2fadcfbfeéceédf )
¢ ) (p+q)?+ic”

1) - s [ e+ a),

q> + ie
where it has been used that ghost, antighost, and gluon are all distinct, and thus no

symmetry factors appear. To simplify matters, £ = 0, i. e. Landau gauge, will be used in
the following.
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Because the gluon propagator is then a transverse projector, the part proportional to

qu drops out, and the result is

2 radc fbdce 1 (pq)2 1
1% (1) — g s /d4 2
&) (47)4 Yerie\" "¢ ) ot tie

The prefactor can be reduced using (4.5). This leads to two separate contributions
2 ab 2 2
9°Cad / 4 ( p (pq) )
% (p) — d + 6.34
¢ w) (47)d 1 Pp+q)?+ie  ¢Hp+q)?+ie (6:34)
The first term is already of the type (6.33), and could be directly calculated. The second

has not yet the form.

The second term is a so-called tensor integral, call it B* for the moment, as it is of
the form p,p, B*"(p), if the external momenta are pulled out of the integral. Using the
fact that the integral will be eventually regulated, and thus is finite, Lorentz symmetry
requires

B (p) = g Boo(p?) + pupy B (p?)

Using transverse and longitudinal projectors, this yields

1 PuPv

By = -1 <guu — ?) B,, (6.35)
1L 1/ pupy

By = ﬁ? <d 7 —g,w) By, (6.36)

where d is the dimension.
To get more generally applicable formulas for latter use, introduce for a moment masses

my and my for the gluon and ghost. Rewrite then

1
ap = 5 (((q +p)° = m3) = (K* = m3) = p* + m5 —m7).
With this, the integral kernel becomes that of a one-loop scalar integral, i. e. one with
momentum dependencies only in the denumerator. This structure can be tackled directly
with Feynman parameters, and afterwards with dimensional regularization.
To do so, proceed as follow. Consider first a simpler integral
2744 1
BO:<7T~M)2 /ddq 2 2 2 2\’
i (¢> = mi)((q + p)* —m3)

which will anyway be needed to express the final solution in a compact way, and also is

the first term in (6.34). Using the Feynman parameterization

1

1 /d 1
= Xz
D1D2 ((]_ — ZL‘)Dl + ZL‘DQ)2
0
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it follows that

1
By=—"~ [ d%d
0 im? / @+ 22qp + 2P — ) — (1 — 2)m2)?

This integral is dimensionally regulated, and therefore finite. It is thus allowed to perform

the shift ¢ — g — zp, yielding

The momentum integral is now the tadpole integral of type (6.30) for r = 2, although

with an z-dependent mass over which still has to be integrated,

1

By = (4mp)°T'(6) /dx

0

1

(22p? — 2(p® — m3 4+ m3) + mi)

5
Because ¢ is infinitesimal, the fraction can be expanded by

1 1

— =1—zlna+ = (zlna)’ + O(x)

a® 2

yielding to leading non-trivial order

2*p? — z(p? — mi+m?) +m? —ic
112

+ O(6),

1
By = 5 —7+1n(47r)—/dxln

where the ie has been made explicit, as this is important to select the correct Riemann
sheet for the integration of the logarithm. The final integral is non-trivial but elementary,

and can be found in either tables or solved by further, lengthy, substitutions. The final

result is
1 2 _m? 1
By = = —fy+ln(47r)+2—lnm1m2 NI Sy WL B LGN () B
0 I p? mi p* \r
1
ro= S (mf +m3—p* —ie+ \/(p2 —m} —m3 +ie)? — 4m%m§) :

This structure is the same as in non-gauge theories: The result has a cut, starting at
p? = (my + my)? with a non-vanishing imaginary part due to the decay of the particle as
soon as sufficient energy is available. Because the gauge bosons and ghosts are massless,
this will yield that there is a cut starting at zero. This feature gives rise to infrared
singularities in more complicated processes, which need a more elaborate framework to
be dealt with in general. Here, however, it will be sufficient to just keep the masses long

enough to regularize all expressions. The final result will be independent of them.
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Returning to the original problem, By, from (6.35) can now be expressed as

1

By = ———
© T 2d—1)

(Ao(mg) +2m3By + (p* +mi — m%)Bl) ,

where Ay is the tadpole integral (6.32)
2

1
Ap(m?) = m? (5 — v+ In(4r) —In % + 1) + O(9)

and Bj is a similarily obtained integral as By,

2ru)ti4 1 2pq
By = %j/ddq 2 2 2 2
it 2p (g2 —m?)((p+ q)> — m3)
1
= g, (Ao(m) + Ao(m3) — (¢ +mi —m3)By)

Likewise, By from (6.36) is given by

1

RECET

d — 2)Ag(ms) — 2miBy — d(p* + m} — m3)By) .
and thus completes the needed integrals.

Before continuing, it will be necessary to obtain the zero-mass limits of these integrals.
Because Ag is a tadpole integral, it vanishes at zero mass, according to the dimensional

regularization rule (6.29). For the B; it is needed that, after setting m; = mg =m

T_ie—in\/(p2+ie)2+1:F ie(1 + p?) - m2 Lo
2m? P +ie)?  (? +ie)? |

This yields eventually

By = ! —v+In(4r)+2—1In (p_2)
5 pu )’

and thus up to a constant term, which can be absorbed in the renormalization, a loga-
rithmic behavior with momentum. As By and the B;; are determined in turn by By, this
completely fixes the result at zero mass. Note that, as advertised above, the result has a
cut starting at zero momentum. Physically, this corresponds to the splitting of a massless
particle into two massless particles.

The renormalized result for the ghost self-energy can now be constructed along the

same lines. However, because of the second term

2 ab 2 2
Cad p (pg)
Hab _ g /d4 (
& ®) = gy NPhrar+ic  glp+qr +ie
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this cannot be done using the expressions B; and By, as it effectively involves three
propagators, a so-called triangle integral. It is possible to solve them for finite masses in
the same was as the B; integrals. However, this becomes quite tedious.

Fortunately, this is not necessary, because the ghost self-energy can be recast into the

form of (6.33). For this note that pg can be rewritten as

pqz—% (p—a)-p*—¢%).

Then, with a change of ¢ — —¢q, the ghost self-energy becomes a sum of terms of the type
(6.33),

M (p) — _giiﬁﬁjb /d4q ( p? )b ') ) _

?(p—q)* +ie 4 (p — q)? +ie

Applying (6.33) yields

Combining everything, and performing the limit of d — 4 — € and neglecting O(¢), yields

2 ab 2
g7 Ca0" D 1 1/3 13
1% = — 1 In(4 In — -+2- - -+ ==
¢(p) (4m)? p < +eln(4m) + € n/ﬂ) (e+ ’y+4 e+ 5 y
2 ab 2
g°Cad6"™ (17 14 p 29 + In(47)(14) — 10y
— —+ —In— .
(47r)2p<e4+8n2+ g

This has precisely the anticipated structure,

p2

a
— 4+ b + Chl —2
€ u
Setting the counterterm to

523 — —g - b
€
yields the final result for the renormalized selfenergy

_gzc"‘éab 2zlnp_2
(ampz V1

g (p) =
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which is, unsurprisingly, gauge-dependent.
Performing the resummation yields the final ghost propagator to order g2 using the
tree-level propagator Gy = —1/p? to obtain
) X > 5ab 5ab
G (p) — 5@ GOZ (HGo)n = — = —

= a1 (1445 Ing)

6.4 Running couplings, Landau poles, and asymp-

totic freedom

An equation like (6.22) defines an energy dependence of the coupling constant, a so-called
running coupling constant. Generically, resummed perturbation theory to second order
yields an expression like

g9(a®)* o) A

= (6.37)

a(g’) = = =
dr 14+ 8ame Byl

for the gauge coupling g¢.

The equation (6.37) implies that once the coupling is fixed to experiment at u, and an
expression like (6.22) is evaluated at a different momentum ¢, the right-hand-side is given
in terms of a(p?) by this expression (6.37). Besides the explicit value of the renormalization
scale and the experimental input at this scale there appears a pure number y. This is
the so-called first coefficient of the S-function, which is defined by the ordinary differential
equation fulfilled by ¢ as

dg _ 9’
dlnu_ﬁ(g)_ 60167r2

+0(g%),

and it can be determined, e. g., by evaluating perturbatively to this order the right-hand-
side of (6.22). The values of 5y depends on the gauge group, as well as the type and
representation of the matter fields which couple to the interaction in question. Actually,
Bo could in principle depend on the renormalization scheme, but does not do so in theories
with a single type of matter in the fundamental representation. This actually also applies to
the next expansion coefficient of the § function, 81, but is no longer true for higher orders.
It is also only true in schemes which are mass-independent, i. e. where all renormalization
conditions do not involve explicitly any mass.

Before evaluating (3, the right-hand-side of (6.37) should be noted. There, the various
constants have been combined into a single scale A, making the dependency of the theory

on a single input parameter manifest. This is the so-called scale of the theory, which
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also sets a typical scale for processes in the theory. E. g., it is about a 50 MeV-1 GeV for
QCD, though its precise value depends on the renormalization scheme and the order of the
perturbative calculation, and then called Aqcp. It also makes manifest the dimensional
transmutation, as it makes explicit that a dimensionless constant, the gauge coupling, is

actually given in terms of a dimensionful quantity, A.

Returning to fy, it can be evaluated to yield, e. g. for a QCD-like theory,

11 2
=—0Cy — = 6.38
o= = Ca— 5Ny (6.39)
where C4 is the adjoint Casimir of the gauge group, and Ny counts the number of fermion
flavors in the fundamental representation. Other types of particles or other representations
would yield a different value. For QCD this yields Sy = 7, if all masses are neglected, i.

e., at very high energies.

There are a few generic features of (6.37). First of all, since A is a finite number,
the running couplings have divergences at momenta ¢> = A?. These are artifacts of
perturbation theory, and called Landau poles. They indicate that at the latest at momenta
¢*> ~ A? perturbation theory will fail. Beyond perturbation theory these Landau poles
vanish for all theories which can be defined reasonably beyond perturbation theory. In the
region where the coupling remains positive, perturbation theory could be applicable. in
QCD, this is at energies higher than A2 for less than 17 flavors and the other way around

for more flavors, in QED it is at energies lower than AZ.

This provides another surprise. If it is the domain above A the theory becomes weaker
interacting at large energies, until the interactions cease altogether at infinite energy.
Such a behavior is known as asymptotic freedom, since the theory is non-interacting for
asymptotically large energies. Conversely, if the interaction strength increases at high
energies, like in QED, this implies that perturbation theory will eventually break down.

There are three known possibilities then.

The first is that this indicates that the theory at the quantum level is non-interacting,
i. e. that quantum interferences averages out all interactions. In such a case the theory
is called trivial. This seems to be the case for QED. However, to show that this hap-
pens requires usually non-perturbative methods to cope with the strong increase in the

interactions.

The second possibility is that just perturbation theory breaks down, and non-perturbative
methods are necessary. This seems to be the case, e. g., for quantum gravity. The theory

remains then well-defined.

The third is that just higher orders become relevant. E. g. the next order in the
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[f-function in the same theory is
34 20

It now depends on the actual value of the various quantities appearing, but this can change
the sign of the S-function once more. In addition, there is also the possibility that the sum
is vanishing. Then the running coupling achieves a finite value at the extremes of momenta
ranges. This is called asymptotic safety. If this happens at the perturbative level, this is
called a Banks-Zak fixed point. This behavior could also occur non-perturbatively, which
is called a Wilson-Fisher fix point. The prior scenario is e. g. realized in some scenarios
beyond the standard model in which the Higgs is composite, while the latter one seems to
be realized in quantum gravity.

Similar equations like (6.38) actually hold also for all other renormalization-dependent
parameters. E. g., the masses of the particles all decrease with the measured momenta.

Thus, the masses of particles become less and less relevant the higher the energy.
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Quantization beyond perturbation

theory

Perturbation theory can be cast in a multitude of different ways. There are, however, two
very important features, which turn out to be crucial in seeing its limitation. One is that
it is inherently a small field expansion. This is of less importance in the present context,
but plays a role, e. g., in electroweak physics.

The other is that it assumes that correlation functions, and thus by the reconstruction
theorem (2.10) the partition sum, is (functionally) expandable in a Taylor series in the
coupling constants and sources. As a consequence, the only asymptotically appearing
states are the elementary ones, as discussed in section 5.2.2. That this cannot be the full
story can be seen by a simple consideration: Consider QED with protons and electrons.
The hydrogen atom is a stable state, but does not belong to the perturbative asymptotic
state space, and should therefore not exist. This is, obviously, a contradiction.

The reason is that it can be shown that the state space of the free theory, to which
perturbation theory is analytically connected by a smooth deformation, is not unitarily
equivalent to the interacting theory. This is known as Haag’s theorem, see also footnote 2 in
chapter 6. Thus, the free theory cannot be analytically connected to the interacting one,
and thus correlation functions are necessarily non-analytic functions of the parameters.
Likewise, the quantum effective action does not need to be an analytic function of the
sources.

Thus, to fully capture a theory requires more than just standard perturbation theory.
This does not imply that these effects are necessarily quantitatively important for any
question. In fact, many questions within the standard model have been treated entirely
perturbatively, and agree with experiment to enormous precision. But there are other

cases, where the same approach fails miserably.

125
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Thus, it is generically necessary to treat also gauge theories beyond perturbation theory.
This induces a host of additional problems already in the quantization process, which will
be discussed here. It should be noted that this is not a fully solved problem yet, and thus

the following may change or need amendments in the future.

7.1 The Gribov-Singer ambiguity

At the root of the problems is the so-called Gribov problem, or more generally the Gribov-
Singer ambiguity. It is genuine non-perturbative, and starts already with the quantization
procedure. The reason is that some of the conditions in section 5.1 turn out to be insuffi-
cient non-perturbatively.

The main problem starts with the realization that local conditions, like the covariant
gauges, do not have unique solutions beyond perturbation theory. This can be most easily
seen in gauges where perturbatively there is one and only solution, like in the Landau
gauge. The additional solutions are called Gribov copies. Thus, the statement of the
existence of Gribov copies takes there the form that the gauge condition 9, A% = 0 has
more than one solution beyond perturbation theory. It is for this important to realize that
any non-perturbative treatment has to start from the gauge transformation (4.10) rather
than from the infinitesimal one (4.11). Using the latter implies the assumption that it is
always possible to construct gauge transformations from consecutive infinitesimal ones. It
is this assumption which actually breaks down in non-Abelian gauge theories. Thus, also
any proofs of the uniqueness of gauge conditions based on (4.11) are not necessarily valid
when considering (4.10).

To be concrete, consider su(2) Yang-Mills theory. An example is given by the so-called

instanton field configuration

,TV
Al = 2 apy
K Nap g? (xQ + p2)

Equv for p,v=1,2,3
Napw = Oqp for v =4 ,

—0gq for =4

which will appear in chapter 8. It satisfies the Landau gauge condition, just because it is

essentially a four-dimensional rotation. Acting with the gauge transformation
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on it transforms it into

P o
_ 1 _ _
Tw = 4—Z,(Tu7',, — TuTy).

Though this field configuration has a different radial behavior, it remains essentially a
rotation, and therefore also satisfies the Landau gauge condition. The field configura-
tion depends inversely on the gauge coupling, and can thus not be expanded in it in a
perturbative series, showing that this is a genuinely on-perturbative effect.

This can also be seen from the fact that the gauge transformation (7.1) is not continu-
ously deformable to a unit matrix. It is hence not obtainable from a series of infinitesimal
gauge transformation, it is a so-called large gauge transformation. This is actually neces-
sary. Since the perturbative construction proves that there is no infinitesimally adjacent
gauge transformation to the Landau gauge, and it is therefore unique, any additional
gauge copies have to be separated by a large gauge transformation. There are many more
explicit examples known in the literature.

The origin of the problem is that a non-Abelian gauge group has a non-trivial struc-
ture. Especially, in a generic non-Abelian group it is impossible to cover the whole group
with a single coordinate system®. The simplest example is the gauge group SU(2). It is
equivalent to the surface of a 3-sphere. Such a surface cannot be described with a single
coordinate system, as it would be ill-defined at least at one pole, and at least two coor-
dinate systems are necessary. A change of coordinate system is, however, not continous,
and cannot be done by infinitesimal steps - otherwise it would be possibly to construct a
global coordinate system. Hence, on such a structure, not every point is reachable by a
succession of infinitesimal steps.

A unique gauge condition would require to identify at each point in space-time a single
point on this sphere, to identify a unique representative of the gauge orbit. Perturbatively,
this is no problem, as the assumption of a small coupling translates into the requirement
of a small field amplitude, and therefore at all points in space and time the field values
are close to the same point on the sphere. Non-perturbatively, large field amplitudes are
possible, and therefore the field can be anywhere on the sphere. Thus, different coordinate
systems are required for different points in space and time. This is in principle possible,
but such a global information cannot be provided using a local gauge condition, i. e. a

gauge condition which involves only the fields and derivatives, but requires global input,

IThis is also the reason why an Abelian gauge theory is not affected. U(1) is isomorphic to a circle,
which can be covered by a single coordinate system.
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like integrals over the field. After all, the coordinate systems at different, possibly far,
separated points in space and time are required. A formal proof of this for the class of
covariant gauges has been established by Singer, but the argument already shows that the
problem will surface for any local gauge condition.

Though this seems to be a formidable problem, it is rather a practical than a conceptual
problem. Using gauge conditions which involve integrals over the gauge fields, it is always
possible to construct gauge conditions, which are not ambiguous. It is straightforward
to implement such gauge conditions in lattice calculations. However, they become very
quickly very expensive in terms of computing time, it may even be exponentially expensive,
when the volume is increased. The reason is that using an integrated gauge condition
implies that an integral equation has to be satisfied, which becomes numerically more
expensive the more lattice points there are.

The situation in the continuum is even worse, and little is known about practical
solutions to the problem. To understand it better, it is best to concentrate on the best-
studied case, the Landau gauge. To understand how to solve the problem requires to
better understand where it affects the perturbative quantization procedure in section 5.1.
The problem is exactly located in the expression (5.1). It is obtained by the inversion of
the operator A in (3.14). This object appears as the Faddeev-Popov determinant (5.2).
Inverting it is only possible if, and only if, the Faddeev-Popov operator has no zero modes,
i. e. in Landau gauge

9, DFw’ = A,

where the functions w® appear in the gauge transformation (4.9) has no non-trivial solu-
tions for A = 0. But, e. g., (7.1) is exactly such a zero mode. This can be immediately seen,
as for any gauge-transformed field Ay the Landau gauge condition evaluates infinitesimally
as
aw __ a ab, b
OMAL = 0"A + 0" DjYw (7.1)

and thus infinitesimally any Gribov copy is obtained from another Landau-gauge con-
figuration exactly by a gauge transformation being a zero mode of the Faddeev-Popov
operator. So far, it is unclear how many Gribov copies of any given field configuration
exist, but any attempt at counting suggest that there may be an infinite number of copies.
Unfortunately, the problem becomes worse. It turns out that there are further Gri-
bov copies which even have negative eigenvalues. These again arise only for large gauge
transformations, and thus do not appear in perturbation theory. However, they imply can-
cellations in an expression like (5.1). Exactly these cancellations will ultimately modify
which states are physical in non-Abelian gauge theories, and thus can be observed.

At this point, it is important to understand the scope of the problem: It is a practical
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problem. The basic idea of gauge fixing works just fine: Choosing a coordinate system. It
is just that specifying one is more complicated than expected. Especially, the idea that a
local condition, like (3.13), is insufficient, and there are many, probably infinitely many,
coordinate systems satisfying this choice. Singer’s result amplifies this problem by stating
that a unique choice is not possible using a local condition in field space.

Thus, the problem is 'only’ how to select a coordinate system, i. e. gauge, such that
it is useful. Of course, just like covariant gauges (3.19) average eventually over all pos-
sible choices A, a first idea could be to just average over all Gribov copies. Such gauges
are called Fujikawa-Hirschfeld gauges. While conceptually a possible solution the arising
cancellations due to the sign of the Faddeev-Popov determinant has yet prevented any
practical use of such a solution.

The alternative is to further tighten the perturbative gauge conditions by imposing
further conditions. Of course, these conditions must still be such that at least one rep-
resentative of every orbit can satisfy them?. Showing that this is possible is occasionally
already a non-trivial problem. So far, no final and proven solution exists. Therefore here
an example, Landau gauge, will be discussed, which is among the best studied so far, to
give a flavor of how to proceed.

To get a visual idea of what is going on, it is useful to imagine the field configuration
space as a three-dimensional ordinary space. Then every gauge-orbit is a curve in this
space, which do not intersect and fill the space densely. Every point along a curve is
a full field configuration, and gauge transformations move along the curves. Imposing
now a perturbative unique gauge condition, in the present example the Landau gauge
condition (3.13), means to introduce a hypersurface into this space, which cuts every
curve orthogonally®. Because of the orthogonality any infinitesimal gauge transformation
moves along the curves outside the hypersurface, and thus the corresponding gauge copies
no longer satisfy the gauge condition.

Gribov copies arise now because the curves cut this perturbative gauge-fixing hyper-
surface multiple times, but always at finite distances on the curve and always orthogonally,
and thus without violation of the perturbative gauge condition. The discrete, though pos-
sible denumerable infinite, set of intersection points makes up the residual gauge orbit.
The aim must therefore be to add conditions, or a sequence of conditions, which remove

these additional intersection points. For this it is useful to understand the structure of the

2Various gauge conditions involving non-local information have been constructed over time. However,
they are usually practical only in the numerical context of lattice simulations, and will therefore not be
covered here, as the goal here are continuum methods. There are also some examples for the case of two

dimensions, in which Yang-Mills theory is trivial and exactly solvable.
3In the context of general relativity, this is also known as a foliation.
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hypersurface, which depends, of course, on the perturbative gauge condition.

As the appearance of Gribov copies is linked to the zero modes by (7.1), it is not
surprising to find that these are also instrumental in structuring the hypersurface. The
first Gribov region is defined by the requirement that the Faddeev-Popov operator (5.3) is
strictly positive semi-definite, i. e., all of its eigenvalues are zero or positive. This region
can be shown to be bounded in terms of the field amplitudes and convex, and the Faddeev-
Popov operator has zero eigenvalues only on the boundary of this region, the so-called first
Gribov horizon. It can be shown that all gauge orbits pass at least once through the first
Gribov region. That is very important, and must be fulfilled by any gauge condition,
since otherwise physical information is lost by implementing it. The boundedness is a
remarkable fact, as it implies that when calculating physical observables no arbitrarily
large field fluctuations have to be taken into account. It contains the origin of field-space,
and thus perturbation theory, as well. This follows from the fact that in the vacuum
case (5.3) reduces to the positive semi-definite Laplacian. Thus by restricting to the first
Gribov region, ordinary perturbation theory is always included.

Besides this first Gribov region, the remainder of the residual gauge orbit is a set of
further Gribov regions. These are separated by further concentric Gribov horizons, each
having more and more negative eigenvalues. The number of negative eigenvalues increases
by one by passing the horizons, but stays constant inside. It is expected that every residual
gauge orbit passes through every Gribov region, though there is not yet an explicit proof
of this.

The first step is then to restrict the path integral to the first Gribov region. This
restriction can be implemented using a functional #-function in the perturbative gauge-
fixed path integral (5.6)

(Q) = lim [ DA,DDEN (~0,D) Q(A,, c,c)e™ I @'oks (7.2)

£—0

0 (—-0,D) = 121 O(\;),

where \; is the ith eigenvalue of the Faddeev-Popov operator (5.3). Thus, only if all
eigenvalues are positive or zero the #-function contributes, requiring that the definition
6(0) = 1 has to be made for the step function. Note that the restriction is actually neces-
sary, as otherwise the formal inversion of the Faddeev-Popov operator in (3.14) becomes
problematic. The horizon also needs special care during the inversion. It is essentially a
zero-over-zero problem, needing a well-define regularization, something which is also not
yet fully formally under control.

Unfortunately, a unique, method-independent prescription how to effectively imple-

ment this restriction to the first Gribov region explicitly has not yet been constructed.
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There are, however, a number of possibilities, which have been explored.

E. g. one proposal for how to implement this restriction using additional ghost fields,
and thus in a similar way as in perturbation theory, has been made by approximating
the #-function by a Jd-function with the argument that in a high-dimensional space only
the boundary contains an appreciable part of the volume. This generates the so-called
Zwanziger Lagrangian. However, due to subtleties related to the definition of the step-
function it is not yet proven that this is a valid procedure, though it has many interest-
ing properties. Furthermore, no Gribov copy, or any gauge copy in general, is preferred
compared to another. It would thus be completely legitimate to always chose the inner-
most Gribov copy for each gauge orbit. If (almost) all gauge orbits have a representative
away from the Gribov horizon, this would yield distinctively different results for gauge-
dependent quantities, e. g. the expectation value of the lowest Faddeev-Popov eigenvalue.
Thus, such a replacement is already implementing a certain selection of Gribov copies,
and thus corresponds to an extended gauge-fixing procedure. This is completely correct,
provided (almost) all gauge orbits have Gribov copies on the Gribov horizon. Though not
proven, this appears very likely.

However, even after restricting to the first Gribov region, the remainders of the residual
gauge orbits still possess a large number of Gribov copies. In particular, also on the horizon
such additional copies arise, which make the replacement using a d-function an even more
non-trivial attempt.

This set of Gribov copies in the first Gribov region will also be denoted as the residual
gauge orbit in the following, to avoid the term residual of the residual gauge orbit. In fact,
in an infinite volume this number is likely infinite, and in a finite volume V it appears
to be a rapidly rising function of V. Actually, counting Gribov copies is in practice a
non-trivial problem, since two Gribov copies are different if and only if they differ at least
at one space-time point after factorizing all possible global gauge transformations and all
space-time transformations. This implies that for the decision whether two representatives
of a gauge orbit are identical or Gribov copies, it is required to compare their field values
at every space-time point?. It is also in general non-trivial how to find all Gribov copies,
so that they can be counted®.

Once more, it should be noted that one Gribov copy has no intrinsic difference com-

41t appears that Gribov copies differ from each other over some large domain, so in practice already
a coarse search can yield that two candidates are different. However, to ensure that they are the same

requires a check of the whole space-time point by point.
5Tt should be noted that, though two dimensions has trivial dynamics, gauge fixing has the same

subtleties as in higher dimensions. Two-dimensional Yang-Mills theory is therefore an ideal laboratory to

study these issues without the obscuring dynamics.
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pared to another Gribov copy, since they are physically equivalent. Thus any choice of
a Gribov copy to represent the residual gauge orbit is equally acceptable. This is nicely
illustrated by using stochastic quantization. Stochastic quantization is an alternative,
but equivalent, formulation, of the path integral as a stochastic process, where additional
dynamics occur in an additional, fictitious time. The equilibrated results for correlation
functions are then the ordinary correlation functions. In this approach it is found that
there is no stochastic force acting along a gauge orbit, and thus in the stochastic equili-
bration process no point on a gauge orbit is preferred. This, of course, is just in disguise
the problems encountered when defining the path integral, which require to introduce a
gauge condition in the first place.

As stated, the residual gauge orbits inside the first Gribov horizon possess further
Gribov copies. It is therefore necessary to specify a gauge further. There are two strategies
mainly in use currently for that purpose. The first method is essentially a stochastic
approach. In this case, instead of specifying conditions for selecting a Gribov copy, a
random Gribov copy is chosen for each residual gauge orbit. This prescription, termed the
minimal Landau gauge, therefore averages over Gribov-copy-dependent properties when
calculating correlation functions. Assuming the choice to be ergodic, unbiased, and well-
behaved, this implies that this prescription is equivalent to averaging over the residual
gauge orbit. However, a constructive prescription how to make this choice in a path integral
formulation is only developing. Precise definitions of this gauge therefore exist only as
operational definitions in terms of algorithms in lattice gauge theory. The second approach
attempts to characterize Gribov copies and make a choice based on these characteristics.
One possibility will be discussed as an example.

The central element of all operational definitions of the Landau gauge is the fact that

any Gribov copy in the first Gribov region maximizes the functional

1
FlA = 1-+ / d'z A5 A (7.3)
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on each configuration, where ijll’, is again the (full) gauge boson propagator. This implies
that this gauge minimizes the integrated weight of the gluon propagator. That this is
indeed satisfying the Landau gauge conditions follows from the fact that the first derivative
of (7.3) is the Landau gauge condition, and the Hessian is the Faddeev-Popov operator.
If any given algorithm finds one of all the maxima with equal probability, it would be

a faithful representation of the distribution along the residual gauge orbit, and also be
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ergodic. The fact that there are multiple Gribov copies inside the first Gribov region
translates into the statement that the functional (7.3) has multiple maxima.

An alternative way to choose a representative on the residual gauge orbit is then
absolute Landau gauge, which makes a very definite choice rather than a random choice.
This gauge choice is derived from the following observation. The functional (7.3) has, up
to topological identifications, a unique absolute maximum. The resulting set of absolute
maxima, called the fundamental modular domain or region is by definition embedded in
the first Gribov region, and includes the origin. It is less trivial to show that it is also
convex and bounded, and thus connected. It can furthermore be shown that part of
the boundary of the fundamental modular domain coincides with the Gribov horizon in
the thermodynamic limit only. All possibly remaining degenerate absolute minima are
on the boundary. This boundary has actually a quite rough structure, including wedge
singularities, and the topological configurations to be discussed in chapter 8 are located
there. By construction, in this region the gauge boson propagator has its least integrated
weight.

Based on this observation, the absolute Landau gauge is defined as selecting the Gribov
copy which belongs to the fundamental modular domain. This condition can be realized
by either checking the absolute minimization of (7.3) explicitly or by the introduction of a
suitable weight factor in the path integral. In case the residual gauge orbit has more than
one Gribov copy on the boundary of the fundamental modular domain, again a random
choice is made. It should be noted that if the thermodynamic arguments made before were
correct, the absolute Landau gauge and the minimal Landau gauge will coincide in the
thermodynamic limit if the non-overlapping parts of the Gribov horizon are of measure
ZETO.

Both these descriptions belong to a larger class of descriptions. It is obtained by
rewriting the path integral in the expression (7.2) as

(0) =lim [ DA,DcDeO(A,, c,e)0(—0,D®)e™ ) T oo (A, ¢, ), (7.4)

£—0

where w is an appropriately chosen weight functions, which includes a normalization such
that any observable remains unchanged. The minimal Landau gauge corresponds to the
choice w = 1, i. e. averaging over the first Gribov region with a flat weight. The absolute
Landau gauge takes the form

A
Wy = exp ( y — V2 / ddg;AgAg) . (7.5)

where the N; are appropriately chosen normalizations and the limit of Ay — oo has to be

taken. The opposite limit Ay — 0 recovers the minimal Landau gauge. These weights can
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also depend on other fields. Another possibility discussed in the literature is
= N Al drdiyo e (x) 0" 7.6
wy = exp 1—1-7 xdyd;c (z)0l " (y) (7.6)

involving the ghost fields. It is important to note that all these gauges include non-local
information, both from the © function, as well as from the integrals. In a sense, minimal
Landau gauge is special, as there all non-localities stem from the © function alone, another
justification of its name.

Even if (7.4) turns out to be well-defined, this is not yet sufficient for making it useful
in practical calculations. The conditions (7.5) and (7.6) appear to translate into boundary
conditions of, e. g., the Dyson-Schwinger equations (5.49). Thus, these equations would
have multiple solutions, each corresponding to different gauges, and the corresponding
boundary conditions will select among them. Conversely this implies that such equations
for gauge-invariant quantities would have only a single solution, no matter what gauge-
dependent quantities are input. It is at the current time not yet clear whether this is
indeed how it works.

However, this also shows how the problem is vanishing in perturbation theory once
more. The perturbative series is not a self-consistency equation like the Dyson-Schwinger
equation, but a functional, i. e. creates a unique solution, and always has a non-negative

Faddeev-Popov operator.

7.2 Non-perturbative BRST symmetry

As section 5.2 has shown BRST symmetry is instrumental in establishing the physical
state space. However, the Gribov-Singer ambiguity also breaks perturbative BRST sym-
metry. This is once more best seen in Landau gauge. Consider the BRST transformations
(5.7-5.10). The BRST transformations of the gauge field, (5.7), is an ordinary gauge trans-
formation, which is just a bit strange because the gauge transformation function &u’ is
constructed from the gauge field. However, because the perturbative Landau gauge has
a unique solution this transformation cannot be anything but the identity transformation
for the gauge field. Thus, any gauge transformation which would change the gauge field
would automatically break Landau gauge. Thus, the remaining transformations (5.8-5.10)
may alter the ghost fields and the Nakanishi-Lautrup fields, but cannot do anything on
the gauge field. This implies that if the ghost and the Nakanishi-Lautrup field would be
integrated out, the whole path integral would become trivial under a BRST transforma-
tion, as the Faddeev-Popov determinant must also be invariant as it then only involves

the gauge boson field.
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This already immediately implies that Gribov copies modify the situation, as both the
gauge field and the Faddeev-Popov determinant changes when changing from one Gribov
copy to another. Especially, as these can be applied before introducing the ghosts and
Nakanishi-Lautrup field, they act not differently than a BRST transformation, except that
they are not perturbative BRST transformations.

On the other hand, since the BRST transformation should not alter the Landau gauge
condition, it follows for the BRST transformed field that

0= 0"(A% + 6pA5) = 06 A% = 9" D (Aup)

and thus a valid BRST transformation in Landau gauge requires that the Faddeev-Popov
operator has a zero mode, and thus breaks the perturbative quantization in section 5.1, just
as expected from the Gribov-Singer ambiguity in section 7.1, and shows that the BRST
transformation in Landau gauge really just transfers between different Gribov copies.

To understand this importance, it is necessary to interject a few more words on the
concept of broken symmetries.

A symmetry of a classical system, i. e. of the Lagrangian, which remains unbroken in
the quantization process can still be broken dynamically, i. e. spontaneously. To describe
this, in the following the language of correlation functions will again be used. In terms of
correlation functions, a symmetry is unbroken, if under a symmetry transformation of the
Lagrangian for fields ¢;

¢i = Gi + 00 (7.7)
all correlation functions remain invariant as well. This implies that the correlation func-
tions of operators not invariant under (7.7), e. g. (¢;), have to vanish identical. If these
conditions are not fulfilled, the symmetry is broken.

In case of a gauge theory, it is necessary to differentiate between gauge-invariant and
non-gauge-invariant correlation functions. If only gauge-dependent correlation functions
show a behavior indicating the breakdown of a symmetry, this cannot have any measurable
consequences. If the affected symmetry is a global part of the gauge symmetry®, it can be
argued that this is a mere artifact of the description, and the symmetry is, in fact, intact.
This is the combination of observations which will be used here.

Before continuing, it is worthwhile to discuss the question of observing a broken symme-
try. Naively, when just performing the path integral, all correlation functions non-invariant
under some global symmetry will always vanish. The trivial reason is just that no direc-

tion of the global symmetry is preferred without an explicit breaking. This can only be

6Any local part cannot be broken anyhow. This can be proven exactly, and is known as Elitzur’s
theorem. In fact, explicit breaking would yield a gauge anomaly, and thus observable quantities would
depend on the gauge, which is not desirable for a theory describing physics.
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remedied by introducing an explicit breaking when determining the correlation functions,
and performing the limit of zero explicit breaking afterwards. This is done, e. g., by the
introduction of an external field.

Put it otherwise, spontaneous breaking is observed by preventing the system to reach
all possible targets of a symmetry transformations by an external field equally likely. As
a consequence, the correlation functions are no longer unbiased averages over all field
configurations linked by a symmetry transformation, and therefore no longer invariant
under such transformations.

In fact, in an experimental observation an absolute direction is never observed. E.
g., take a magnet’s magnetization. The orientation is measured relative to a reference
orientation, e. g., compared to a different magnet. This reference orientation plays the role
of the explicit breaking. Thus, an equivalent way of observing the breaking of a symmetry
is to use operators invariant under a global symmetry transformation, but measuring the
relative orientation of two operators not being separately invariant. One such operator for

a magnet would be the averaged magnetization correlator,

Cum = (MM) (7.8)

M = ZSZ‘

i

where the s; are the local spins, and thus M is the configuration-wise polarization. Since
the latter is only non-zero in the broken phase, the correlator can only then be non-zero.

The same concept together with the Fujikawa-Hirschfeld gauge can be used to recover”
a well-defined non-perturbative BRST symmetry, obeying the same algebra (5.13-5.15)
as the perturbative version. The BRST transformations (5.7-5.10) are, in fact, just an
ordinary gauge transformation for the gauge boson fields. This becomes evident when the
ghost fields are integrated out. Leaving matter aside, the integrand of the path integral
only involves the gauge boson fields. The BRST symmetry is thus not changing physical
observables. Thus, the only non-trivial action can be a gauge transformation. The explicit
form after integrating out the ghosts is, even perturbatively, very complicated, and non-
local. What happens is essentially just a gauge transformation between the different
gauge copies satisfying the covariant gauge condition. This implies that the Gaussian
weight function will also change such as to alter the weight of the gauge copy appropriately.
Furthermore, in the Landau gauge case the perturbative BRST transformation can only be

the identity transformation, as there is one and only one configuration perturbatively which

"The following is not mathematical rigorous, but there are possibilities, using lattice gauge theory, to

make it much more so.
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satisfies the Landau gauge condition. This is especially so, as the BRST transformation
does not change the gauge parameter.

Beyond perturbation theory, the situation changes by the appearance of Gribov copies.
Especially, since there is now more than one gauge copy satisfying the Landau gauge
condition, the BRST transformation is no longer an identity transformation in Landau
gauge.

Now, concentrate again on Landau gauge. By construction, any BRST transformation
will not change the Landau gauge condition, because of the anti-ghost equation of motion.
This implies that BRST transformations mediate between different Landau-gauge Gribov
copies. If an extended gauge condition, like minimal Landau gauge, selects only a subset
of Gribov copies, it is possible that a BRST transformation leads out of this set, and thus
BRST symmetry appears broken: The correlation functions are no longer invariant. How-
ever, this breaking is again introduced by an additional gauge condition, which specializes
the Landau gauge further to the minimal Landau gauge.

To restore invariance, it is necessary to choose a gauge which is respecting BRST. This
requires to include all® possible targets of a BRST transformation, i. e. all Gribov copies.
But this is just a Fujikawa-Hirschfeld-Landau type gauge. By averaging over all Gribov
copies, the correlation functions are also averages over all possible BRST-transformed
versions of them. Thus, they will be invariant under BRST transformations. Thus BRST
symmetry can be regained just as any other global (gauge) symmetry. Whether there
exist relative alignment operators and what their interpretation would be is an interesting
question, in particular whether they show the existence of broken and unbroken phases,
and if yes, under which circumstances. This is not yet known. However, similar insights
as presented here for Landau gauge are not available yet for covariant gauges. It is thus
unclear, whether this construction holds beyond Landau gauge, though there is no hint
that this should not be the case.

This leaves the question what occurs in the other non-perturbative completions of the
Landau gauge. That is not yet well understood. However, the following argument may
give a guide-line. If the condition restricts to a set of Gribov copies, like the minimal
Landau gauge, there is still a residual gauge symmetry which links this set. To the
best of our current knowledge, this symmetry will likely not be a local transformation,
i. e. its transformation rules will involve integrals. This makes any construction at least
complicated, though likely not impossible. The only exception may be those cases where

really a single gauge copy is identified, like in the case of the fundamental modular region.

81t would of course be interesting to know if there exist any subsets of Gribov copies such that BRST

would remain intact within these subsets. But this is unknown.
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How to proceed in this case is yet unclear. But by analogy it is likely that BRST symmetry
then works like in the perturbative Landau gauge, i. e. its acts only on the ghost fields
non-trivially.

However, this does not yet makes statements whether BRST symmetry also continues
to define physical states. For this also the linearity of the asymptotic states in the elemen-
tary fields was necessary in section 5.2.2.4. Beyond perturbation theory, this is no longer
true, and asymptotic states can be composite. This requires to classify gauge-invariant

states first.

7.3 Gauge-invariance beyond perturbation theory

As the previous discussion shows, it is not possible to just simply extend the construction
of section 5.2.2 to identify physical degrees of freedom. Especially, beyond perturbation
theory asymptotic states are not necessarily anymore just the elementary states, but can
now be composite. Just think of the hydrogen atom in QED. Thus, the argument that
there is no target available for the BRST transformation is no longer valid®. Especially,

the transverse projected part of sAf is

ppl/ a abc ppl/ vec

which is only in the limit ¢ — 0 zero, and thus non-perturbatively the gauge field belongs
to V5, rather than Vi, and is thus unphysical, if BRST would work. Also, the basic
assumption of perturbation theory that asymptotic fields can only be linear combinations

of the elmentary fields breaks down.

Thus, this requires to construct physical states in a different way. The obvious choice
is to have only gauge-invariant states as physical states, as they are automatically also
BRST invariant, as this is only a particular gauge transformation. The natural question
is then, whether there exists a kind of 'gauge-invariant’, or at least non-perturbatively
BRST-invariant if BRST symmetry exists, version of the gauge bosons or of the matter
fields. As it turns out, the answer to this is quite different for Abelian and non-Abelian

gauge theories.

9 Alternatively, it can be shown that a unitary time evolution cannot yield free fields, and thus asymp-

totic states need to be interacting. This is once more Haag’s theorem at work.
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7.3.1 Abelian gauge theories and the Dirac phase

Consider first the Abelian gauge field, which transforms according to (3.9), 4, — A, =
A, + 0,9. If the gauge field is contracted with a transverse projector, this yields for the

gauge-transformed field in momentum space

PuPv ! PuDv Pubv
(o= 15) = (o= 5 0t = =55

Thus, the transverse projected gauge-field is invariant under a gauge transformation. The

longitudinal part behaves like
PuPv ! PubPv Pv
and thus carries all the changes, but does also include (longitudinal) information from the

gauge field.
To get rid of this part, define a physical photon field Afj as

P _ PuPv v
A/,,L_<g,ul/_ pQ)A’

which is manifestly transverse, and thus has only two degrees of freedom, and is invariant

under gauge transformations. Seems to be pretty simple, but there is a catch.

This catch appears when trying to invert the Fourier transform, and return to position

/d4pA5(p)€W :/d4p (g , p;pV) Ay( ) sz.

Now, this is no longer a simple expression, because of the factor 1/p?. Rather, what is

space. This yields

needed is a an integral over all of space of A, (z),

ALw) = g [ dtuile =) - - [ a2 a) (7.9

. 1 0,0, .,
= guA (a:)—ﬂ/d4y| y|A (y)-

1 8,0, \ -
<guu/d4y5(r —Y) - - /d“ym) 3 g(y)

020
= 8Hg(a:)——/d Y z “g:(y|) =0,9— 0,9 =0, (7.10)

the so defined field is indeed gauge-invariant. However, it is not a local object anymore,

Because

as the second integral is not reduced. Thus passing to a physical vector field implies even
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in QED giving up locality. Note that the physical field is entirely transverse, as any other
contraction of it vanishes by construction. Thus, it carries only two degrees of freedom
(in four dimensions). In fact, as the non-local term is essentially a solution to the partial
differential equations determining the vector potential at fixed electric and magnetic field,
it is possible to regain an expression in terms of these fields.

Likewise, it is possible to construct an electron field with such a non-local construction.

Define the Dirac phase

(e o]

D(z) = exp —ie/dyuAu(y)

T

which transforms under a gauge transformation using
oo

exp | ie [ dnd,0(0) | = exp(-icg(a) (7.11)

T

just opposite to a matter field. Thus, given a matter field ¢)(x), the combination

V'(z) = D(x)y () (7.12)

creates a gauge-invariant, physical state, e. g. an observable electron.

This expression is again non-local, as the line integral starts at infinity and connects
to some point x. This connection is called a Dirac string. It can be shown that the results
of physical processes cannot depend on the detailed form of the Dirac string. However, it
punctuates any sphere around x, and thus creates non-contractible paths. Hence, it can
also not simply be dismissed. Such a situation, where non-locality is reduced to a single
point on any sphere around some local position x is called almost local. Note that the
Dirac phase acts like an inverse transporter in the sense of section 4.5. Thus, what the
Dirac string actually does is compensating for the arbitrary changes of coordinate systems.

While the field (7.12) is thus the physical electron, and should be used in actual calcu-
lations, this can often be reduced to the usual perturbative electron. If the gauge field has
a small enough amplitude such that the line integral is of order one, then the Dirac phase
can be expanded in the electric coupling constant, yielding 1 + O(e). Thus, any effects
from this dressing are of one order higher in the coupling constant than when using the
usual elementary field. Hence, in a purely perturbative construction the dressing can be
neglected. However, if the line integral of the fields becomes large, of order 1/e, this is no
longer possible. Thus, at strong fields it is necessary to work with (7.12) even in a weakly
coupled Abelian gauge theory.

Similar statements hold when considering the physical vector field (7.9). The integrated

amplitude is small, if the field is well localized and has also locally a small amplitude. Then
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the gauge field can be approximated by a d-function, for which the integral can be solved,
yielding just the local field. Hence, the physical field becomes the unphysical field in the

small amplitude limit.

7.3.2 Composite states as physical degree of freedoms

When turning to a non-Abelian gauge theories, the first idea would be to do also just (7.9)
and (7.12). That is, unfortunately, not possible. The reason is that now the transformation
formulas involve the covariant, rather than the ordinary, derivative. Thus, the calculation
(7.10) does not work out, and involves an integral over the gauge field. Likewise, (7.11)
does not work, as it involves now also an integral over the gauge field.

Of course, it is tempting to add further terms to the Dirac phase or consider a more
involved kernel than 9,0, /2% to counter these effect. At least in the sense of an infinite
series, this appears to be possible at first. However, it turns out that this series requires
an explicit inversion of the Faddeev-Popov operator. Because of the apperance of zero
modes due to Gribov copies, see section 7.1, this is not possible. Except in perturbation
theory, because there no such zero modes exist. Hence, in perturbation theory such a
construction, in the sense of an asymptotic series, is possible. But only then. And in
fact, in the same sense as before this reduces the physical states to the elmentary ones
in a perturbative expansion, and just yields results which are consistent with the BRST
construction of chapter 5. Beyond perturbation theory, this is no longer possible.

Hence, beyond perturbation theory it is necessary!® to construct gauge-invariant states

differently. The key to this are composite operators. Operators like

O(z) = ¢' (2)¢(x) (7.13)

are manifestly gauge-invariant, even beyond perturbation theory. Likewise any operator
build from combinations of the field strength tensor in a similar manner is gauge invariant,

e. g. the action itself. Furthermore, so-called Wilson lines

W(Cyeyy) =exp | —ig / dz, A" |,

C:c—>y

transform like
W(z,y) = g(x)W(z,y)9(y) ",

1ONote that, despite overhelming circumstantial evidence, there is no rigourous proof that no alternative

exists. Thus, while unlikely, it cannot (yet) be excluded that an analogous construction to the Dirac phase

is possible in the non-Abelian case.
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where C,_,, is a path connecting the points z and y. Therefore bilocal objects

O(z,y) = o' (y)W (y, z)¢(x) (7.14)

are also gauge-invariant. Likewise more complicated objects can be build. Note that the
important difference between the Wilson line and the Dirac phase is that even if either
endpoint is send to infinity there is still a factor g(oco) under a gauge transformation. It
is this fact that the Wilson line in a non-Abelian gauge theory transforms bilocal rather
than local as the Dirac phase does, which differentiates between the Abelian case and the
non-Abelian case.

Especially, this shows again how in perturbation theory the elementary fields become
physical. To leading order in the coupling constant the Wilson line is again 1. Thus, an
expression like (7.14) reduces to ¢'(y)¢(z), but the expectation value of this is merely the
propagator of the elementary particle. Hence, extended gauge-invariant objectes become
independent elementary particles in perturbation theory.

This allows also to interpret (7.13) as being two particles at the same place. And this
is only a localized bound state. Hence, such operatores describe bound states.

Of course, determining the properties of such bound states, or bilocal or more com-
plicated objects, then formally requires non-perturbative methods!'. This will not be
detailed here, but is relegated to the corresponding lectures, e. g. lattice field theory or
functional methods. And, of course, if the bound state characteristic is only a minor dis-
turbance, this can still be done perturbatively. E. g. at a couple of hundred of GeVs in
both QCD and QED the corrections due to the Dirac phase and Wilson lines are negligbly
small when it comes to cross sections. This can be intuitevly understood!?: Shooting
particles at each other at such energies they will pass each other so quickly that the bound
state formation time is just far too long to have any relevance. Still, any field-theoretical
sound approach should at least formulate the starting point of a calculation of any ob-
servable quantity first in terms of also non-perturbatively gauge-invariant quantities, and
then systematically develop these expression when doing a perturbative calculation. This
may lead to potentially different results then if just using the Feynman rules. E. g. the
situation at LHC with colliding protons is described by the gauge-invariant initial protons,
which are then decomposed into quarks by a technique called factorization, rather than
with just three asymptotically non-interacting quarks. This would, e. g., totally miss the
gluon content of the proton, which is actually the most relevant contribution at typical

LHC energies.

1Tn the presence of a Brout-Englert-Higgs effect there is some way to circumvent this. See the lecture

on electroweak physics for details
12A word of caution: In other theories this statement may be misleading.
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7.3.3 Gauge invariance as redundancy

The previous discussion should have shown that a physical problem needs to be formulated
in a manifestly gauge-invariant way. Especially, gauge-dependent quantities cannot be used
to characterize physical processes. In QED, it is explicitly possible to transform to such
degrees of freedom by (7.9) and (7.12), while in non-Abelian gauge theories composite
operators are necessary. Of course, also in QED the non-localities can be foregone by
using composite operators only.

It is thus possible to formulate the problem in terms of gauge-invariant quantities. In
QED, it is actually possible to transform the path integral into the variables (7.9) and
(7.12), i. e. physical degrees of freedom. Of course, because of the Dirac string, this will
no longer lead to a local Lagrangian. On the other hand, the Dirac string explains how
a non-local effect like the Aharnov-Bohm effect can emerge, or how Bell’s inequalities
can be understood. Still, the resulting formalism is cumbersome at least, and technically
practically impossible to use at worst. The situation is worse for the non-Abelian case.
It appears possible to rewrite the path integral in terms of a sum over all possible closed
Wilson loops, i. e. Wilson lines in which the path is closed. Howevere, there is an infinity
of such Wilson loops, and thus there would be an infinite number of integration variables
in the path integral. Thus, while conceptually interesting, this is practically essentially
irrelevant.

Still, both aspects together shows that gauge degres of freedom are, indeed, just auxil-
liary fields, which can be removed. This is done at the expense of a non-local formulation
of quantum theory, and thus essentially insurmountable technical complications at the
current time. But it shows that gauge degrees of freedom are unphysical, and a problem
needs to be formulated manifestly gauge-invariantly before gauge degrees of freedom can

then be used to solve it in a technically convenient way.

7.3.4 Asymptotic state space

To complete the discussion, this leads to the question ofobservable states. In principle
now all physically observable states need to be described by gauge-invariant operators. At
the same time, gauge-dependent operators can still describe asymptotic states, but they
will belong to an unphysical (gauge-dependent) state space. Thus, just like in section 5.2,
the total space is split into two. The total space has an indefinite metric, and contains all
gauge-dependent states. The gauge-invariant ones are in the physical subspace, which is a
Hilbert space. In principle, this Hilbert space would be sufficient to describe all of physics,

but at the expense of being governed by non-local dynamics. Gauge-dependent states
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cannot evolve into gauge-invariant, and vice-versa, as the S-matrix itself is gauge-invariant,
and can thus not change gauge-dependency. Thus, all observable states (and thus any
particles) need to be gauge-invariant, especially in the sense of asymptotic states. In non-
Abelian gauge theories, these are composite, and thus need in general a non-perturbative

description, though in special cases this may not be quantitatively relevant.



Chapter 8

Topology

8.1 Topological excitations

While matter particles, gauge bosons and bound states are states which consists out of
a few valence particles, i. e. particles which define their quantum numbers, non-Abelian
gauge theories can also support other states. Especially, it can support states which are
genuine collective excitations of gauge bosons, with or without matter, which can no longer
be identified individually. Such states are usually highly unstable. However, some such
excitations are stabilized by geometric effects, and then called topological excitations, for
reasons to be explored in the following.

The most prominent of these excitations are so-called instantons. Though it is not
possible to directly observe instantons, their effects can be identified, e. g., in lattice
calculations through various techniques. To understand them, it is best to first investigate

similar excitations in quantum mechanics.

8.1.1 Instantons in quantum mechanics
8.1.1.1 Leading order

The starting point is a one-dimensional double-well potential

2

Viz)=A\ (xZ - 772)

This potential has two degenerate ground states centered around +7. These are two clas-
sically separated vacua for particles with kinetic energies less than An*. The quantization

can be done using the WKB approximation. Then the wave function is assumed as

¥ (x) = e

145
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where

xT

b(z) = i/dx’p(:c’)—i—O(h) (8.1)
p(x) = V2m\/E—-V (2)

where m is the mass of the particle and F is its energy. The WKB approximation re-
sults from an expansion in A, here only taken to lowest order. If quantization is done
around both minima, two degenerate solutions are found. However, this is not quantum
mechanically true, and tunneling will mix both states. The new ground state will be the
symmetric combination of both single states, and the first excited state will be the anti-
symmetric combination. During tunneling, the WKDB solutions do not oscillate, but decay
exponentially.

An analogous expansion of the quantum-mechanical path integral around the classical
path can be done. The imaginary values of p of the WKB approximation can equivalently
be replaced by imaginary time, a so-called Wick rotation. The Green’s function describing

the tunneling is then given by

<—n\e’th|77> = /Dres,

where r is the path and S the action. The path associated with the solution of the classical
equations of motion in imaginary time gives then the maximum contribution to the path
integral.

The path integral can be expanded around this path as a correction factor. After the

Wick rotation is performed, the classical equation of motion for the tunneling path is given

by
2z dV

T

or equivalently by the conservation of energy for the lowest classical energy state, where

E =0,
m [ dz\>
5(5) — V(@) =0

yielding after separation of variables

1 1 1 11
dr = ————de = —————d
2 (32 —p2)? 2y 21— p ny2 L

This can be integrated and yields

dr =

Uu.

tanh™! r
n 27 n

T — Ty =
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where both integration constants have been absorbed in 7y. This yields for the classical
path

ze (T) = mntanh (% (1 — 7'0)> (8.2)
8n*\
o= 2 (8.3)
m
The solution goes from x (—00) = —n to x4 (00) = 7, and hence describes the tunneling

of the lowest classical energy state from one classical allowed position to the other. 7 is
a free parameter and describes the localization of the tunneling in imaginary time. The
solution is well localized in time. The path (8.2) is referred to as an instanton. Its reverse
—x4 (7) is referred to as an anti-instanton.

The action of this path is

r m (dz\’
So = / dr <5 (E) + V(x))
Rescaling & (7 — 79) — 7 this yields
7 2 1
mnw 1 2A\n 9 2
So = d tanh” 7 — 1
0 / T( 4 cosh47Jr w (an ! )
B mn?w  8\n B m2w?
-3 3w 12X

It is convenient to scale such, that m = w = 1 and to change the potential to V (z) =
Az2 (x + 21)°. The action is then ﬁ and the condition A < 1 controls the validity of the
semi-classical expansion.

To calculate the tunneling amplitude, the exponent of the path integral is expanded

around the classical path

2
1 6°S
—50z 522

3
; 5m+o(5m )

(0le™HT|2n) = e /D [0r] e v (8.4)
Note that the linear term vanishes, since the classical path already minimizes the action.
It is implicitly assumed, that 7 is smaller than the typical lifetime of an instanton, oth-
erwise modes with more than one instanton would have to be taken into account. It is
also assumed that 7 is nevertheless large enough to allow the semi-classical WKB approx-
imation. The tunneling is hence proportional to exp (—Sp). The proportionality constant

requires the calculation of higher orders.
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8.1.1.2 Higher-order corrections

To take fluctuations into account, it is necessary to calculate the second factor up to order
O (6z*%) in (8.4). The functional derivative of the action gives the operator
&  d*V

O=—tm= " 0z

T=ZTcl
The path integral is Gaussian in dz. As the integral is Gaussian, it can be calculated by

reverting to its definition as a limit of Riemann integrals, yielding

I1 (/ o ) I oyt
° vdet O

S

|3

The determinant can be calculated by finding the eigenvalues of O. This task is rather
typical for calculations involving topological excitations, and warrants therefore a rather
detailed investigation.

Since determinants are products of eigenvalues, this amounts to solving the eigenvalue

equation
entn (T) = Oz, (1)
d? d 5 o
- <_ﬁ + )\d— (4z (2* — n?)) - l) Ty (T)
2
3, 9 (W 1

= ( ﬁJréw tanh (5(7'—7'0)> - —w ):pn(T)

Using 1 — Cosigx = tanh® 2 and resetting 7 — 79 — 7 and 2, (7 + 79) — 2, (7) yields

d? 9 3 B
<_p+w <1—m>>xn<7) = En.l’n(’?')

The solutions to this Schrodinger-type equation are known. They can be found by the

following procedure

& e 1 )

R (L SR B

where e, = %(% -w?), B, = %\/—Qen, y = tanhw7/2, and s contains all remaining

constants. Making then the ansatz

En

Tp = (1 _yQ)TU}(y)
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yields
d? d
O:u(l—u)d—;}—i—(Enqu)(l—Qu)d—Z—(En—s)(En+3+1)
with u = (1 —y) /2.
This is the differential equation for a hypergeometric function and the solutions are

En 1—

For a finite wave function it is required that s = E,, +n with n < 2.

Hence only two bound states arise, 0 and 1. The original energy is then

en = w? (—i (s—n)2+1)

o = 0
3
g1 = ZWQ

There is in addition a scattering continuum. The normalized eigenfunction for gy is

3w 1
=N o
2

which can be verified by insertion.

The presence of a zero-mode, i. e. g = 0, results in a vanishing determinant and hence
in an infinite tunneling amplitude. This can only be interpreted in such a way that the
fluctuations in direction of the zero mode are not small, and the expansion in terms of a
Gaussian is invalid. The integration in the direction of the zero mode path must hence be

done exactly. To do this, the paths are parametrized by
2(T) = oty (7)

Noting further that

d wn 1
c - = - - S
dry T (T = T0) 2 cosh? (2(r—m)) VO (7)

where again 7 — 7y was taken into 7. By replacing the integration over the expansion part

of ¢y by
dx
dr = —dr
dTQ 0
and using that the expansion takes only into account fluctuations around the classical path
dx dzg
dr = —drg~ ——d1g = —w\/Soxo (7) dT
drg (TO R AT 0Zo (7) dTo

d_x = —w\/SiodTo

Zo
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simplifies the problem further. Finally, using
dxr = xodcy = dcg = —w/ SQdTO

the functional integral can now be rewritten from integrals about different space points to

an integral over all possible combinations of ¢; and hence

E[/dxszl;[/dcn

each coefficient contributes its eigenvalue to the operator. This method where the contin-
uous variable is replaced by a product over eigenfunction expansion coefficient will also be
a recurring procedure later on.

Hence the result for the propagator to this order is

§ (HQ—) A2 [
€n 2
n>0

The first factor is the determinant with the zero mode excluded. The minus sign is of no
importance, since the tunneling probability is given by the square of the amplitude. The
result increases linearly with time, the size of the instanton, leading to a finite transition
probability per unit time.

To calculate the remaining determinant, it is convenient to restrict the calculation to
a finite time interval [—7,,/2,7,,/2] and impose boundary conditions at the edge of the
interval as z,, (£7,,/2) = 0. Since there is a continuum of eigenvalues, the product diverges
to 0. This divergence is controlled by the largest eigenvalues, which are independent of the
specific shape of the potential and do not correspond to tunneling events. To factor these
continuum states independent of the potential out, the determinant can be normalized by
the harmonic oscillator, which exhibits the same shape at large eigenvalues. This is again

a routine manipulation often used, and yields

det (—j—; + V" (xcz)) . So </ dT)
= —w\/ 5= 0

det (—dd—; +w2) 2w

SIS
Q.
D
-
~ N
g
3
|
+
—~
8
Q
~
N——

where det” denotes the determinant without the lowest mode. The lowest eigenvalue of the
harmonic oscillator equation is given simply by w?/2. The next eigenvalue of the upper
determinant is 3w?/4. For the harmonic oscillator the next value is w? up to corrections of
order 1/7,,, which are not important for the limit of 7, — oco. For these eigenvalues of the

oscillator the boundary conditions are important. Both exhibit furthermore a continuous
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spectrum. The solutions to the V" (x.) potential are known. The potential itself is
localized, so the solutions are plane waves for 7 — £o00. One solution is hence z, (1) ~
exp (ipr) for the limit of 7 — oco. For 7 — —oo the wave becomes

, (7_) 6ipr+i6p

, 1+i2 1422
0y W w (85)
1—4i21 -2

where the phase shift is provided by the potential. The phase shift is known from scattering
theory. There is no reflection for the plane wave. The second independent solution is
obtained when reversing 7 — —7. The spectrum of eigenfunctions is then obtained by

imposing the boundary conditions
PnTm — 5pn =Tn

The solutions of this equation will be denoted by p’. In case of the harmonic oscillator
there is no phase shift, since the second derivative is constant and the boundary conditions
impose

PnTm = TN (8.6)

The ratio of the determinants is then given by

2 2 w?24pl2
H w4+ pn e; In —w2+p§1
w?® + Py

n>1

Changing from summation over n to integration over p, which delivers by (8.6) a factor

T/, and setting 0, /7, = pl, — pn, which is small, it is possible to obtain by expanding

w?4p? 2. T oo
e%fowdpln%gfm eTmfo dem(Qfgiﬁ)
9, depends also on p. Integrating by parts delivers
[ 2ps - [ do
dp——-=L— = §,In (w? + p? —/dlnw2+2—p
[ = an ) - [ ) G

0

6w? + 12wp?
w* + bw?p? + 4p*

0
= J,ln (w2+p2)}go—/dpln (w2+p2)
0

This leads to

17 26 1 1 1 51

= o+ )
0
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Where o F) is again a hypergeometric function. Additionally the first term vanishes by
virtue of (8.5). This value will be referred to as C'(w) . The value of exp (C (w)) is for
w =1 just 1/9. The final tunneling amplitude is then

(=nle”™™+n) = o(=nle”™n),, (\/%\/%\/E) ™ (W)
_ (@em) (\/%\/5) =50 (o) (8.7)

where ¢, is the ground state wave function localized at a. The last factor comes from

the zero mode integration, the factor in front of it from the instanton solution. The first
factor comes from the lowest state harmonic oscillator and the second is the ratio of the
two determinants. The result is proportional to the time interval 7, and hence there is
a finite tunneling probability per unit time. The harmonic oscillator part comes from the
normalization.

From (8.7) the ground state splitting AE can be read off, by using the following
expansion. The two ground states can be approximated by ¢y = (¢_, (¥) + ¢, (z)) /V/2
and ¢, = (¢_, (z) — ¢, (¥)) /v/2. Then the tunneling amplitude is approximately

(=nle™ ™) = g (=) o () €™ 2™ + 4 (=) hy () e”F0FAET
= %(¢*n (=) & (1) + &%, (=1) &y (0) + & (=1) Dy (1) + &5, (=1) &y (1))

(680 (=n) 6oy (1) = 6%, (=) b (1) = 65 (=) Dy (1) + 6 (=) & ()25

If AET,, is small, the result is then

(=nle= ™) % 56, (<) 6y (n) (A7) (83)

here uneven terms in 1 and —n in argument and index can be neglected, since they are
small compared to the even terms. The first part is the harmonic oscillator overlap, and

the level splitting is hence approximately

If the assumptions break down, multiple instantons and their interactions become impor-
tant.
8.1.1.3 Corrections at two loop order

The procedure described can be continued to higher orders. The mathematics involved

get then more and more tedious, so only some remarkable results from two loop order will
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be cited here. The loop correction is essentially achieved by calculating the correlation

function in presence of one instanton. The modifications lead to

711
exp (—SQ) — exXp <—SO — 55—0)

Since the correction is negative and of order one implies, that for Sy ~ 1, the one loop
approximation breaks down. Since Sy ~ “TS, this is already the case for moderately high
barriers. The minus sign implies that the one loop order overestimates the tunneling

probability.

8.1.1.4 Instanton-Anti-Instanton interactions

As already mentioned, anti-instantons are instanton paths traversed in reversed time di-
rection. A pair of instanton and anti-instanton relates over a topologically trivial path
(the same path traversed once in each direction), the same vacua. This interaction leads

to the tunneling amplitude

—Htm Tm T
<77|€ i ‘77> = %/dres“‘()

The prefactor comes from the instanton density (there must be two in the time interval

Tm)- The instanton-anti-instanton action S74 can be calculated from a path as

1 /1

following the classical tunneling path in both directions. The parameter 7y may be different
for instanton 7; and anti-instanton 74. If 71 — 74 > 1, Sr4 tends to 2S5y while for 7; —
T4 =~ 0 it tends to 0. In the latter case however the instanton solution is not a good
approximation, since the relevant time scales do not allow anymore a (semi-)classical
treatment. There are methods using steepest ascent to solve this problem numerical. By
analytical continuation in the coupling constant v/2), and after redefining the perturbative
expansion, an analytical calculation is possible for (Ey 4+ F1) /2. This can be compared to

the single instanton solution above, where AE can be calculated.

8.1.1.5 Fermions

If light fermions are introduced and coupled by V" to the potential, there are two in-
teresting effects visible: First, tunneling is only possible, if the fermion number changes
during the tunneling. Second, the fermions introduce long range attractive forces between

instantons and anti-instantons leading to formation of instanton-anti-instanton states.
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8.1.2 Yang-Mills theory
8.1.2.1 Topology

It is convenient for the treatment of Yang-Mills theories to use the following definitions,

normalizations and gauges:

A = A?E
2
[)\a’)\b] — Qifabc)\c
tr (A*A?) = 26%
G, = 0.AL—0,AL + [AA;

AO = 0:>Ez:aOAz

where F; are the chromoelectric fields, which are for this gauge, the so-called temporal

gauge! the conjugate momenta of the A;. The Hamiltonian is then given by

1 32 (2 2

H:2—92/d$(Ei + BY)
The classical vacua have zero field strengths, but the potential A does not need to be
constant for non-Abelian theories. The gauge fields are in this case limited to pure gauge

configurations, which can be enumerated as
A, = iU (&) 8;U ()

where U (Z) can be any possible gauge transformation. It is possible to restrict these to
those satisfying U () = 1 for x — oo. These can be classified by the winding number

1
2472

Ty

/ Pt (U,U) (U,U) (UTa.)) (8.9)

which counts the number of times the group manifold of the gauge transformation is
covered. If (8.9) is expressed in terms of the gauge fields, it is called the Chern-Simmons

characteristic )

1672

The quantity (8.10) can also be rewritten more generally as

. 1
nos = /d?;l—,»gzgk (A?a]AZ + gfabcA?A?Az) ) (810)

1 4 vpo 1a i 4 vpo - Aa a 2 abc pa Ab pc
. / A Frpy =~ / diatre™ ), <ZAV8PAU F e ATALAL )

!'Note that this gauge breaks Lorentz symmetry and has thus a variety of subtelties. Also, the Gribov-
Singer ambiguity needs to be addressed. However, neither affects the calculations at the level presented,

and thus will be ignored.
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where with €,,,,F77/2 = *F}}, again the dual field strength tensor already appears. Evi-
dently, this is a total derivative, and hence can be cast into a surface integral at infinity.
It is therefore independent of the internal structure of the fields in the space-time it is
integrated over, but depends only on the contribution from the boundary. Furthermore,
the expression has the same color structure as the usual Lagrangian, and the Lorentz in-
dices do not play a role in gauge transformations of the field-strength tensor. Hence, this
quantity is gauge-invariant. Thus, it is an observable quantity. It is the so-called topolog-
ical charge, or Chern class, of the gauge field configuration. Furthermore, the quantity is
evidently invariant under any continuous distortions of the gauge fields inside the volume.
It is less obvious that this is true for any continuous deformations of the gauge fields on
the boundary, and that all of these possible deformations fall into distinct classes, the
so-called Chern classes, such that the integral is an integer k, characterizing this class.

This fact is stated here without proof.

Hence n,, is an integer, and enumerates an infinite set of classical vacua. Since they
are topological different, there is no path from one vacuum to the other where the energy

remains zero all the way. But tunneling can connect topological different vacuum states.

8.1.2.2 Tunneling

The first question is, are there really any tunneling events? The answer is yes. Again
classical solutions to the euclidean action will provide access. It is convenient to rewrite

the action as

1 4 a a
S = T2 de;wG,ul/

4g
1 4 a Ta 1 a a )2
— 4—g2 d €T :l:GMVFMV + 5 (Guy :F Fuu)

where T, = %quaG“ is the dual field strength tensor. In this tensor the roles of the

po
magnetic and electric field are interchanged. The first term is invariant under topological
changes, see below, the second is always positive. If the field is (anti) self-dual, i.e. Gf,, =

+I'},, the action is hence minimal. The first term is the topological charge

1 4 a a
Q= 59,2 /d a:GWFW
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and the invariance can be seen from the equivalence to ncg.

1 1 a a aoc C a a ade e

= 30 / w3 epo (D AG = OuAy = [ ALAY) (9647 = 0,45 — [*ADAT)
1 4 1 a a a a a rade Ad pe a a
T 32 /d SUénEng(&,Aﬂ&,Ap — 0,A%0,A5 + 0, A}, f*“ ALAL — 0, A0, A

+0,A7,0,A; + 6“AﬁfadeA;lA‘; — f“bcAZAf,ﬁaAz + f“bcAZAfﬁpAﬁ
abc Ab Ac prade Ad pe
+ A AL U ATAL)

First have a look at the double derivatives

1 a a a a a a a a
S (O, AL0L A — 0, A30,A% — 0,450, A5 + 0,40, A7)

By partial integration this results in

1 a a a a a a a a
5o (AL A7) — A50,0,45 — 0, (A0,A%) + 450,04
—0), (A0, A%) + A%0,0, A% + 8, (A%0,A%) — A%0,0,A%)

The total derivatives can be connected by
EvpopOy (AZ@UAZ) +eupo Oy (AZ&,,A?)—F&?WJPQL (A,“,&,AZ) +€0p0 O (A50,A%) = 4€,1p00, (AL0,AL)

The other terms result in

4 1po A%, 0, A% = 0

since it is symmetric about the inner two indices. For the terms with one power of fa

the result is

—pupo (O, ACALAS — O, ATAVAS + AV ACD, AL — AV ACH,AL)

ptpt o vitptto
= —Cupo(0, (AGADAT) — ALASD, AL — ALAYD,AG — 0, (ALADAS) + ALAYD,AS
+ALACO, AL+ 0, (ASAL AS) — A AP O, Af — ALALD,AY — 0, (ALADAY)

FAG AL D, AL + AGACO,AL)

The not-total-derivative terms are again symmetric in two indices and hence vanish. The
total derivatives are symmetric about three indices and hence do not vanish in all cases,

but only in two out of three, and hence the result is 4/3. The total result is then

a a 1 aoc a C
— / A0, 1 p0 (AyapAa 3/ AVAI;AU)

The last term vanished, because the square of the potential cannot provide a contribution

over the whole space because otherwise the fields would not vanish. The remaining last
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term is a result of the commutator of the generators and the factors of the generators, the
gauge fields.

Mathematical, since A, is a pure gauge, A, A, can be written as U9, UTU9,U" and this
can be changed by integration by parts to 9,UU'9,UU", which is by unitarity 0. The rest

can be combined in a total derivative

1 a a aoc Aa c
Ku = o—58mm (A 9,A% + fbAVA’;AJ)

Q = /d4x8MKM :/d3cruK

where in the last step the volume integration was replaced by a surface integration and the
Gaussian theorem was used. Since the integration is equivalent to (8.10), the topological
invariance has been shown. With this knowledge, the action can now be calculated for an
arbitrary (anti-)self-dual field as

8% |Q)|

S = p

By
d 3_’
Q= dt£ d°TKy =nes (t = 00) —neg (t = —00)

it is visible, that configurations with ¢ # 0 connect different vacua. The simplest non-

trivial solution can be obtained for SU(2) for @ = 1. An appropriate ansatz for U is

T
Ux) = i=£71,
xXr
T, = .
—1
TaTy = 5ab+i€abc7-c

This leads to Af, by virtue of equation (8.9)
A = 207U (@) {,U (2)]

1

. a 1l‘ 8xu
= ()‘) _MTMuaxl
" X0, + T2,
= i) ] (Tt )

For SU(2), this can be simplified to

a Ly
AL = 2ngu—; p
Equv for p,v=1,2,3
Napwr = 50# forv=4

—0qy, for p =14
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where 7, is called the t’'Hooft symbol. A parametrized solution
Ty

Ay = N | (2?) (8.11)

can be used to fulfill the self-duality requirement for Q # 1. f (2?) is required to be 1 as

x — 00 to let the result be a pure gauge. This is no inserted into the self-duality equation,

G, = T},
The necessary derivatives are
fx, 2x,2y , f 2fx,x,
O ( ponll f+ ;chy - (8.12)

The appearing contractionss are given by

xa e «ro' xl/
Euupanapaaaﬁf = nauaaax_gf + nauuaaﬁf + naauaaﬁf

Lo T T Ty,
Euupanaaaapﬁf = _naupapx_gf - nauuapx_gf - napuapﬁf

And the result is then
.Ta xa X xa xl/
nauaauﬁf - nauaauﬁf - nauaaax_gf - nauuaaﬁf - naauaaﬁf
abe La 1
- _2f ’ x46f2 (igquUnbpancaﬁ - nbuancuﬁ) . (813)

All derivatives are symmetric in the indices by virtue of (8.12) and hence they can be

changed to

Lo, - Ty Ty Lo
na,uaauﬁf - nauaa,uﬁf - nauaa,uﬁf - nauuaaﬁf + na,uaauﬁf

1

TaZB ,obe
= _QfQ?ﬁf b <§€uupanbpancoﬁ - nb,uancyﬁ) .

The right hand side can be changed using SU(2) % to

1

éguupa (5p0nao¢6 - 5pﬁ77aa0 + 5aﬁnap0 - 5a0napﬁ) - 5uunao¢6 + 5uﬁ77aow - 5a6nauu + 5ozu77au6

1
= 5 (_5aﬁnauu + 5aunauﬁ - 5aunauﬁ + 5ﬁunauo¢ - 5ﬁunaua) - 5uu77aaﬁ - 5uﬁ77auoz - 5aﬁ77auu + 5aunauﬁ-

Multiplying with z,x3 results in

1
5 (_5aﬁnauu + 5aunauﬁ - 5aunauﬁ + 5ﬁunauo¢ - 5ﬁunaua) - 5uu77aaﬁ - 5uﬁ77auoz - 5aﬁ77auu + 5aunauﬁ):

3
= _inaul/lz + 2na,uaxuxa - 2nauax,ua;a-
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Hence the result is now

T T Ty f? 3
277a,uaauﬁf - 277auaauﬁf - na,ulxaoﬁf = _Qg (_55(; nauu + 2na,uaxuxa - 277auaxuxa) .
The left hand side can be expanded using (8.12)
T Ta Lo
2na,uaauﬁf - 2nauaa,uﬁf - nauuaaﬁf
af Lo 5\ _4f
= ? nauaxuxa - nauax,uxa - éna,ul/x - F (na,uaxl/xa - nauax,uxa) .

Equating both to order 1/x? yields a condition equation

1
0 = _2nauuf/ + ? (4f/na;wcxuxoz - 4f/77auozxuxoz - 3f277auu)
Af

+F (nauaxuxoz — NapalyTa + fnauaxuxa - fnauaxuxa) .

Choosing, e. g., a = 2, v = 3, u = 4 this results in

1 4
= (—4f w3xe — Af x124) + :c_{ (T124 + 1379 — fa375 — f174) = 0.

Equating the same factors of x3xs results in

f(l—f)—a’f =0

All other combinations yield the same result.

This ordinary differential equation has the solution

33‘2

f=amrm

with p an integration constant. This is in combination with (8.11) is the solution to
the self-duality equation (8.12), yielding finally the one-instanton solution for Yang-Mills
theory

x
Aazzau -
H n“(x2+p2)

The field strength tensor can then be calculated as

(8.14)

The squared field strength is finally given by

(G1)° -

7%
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Integrating over it shows that the total action is finite.

The resulting instanton solution is well localized, and is characterized by its size. It
is invariant under rotation in space. It can be shown that is not invariant under color
transformations, and its orientation has to be fixed (it can be changed by a global unitary
transformations Rb“AZ). Since the instanton can be placed at any position in space, its
position is also a free parameter. Size, position, and color orientation are together known
as the collective coordinates of the instanton, or moduli. The space of all possible values
of these parameters is known as moduli space.

Direct integration shows that indeed @ =1,

1 192
S = d'e (G“V)z— 9p dgb/dcos@/dx/dt
4g° ! x2+t2+p)
O7T

607> 2 _6
- 2 dzx 2 i —2
g (22 + p?)? g 15p g

Thus, the instanton is the lowest-action configuration with non-trivial topological charge,

and thus the classical vacuum solution.

In normal perturbation theory, the coupling constant is associated with the field and
not the action. By changing A — gA the action (8.11) is made independent of g and the
field strength tensor (8.9) is changed to

Gl = AL — 0,A% + gf ™ ALAS

The solution is then
72

g(@®+p%)
resulting in a change of the fields and the fields strength tensor by 1/g, indicating that
these fields are much stronger than perturbative fields. The instanton, and topological

excitations in general, are genuine non-perturbative contributions.

It is possible to construct an anti-self-dual () = —1 solution by replacing 74, by Mo
with
Equv for v =1,2,3
Napw = —0qy, for v =14 (8.15)
Oap for p =14

which is unchanged besides this replacement.
The tunneling amplitude is again proportional to Sy, which is for the self-dual solution

for Q =1
87r2

Ptunnel =Ke o7 (816)

The coefficient K can be determined analogously to the one loop order calculations in the

quantum mechanical case.
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8.1.2.3 0 vacua

The previous section, showed that there are different vacua, and these vacua can be con-
nected by tunneling events. The true vacuum is hence a superposition of the different
vacuum states. If instanton solutions do not interact with each other, the tunneling am-

plitude to go from vacuum ¢ to vacuum j can be determined as

<j|6 H’T| >_ Z Z 5N]-{7+]'V]§7]'+Z (KTG_SO)N++N_

Ny =0N_=0

where N, is the number of instantons and N_ the number of anti-instantons. Using

27
1
5(11) _ deeze(a b)
27r
0
this becomes
—N_—j+i)
. —Hr| - _ = 75 N++N,
(Gle 7y = o / WY S e e
Np=0 N_=0

This can be rearranged as

<j|e_HT|i> = /d@ew(l 7) Z 2% cos™ KTe_SO)N

2w

. 1 deeze(z 2KTe 50 cos @

o
0

From this can be read of, that the vacuum state wave functions are ¢ |n) , and the energy

is £ (0) = —2Ke 50 cos . The full vacuum state, the § vacuum, is
=> ¢ n) (8.17)

The lowest energy is negative, as expected, since tunneling lowers the ground state energy.
There are nevertheless no excitation associated with this energy, since the value of 4 is fixed
and cannot be changed. A fixed term could be added to the Lagrangian as an additional
parameter, the so-called topological term

9 Ga a

L_322 I

The significance is not completely clear, since the interaction violates C'P and T', but it is
a surface term, and may be associated with screening. The value of # in QCD seems to be
experimentally smaller than 1071°, and the complex is known as the strong C'P-problem.
Note that such a term does not affect perturbative calculations, because surface terms do

not alter the perturbative expansion.
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8.1.2.4 Tunneling amplitude

The calculation for the tunneling amplitude is in principle the same as for the quantum-
mechanical problem, but much more tedious. Zero modes also exist, and lead to infrared
divergences additionally to the ultraviolet divergences. Hence only results will be provided
here. There are 4N, zero modes, one for each polarization. They can be replaced by
integration about collective coordinates, and give a factor /Sp. Integration over color
orientation yields a factor, but of size and position yields a non-converging integral. Hence

only a differential tunneling amplitude can be determined,

dn; (SWQ)QNC _sx2 ]
~ R e 9 —
0

dpd*z 9>

where the exponent of p is determined from the dimension. The regularization of this
expression can be done using the so-called Pauli-Villar scheme, which introduces a scale
M by adding fictional particles of large mass and unphysical signs in propagators and

loops. Some more calculations then yields

d®n; 1 sr? 11
L= —2 4 —N.log(M
iz~ 5 P < 23 0g ( p))

where the prefactor cancels. The complete result is

dpdiz (N, —1)! (N, —2)!

dn; 0.466e 1-679Ne (8_7;2) 2N %e—%ﬁ%m log(Mp) (8.18)
g P

As a consequence, small instantons are strongly suppressed. For large instantons the ap-

proximation breaks down. One problem associated with such a distribution is that even

with less approximations the distribution is not integrable. This implies that there is

nothing what suppresses large instantons, and the result becomes unstable at large dis-

tances. Though results using lattice calculations show this not to happen, the mechanism

is unknown.

8.1.3 Light fermions

The presence of different vacua can be connected to the axial charge, i. e. the charge
associated with axial symmetry, transformation of spinor fields by exp(icys).

In perturbation theory, renormalization is not possible while conserving all charges, if
external charge and axial charge fluxes are involved. The divergence in arbitrary order for
two gauge fields coupling to the flavor singlet axial current is
Ny
167

-G, Ie (8.19)

5
8}LJM - uv= uv
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where the gauge fields are arbitrary background fields. This is essentially an anomaly,
which will be discussed in more detail in section 9. The surface term on the right hand
side is relevant, since the vacua are not equivalent. The effect is that by instanton events
the axial charge is not conserved and connected to the topological charge ().

Essential the zero mode moves every state one level up, and hence the chirality in
each state changes. E. g. in QCD the consequence is that the ninth Goldstone boson 7’
acquires even in the chiral limit a mass. Another consequence is that in the presence of
light fermions, single instantons cannot exist (although there is some exception possible),
but correlated instantons are necessary, even in the limit of a dilute gas of instantons.
Secondly, fermions can travel from instanton to instanton. They change their chirality
and the same flavor may not travel together.

The fact that the chirality changes at an instanton also implies that in an instanton
background chirality is not conserved. Thus, spontaneous chiral symmetry breaking can

be viewed as a consequence of the presence of instantons.

8.2 Other topological excitations

Instantons are special, because they are the classical minimal energy configuration. How-
ever, this by no means imply that they are the only topological stable solutions. Such
other solutions could, in fact, be even minimizing the quantum action?.

Two particularly relevant such configurations are monopoles and vortices. While in-
stantons are point-like events in space-time, these objects are of higher dimensionality.

A monopole is an object which has a world-line, and therefore forms a one-dimensional

object in space-time. A possible field configuration is, e. g.,

At = _53645@1 —|—.COSt9
g = rsind

)

which is given in spatial spherical coordinates. It is only static, in contrast to the instanton,
which is an event in space-time. As the field strength diverges along a line, it is also called
a defect.
Vortices are closed two-dimensional surfaces, with a typical field configuration like
A® — 53a1 (p)

K g p

2Strictly speaking, any topological solution alone can never be relevant, as only infinite-action configu-
rations have a relevant measure in the path integral. However, it is always possible to add quantum noise

to a topological configuration to increase its action to make it relevant.



164 8.2. Other topological excitations

in cylindrical coordinates, where the profile function p varies from zero at p = 0, making
the field configuration regular, to an odd integer 2n + 1, where n is the number of flux
quanta in the vortex, at p = oo, but will go again to zero for a zero-flux vortex. The (fuzzy)
surface of the vortex is essentially defined by the maximum of the field configuration in p
direction.

There are also other topological field configurations, including volume-like ones, which
will not be detailed further. These field-configurations are not unrelated. E. g. several
investigations, mostly using lattice calculations, find that instantons cluster along the
worldlines of monopoles, which in turn lie on the surfaces of vortices. It is therefore likely
that no single type alone can be identified as the low-energy effective degree of freedom of
gauge theories.

Like in the case of instantons, almost all other topological configurations contribute
in the process of chiral symmetry breaking. In fact, the properties of chiral symmetry
breaking can be rather well reproduced by topological excitations alone. It appears hence
likely that they play the dominant role in terms of effective degrees of freedom in this

process.
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Anomalies

9.1 Introduction

There is one particular important property of the standard model, which is very much
restricting its structure, and which is recurring in extensions of the standard model. That
is the absence of anomalies. An anomaly is that some symmetry, which is present on
the classical level, is not present when considering the quantum theory. The symmetry is
said to be broken by quantum effects. Generically, this occurs if the action of a theory is
invariant under a symmetry, but the measure of the path integral is not. Constructing a
theory which is at the same time anomaly-free and consistent with the standard model is
actually already quite restricting, and therefore anomalies are an important tool to check
the consistency of new proposals for physics beyond the standard model. This will be

therefore discussed here in some detail.

9.2 Global anomalies

Anomalies fall into two classes, global and local anomalies. Global anomalies refer to
the breaking of global symmetries by quantum effects. The most important one of these
global anomalies is the breaking of dilatation symmetry. This symmetry corresponds to
rescaling all dimensionful quantities, e. g., z — Ax. Maxwell theory, massless QED, Yang-
Mills theory, and massless QCD are all invariant under such a rescaling, at the classical
level, though not the Higgs sector of the standard model. This is no longer the case at the
quantum level. By the dimensional transmutation, surfacing in the renormalization process
of section 6.2, an explicit scale is introduced into the theory, and thereby the quantum

theory is no longer scale-invariant. Such global anomalies have very direct consequences.

165
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E. g., this dilatation anomaly leads to the fact that the photon is massless in massless
QED. Of course, it is also massless in massive QED, but there additional explicit breaking
of the dilatation symmetry is added due to the lepton mass.

Another example is the so-called axial, or chiral, anomaly, which occurs due to the
breaking of the global axial symmetry of baryons. A consequence of it is the anomalously
large n” mass. While the dilatation anomaly is quite obvious, the axial anomaly is much
more subtle, and therefore deserves some more discussion. In addition, it will be very

helpful when generalizing to the local anomalies.

9.2.1 Classical level

To prepare for this, it is worthwhile to consider the situation as it would be without
anomalies, i. e. at the classical level. For this purpose, start with a gauge theory with
fermions 1 being in some representation R of the gauge group G with generators T and
gauge fields in the adjoint representation. The fermionic part of the Lagrangian is then
given by

L= ("9, — igT*AL) — m)th = P (in, D" — m)y
from which the Dirac equation

(Z.’YMDM - m)w =0

follows as the equation of motion, and likewise for the anti-fermion.

The current carrying the charge is then
e =T
Due to the axial symmetry, there is also a corresponding axial current
In' = s
In addition, there are also the singlet currents
Ju = VWY
Jn = Yy,

which corresponds to the fermion current and the axial current.

Naively, the divergences of these equations can be calculated using the Dirac equation.

WJ'Z = —“/3(971’%145 - m)Ta@Z) - i@ETa(_gTb'YMAZ + m)@/)
= g [1°, 7] VALY = —g f ANy b = —g fULAL L
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This implies that the color current is not observed, as long as the current is gauged. For
a non-gauge current, like a flavor current, g vanishes, and the current is conserved.
This is not surprising, as a non-Abelian gauge theory has no gauge-invariant charge.

However, the current is a gauge-vector, and therefore covariantly conserved
Dt = 0. (9.1)

In the same way, it is possible to calculate the situation of the axial color current. Because

of the commutation relation between v matrices, the result is
Dbt = 2imapyst ) = 2mip”, (9.2)

Here, p is the pseudo-scalar density, and not a momentum component. Thus, even in a
non-gauge theory this current is only conserved for fermions without a mass term in the
Lagrangian.
The calculations for the singlet current is simpler, and yields

" =0

g = 2imiystp = 2imp”.
Hence, the number of fermions is, a expected, a conserved current. The axial current is
only conserved for massless fermions. This is the result that axial, and chiral, symmetry
gets explicitly broken, already classically, by a mass term.

In a theory like the standard model, where parity is broken, left-handed and right-

handed fermions

Vv = 5 0
YR 1+Q%¢

do not couple in the same way to the gauge-fields
L = ¢rin, DL + Yriv, Ditr,

with Dy # Dpg, and no mass term is permitted due to gauge invariance. Thus, the gauge

currents are recombined into covariantly conserved left-handed and right-handed currents

as
a 1 W s
gt = 5(%—93)
a 1, . s
gt = §(Jﬂ+in)
Dpjr = 0
DR]f = 07

and a similar recombination for the singlet currents.
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9.2.2 One-loop violation

So far, this was the conservation at the classical level, which already requires the fermions
to be massless. At the quantum level, this result is expressed by the Ward-Takahashi
identities of section 5.4. In particular, take Ward identities for correlation functions of the
form

Ty = (Tiu3lds),
where 4, j, and k can take the values V', A, and P, which require to replace the j by j¢,
4%, and p?, respectively, and the Lorentz index is dropped in the last case. Calculating

the corresponding identities for a local® chiral transformation

Y = eiﬁ(x)%z/z(x)
1/7 — &eiﬁ(ﬂﬁ)Vs

yields the expressions

MTyr(w,y,2) =Ty 4w, y,2)= 0 (9.3)
0§Tlx‘;‘4(x,y, z) = ZmTLVP(:c,y,z), (9.4)

directly implementing the relations (9.1) and (9.2). This is what should happen, if there
would be no anomalies.

To check this, it is possible to calculate the leading-order perturbative correction. Since
only fermion fields appear in the vacuum expectation value, this is a vacuum triangle graph,
and the coupling is to external currents. In fact, it does not matter at this point whether
the external currents are gauged or non-gauged, since to this order this only alters the
presence or absence of group generators at the external vertices. The only relevant part
of the external vertices is their Dirac structure.

Evaluating all the Wick contractions yields two Feynman diagrams, which translate to

TL‘;A(pth,ps =—p1—Dp2) = (9.5)

, d*k . ~ ~ ~
—i?® / ) (trw(%k —m) "7, (VPhs — a0 — m) " s (kT + vp] —m) !
o -1 B B -1 ~ y -1

+ 7 (Yo k® —m) T vu(Y ks — vp] — M) 5 (VA ET s — m) ) :

This expression is linearly divergent. One of the most important points in anomalies, and
in quantum field theories in general, is that the result is independent of the regulator

employed. This will be discussed later how to show this.

IThis is a technical trick, and in the end 3(x) will be taken to be z-independent.
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Here, it permits to use a Pauli-Villar regulator with a mass M, which is technically more
simple than other possibilities. A Pauli-Villar regulator is based essentially on subtracting
the same diagram with opposite sign, but all masses replaced by very large masses M,
which eventually will be send to infinity in the renormalization process. Dimensional
regularization would be more subtle, as it depends on the way the matrix 75 is analytically
continued. This problem does not appear for Pauli-Villar regularization, as the calculation

remains in four dimensions.

To test the vector Ward identity, the expression can be multiplied with p{'. To simplify

the so obtained expression it is useful to employ

Yl = — (VK" — 3Pt —m) + (k" —m),

yielding

p‘fT,Yu‘p/A(Pth,ps =—p1—D2) = (9.6)
, d*k o _ _
_23/ (27)? (b = (o = 1), ( s = 705 = m) 7,5

(k" + p] = m) (VP ks — yaps — m)
(1 kY s — ) T (Yak = m) Ty
+tr = (kT + 3 —m) T (VP ks — el — m) T s+ (m = M)) :

This rather lengthy expression is now a finite integral. It is therefore permissible to reshuffle
the momenta like & — k + py in the first term and & — k& + ps — p; in the second term.
Then, the first and third and second and fourth term cancel each other, and likewise this
happens for the regulator. Thus, the vector Ward identity is fulfilled. The result for the

second identity in (9.3) works in the same way.

The situation changes drastically for the axial Ward identity (9.4). The expression
(9.5) is still divergent, so before doing anything, it will again be regulated using a Pauli-
Villar regulator, to make it well-defined. To evaluate (9.4) requires multiplication with

p3 = —p1 — P2, which can be rewritten as

YuPsYs = (Vuk" — vuphy — m)vs + s (ukH + yupt —m) + 2meys
= (Vuk" = vl — m)ys + Y5 (k" + uph —m) + 2ms.
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This yields

d*k
pVV A B e
pBT“yp <p17p27p3 = —D —pg) = QZ/W

<mtr (%(koﬁ“ —m) " (ysk” = sph —m) T s (1 kT 4 Pl — m)_l)
mitr (7 (kay® = m) (k=51 —m) s,k + ik, —m) )
Mtr (w(kwa — M), (ysk” = 05 — M) (1,7 + pi o, — M)*l)

Mtr (%(k‘w“ — M) (ysk” = 0y — M) (1,7 + p3s — M)‘1)>

There are two remarkable facts to be observed. The first is that this expression is finite.
The projection with ps drops out the divergent terms. This can be seen using the Dirac

matrix identity
Y Y Yo Vs = —4i€p0- (9.7)

Because of the anti-symmetry of the e-symbol, any term containing two or more factors
of k vanishes. Hence, the numerator is reduced by two powers of k, making the integral
finite. This did not work in (9.6) as there one index less was uncontracted. However, the
regulator still had to be present in the first place to make this projection well-defined. The
second is that this expression, except for the regulator, is identical to TVV" up to a factor
of m, which is obtained by replacing 7,75 in (9.5).

The term involving the regulator can then be easily calculated, as when removing the
regulator in the end, the external momenta and masses can always be neglected, and the

integral becomes a simple tadpole integral. The final result is thus

| . ‘ . 1 —1
DT, (p1op2) = 2miT" (prope) -l BN 6p0my] X 655
1
_ QmiTLVP(phpz) + —Ewp"p})pi (9.8)

272

Thus, the Ward identity (9.4) is violated. The the value of the anomaly is both finite and
independent of the masses of the involved particles. It is also independent of the structure
of the external interaction, except for its Lorentz structure.

The same holds true for the charged version, and the only thing changing is the ap-
pearance of a prefactor d* of the coupling matrices T in charge space, which turn out
to be .

4™ = St ({1, 1°} T°), (9.9)

a result which will become significant later. This is not the only anomaly, and a similar

result holds for the case of three axial currents.
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Without proof, it should be noted here that there is still a certain regulator dependency.
It is possible by symmetries to add a finite term of form Ce,,,,(p1 — p2)? to the counter-
term in (9.6). Though C can be tuned to absorb the anomaly, this term will also contribute
to the vector identities, and induce there an anomaly for C' # 0. Thus, it is only possible
to shift the anomaly around, without removing it.

The most well-known consequence of this anomaly is the decay of a neutral pion into
two photons. This is precisely of the type investigate here, where the photons play the

role of the vector currents. The axial current is related to the pion field by a QCD relation

g = ﬁMﬁw“, (9.10)

V2

where a is an isospin index, counting the three pions, a = 0,4, where only a = 0 is

relevant because of charge conservation. Since there are no massless hadrons, there can

be no pole in the corresponding amplitude 7VV4

TVVP

, and thus the product with p, has to
vanish. As a consequence, the amplitude , describing the transition, would vanish
as well, because of the Ward identity, and therefore the pion would usually not decay into
two photons, if at rest. However, due to the anomaly, this is not necessary, as the anomaly
can balance the Ward identity. Hence, the pion at rest can decay into two photons, due

to the anomaly, a process indeed observed in experiment.

9.3 Local anomalies

In contrast to the global anomalies, the local anomalies are a more severe problem. A local
anomaly occurs, when a quantum effect breaks a local gauge symmetry. The consequence
of this would be that observable quantities depend on the gauge, and therefore the theory
makes no sense. Thus, such anomalies may not occur. There are two possibilities how such
anomalies can be avoided. One is that no such anomalies occurs, i. e., the path integral
measure must be invariant under the symmetry. The second is by anomaly cancellation,
i. e., some parts of the measure are not invariant under the symmetry, but the sum of
all such anomalous terms cancel. It is the latter mechanism which makes the standard
model anomaly-free. However, the price to pay for this is that the matter content of the
standard model has to follow certain rules. It is thus rather important to understand how
this comes about. Furthermore, any chiral gauge theory beyond the standard model faces
similar, or even more severe, problems.

Already the classical result (9.2) is indicating that the current is only covariantly
conserved. The latter equation implies that only for massless fermions there will be no

gauge anomaly. However, this is not a problem, as only zero-mass fermions are admitted
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to the standard model anyway, and all apparent fermion masses are generated by the
Brout-Englert-Higgs effect and the strong interactions dynamically. But for the standard
model this is still modified. Due to the parity violation, it is necessary to consider a
current for left-handed and right-handed fermions separately, where the corresponding
left-handed and right-handed covariant derivatives for the left-handed and right-handed
currents appear.

In principle, it is possible to do the same one-loop calculation in a gauge theory, and
the final result is quite similar. However, it may still be questioned whether this is an
artifact of perturbation theory. It is not, and to show this it is useful to derive the local
anomaly for gauge theories using a different approach. In a path integral approach, this
becomes particularly clear, as it can be shown that the anomaly stems from the fact
that the path-integral measure for fermions, DD is not invariant under chiral gauge
transformations, and therefore the anomaly arises. It is, of course, invariant under vectorial
gauge transformations, and thus theories like QCD need not to be considered, as will be
confirmed below. This also shows that the anomaly is a pure quantum phenomenon, as
the measure is part of the quantization process. In this course, it will also be shown that
the global anomaly remains beyond perturbation theory in much the same way, and that

the one-loop result is actually already the full answer.

9.3.1 Anomalies as a quantum effect

To see that this is a relevant effect, it is important to remember how Ward-Takahashi
identities are obtained in general. As discussed in section 5.4, any well-defined symmetry
transformation should leave the partition function unchanged, i. e.

0=0Z=0 / DS+l dwie, (9.11)

where ¢ is for simplicity a non-Grassmann field, which changes under the transformation

as ¢ — ¢ + €f(¢, ), with f some arbitrary function and e infinitesimal. Performing the

0= /wew*ifd“wfd% (z (% +j) [+ %) : (9.12)

where the first two terms come from the exponent. At the classical level, the source term

variation yields

vanishes, and the derivative of the action just gives the equations of motion, yielding the
classical Ward-Takahashi identities. The third term is new in a quantum theory, and gives

the contribution of the Jacobian,

det ¢ ;;;f = det (1 + e%) ~ 1+ e% + O(€).
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This is a genuine quantum contribution. This was dropped so far, but here it will become
the source of the anomaly. Here it also becomes evident that the term anomaly is actually
a misnomer. There is nothing anomalous about them. They are just a quantum effect.
However, it is still possible that the Jacobian is actually one, and a deviation from one in

the one-loop calculation is just an artifact of perturbation theory.

9.3.2 Full expression for the anomaly

To check this, rotate first to Euclidean time, by replacing ¢ — it and correspondingly
in all covariant quantities the time component by ¢-times the time component and in all
contravariant quantities the time components by —i-times the time components. The
following uses now many of the methods already encountered in chapter 8.

Start by expanding the fermion fields in orthonormal eigenfunctions v, of the Dirac

operator,
Y(x) = Y ann(z)
&@>:ji@um,
which satisfy

DMy = Mgty (9.13)
—i DM = Al (9.14)

This permits to rewrite the path integral as an infinite product of integrations over the

coefficients,
DYDY = ,,,da,db,y,, (9.15)

keeping in mind that these differentials are Grassmannian.

Now, a local chiral transformation 5(z)
Y — eiﬁ(w)vw)’
then corresponds to a linear transformation of the coefficients
A — Crnay, = a,,
which yields the Jacobian

_ 1 _
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or, formally,

_ 1 _
DY/ D)) = ———DUDr).
VDY = DYDY
This determinant can be rewritten as
1 —2trlnC —2tr6C
[@et O = (9.16)

where in the last equality it was assumed that ( is infinitesimal, and thus C' =14 6C' is

close to one. In this case, C' can be evaluated starting from

@ m = (1 +iB75)antn

which can be reduced using the orthonormality of the eigenstates of the Dirac equation to
= [ ] (L 1595, = (14 S ) (9.17)

Inserting this result into (9.16) yields for the Jacobian of the infinitesimal transformation

J =exp (—2i/d4xﬁ¢2ﬂ5¢m) , (9.18)

where the trace has been evaluated.
Unfortunately, the expression, as it stands, is ill-defined. It is necessary to regularize
it. A useful possibility to make the expression well-defined is by replacing the trace over

the eigenstates as
. a2 1
YhAstm — gl yse™ Ty, (9.19)

where the limit has to be performed at the end of the calculation only. Expanding the

Gaussian and using the relations (9.13-9.14), this expression can be rewritten as
lim wjn%e_’\%”@/)m = lim tr <75e_T(V“D“)T%DV> : (9.20)
7—0 7—0
The exponential can be rewritten as
14 Z v a
(v.D")'v, D" = —D,D" + 1 Y Ta (9.21)

The limit is still ill-defined. It is necessary to regularize the expression in a suitable way.
This is achieved by the so-called heat-kernel regularization.
For a differential operator, here given by A = (v,D")T~, D", it is possible to define a

heat kernel as

(0r + A;)G(z,y,7) = 0 (9.22)
G(z,y,0) = d(x—vy). (9.23)
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Which is solved by the formal expression
Gla,y. 1) =e 2T =3 el (y)im(@).

This is already the expression (9.20). Without proof, it can now be shown that this heat

kernel can be expanded for small 7 as

1 _@? ,
G(l’,y,’?’) _>THO Wexp 4r ZCLj(,jL”y)TJ.
7=0

Inserting this expansion into (9.18) yields

. 1 -
InJ =-2i ,lrl_% (47T7-)2 /d4xﬁ;74tr”y5aj.

For 7 — 0, the first term does not contribute, as ay has to be equal to one because of
the condition (9.23). Terms with j > 2 will be irrelevant, because of the powers of 7.
This leaves only j = 1 and j = 2. For these terms follows from the requirement that the

expansion satisfies (9.22) a so-called descent equation
—Aa]‘_l = jaj.

Since ag = 1, a; can be obtained algebraically from (9.21). Since all resulting terms
have at most two 7 matrices, the trace will vanish. Similarly, for a; only those terms
can contribute to the trace where at least four v matrices appear, which implies only the
term quadratic in F),, will contribute. Which is precisely what is necessary to cancel the
pre-factor.
Thus, the remainder is the anomaly
i
3272

J:mpC- Q/&wwmﬂy%a. (9.24)

Hence, the Jacobian is non-trivial, and will contribute in the Ward identities (5.56). How-
ever, this is still a rather complicated expression, which does not yet look like the one-loop
result.

That this coincides with the one-loop anomaly can be obtained by an explicit calcula-
tion. Since this was for the global case, take 5 to be constant. The integral can then be

rewritten as

- a a 2 aoc a (&
/ d*wtreP7 ), (myapAo +3f b AVA‘;AU) : (9.25)

Since the perturbative case was the Abelian case, the second term can be dropped. The

first term is then for the global case just two external fields, e. g. playing the roles of the



176 9.3. Local anomalies

photon field in the pion decay, and two momenta in Fourier space, which, after relabeling,
yield the desired one-loop expression. Hence, indeed the full anomaly and the one-loop
anomaly coincide. In gauge theories there are also anomalies in box and pentagon graphs
with an odd number of axial insertions, which are again one-loop exact.

To obtain the final result including all color factors requires then just an explicit cal-
culation, inserting the Jacobian (9.24) into the Ward-Takahashi identity (5.56). This will
yield (9.8) with (9.9) inserted.

9.3.3 Anomaly cancellation

For the standard model it is most interesting to consider the case that left-handed and
right-handed fermions are coupled with different gauge fields. Due to the different sign of

~5 in the corresponding projector, this will reemerge as a different sign of the anomaly,

yielding
atsb e atrb pe tr T“,Tb T¢ —tr T“,Tb 75 1 "
ka;K/pV 4 (pu q, k) = QmT,LX/ VP <p7 q, k) + { L L} L 2 { i R} Rﬁeyupoppq )

were L and R indicate the representation of the left-handed and right-handed fermions.
As a consequence, the classical gauge symmetry is broken by the anomaly, and results will
depend on the choice of gauge. This can be directly understood form this expression: the
left-hand side should vanish, if there is no massless pseudo-scalar particle in the theory,
which is true for the standard model. On the right-hand side, the first term will indeed
do so, if the fermion mass is zero. This is already required due to parity violation in the
standard model. But for the second term this is not obvious.

There are now two possibilities how to obtain an anomaly-free theory. FEither, the
theory is anomaly-free, if each of the remaining terms is individually zero, or they cancel.
Indeed, the expression tr{7?, 7°}7¢, the so-called symmetric structure constant, is zero for
all (semi-)simple Lie groups, except for SU(N > 3) and U(1). Unfortunately, these are
precisely those appearing in the standard model, except for the SU(2) of weak isospin.
For the group SU(3) of QCD, this is actually not a problem, since QCD is vectorial, and
thus? 7, = 7, and the terms cancel for each flavor individually. Thus remains only the
part induced by the hypercharge.

In this case, each generation represents an identical contribution to the total result, as
the generations are just identical copies concerning the generators. It is thus sufficient to
consider one generation. The right-handed contributions are all singlets under the weak

isospin, and thus they only couple vectorially to electromagnetism, and therefore yield

2 Actually, unitarily equivalent is sufficient.
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zero. The contributions from the left-handed doublet contain then the generators of the
weak isospin, 7%, and the electric charge Q = 7% + 1y/2. The possible combinations

contributing are

trte {7’ ¢} (9.26)
trQ{r®, °} (9.27)
trreQ? (9.28)
Q. (9.29)

The contribution (9.26) vanishes, as this is a pure SU(2) expression. The term (9.29) is
not making a difference between left and right, and is therefore also vanishing. It turns
out that (9.27) and (9.28) lead to the same result, so it is sufficient to investigate (9.28).
Since the isospin group is SU(2), the anti-commutator of two Pauli matrices just gives a

Kronecker-§ times a constant, yielding in total

1
a _by __ ab
trQ{r", 7'} = 50 > Q.
f
where @y is the electric charge of the member f of the generation in units of the electric

charge. It has to vanish to prevent any gauge anomaly in the standard model, which is

fulfilled:
2 1 N,

;Qf:(0—1)+Nc(§—§>:—1+§:0.

Therefore, there is no gauge anomaly in the standard model. However, this is only possible,
because the electric charges have certain ratios, and the number of colors V. is three. This
implies that the different sectors of the standard model, the weak isospin, the strong
interactions, and electromagnetism, very carefully balance each other, to provide a well-
defined theory. Such a perfect combination is one of the reasons to believe that the

standard model is part of a larger theory, which imposes this structure.

9.4 Relation to topology

There is an interesting twist for the quantity making up the Jacobian

1
6472

v
51274

2
/d4xe“”p”ngFapa = /dd‘xtre"”p"@u <iA38pAg + gf“bCAgAI;Ag)

Evidently, is again the topological charge (8.11) of the gauge field configuration. Since

this quantity was obtained in the context of anomalies from the chiral transformation
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properties of the fermions, it suggest itself that it is connected to properties of the Dirac
operator, and this is indeed the case. The topological charge is equal to the difference of
the number of the left-handed n~ and right-handed n* zero modes of the (necessarily in
the present context massless) Dirac operator D,,, v, D"t = 0, called the index of the Dirac
operator. This is the celebrated Atiyah-Singer index theorem.

To see this, note first that because 75 anti-commutes with the other ~, it follows that

that for any eigenmode of the Dirac operator 1, to eigenvalue \,, that

Z.’YMDM’YEme = —’i75%D”¢m = _)\m’75wm-

Hence, every non-zero eigenmode is doubly degenerate, and therefore the index is the same

if all eigenmodes are included.

Start with an expression for this difference,

wt o= [de 3 vt

m,Am=0

The inserted ~; will guarantee the correct counting. It is possible to use a very similar
trick as before when regularizing the sums when doing the path integral calculation in

section 9.3.2. The additional eigenvalues can be added as
[ e 3 vhsne

as the 5 symmetry ensures that all added terms vanish. But this is precisely expression

(9.19), and thus this will lead to the same result as in section 9.3.2. Thus, the final answer

is
1

+ pr—
6472

nt—n" =k

4. _Hvpo a
/d Te FWFapo*

Hence, the anomaly has a certain connection to the topology of the gauge-fields.

This is in as far remarkable as the topology of gauge fields is an intrinsic property
of Yang-Mills theory, and thus existing without any fermions, and hence in anomaly-free
theories. At the same time, anomalies also exist without gauge fields, e. g. in the form of
global anomalies. They are tied to the path-integral measure for chiral fermions. It is the
unique property of the covariant derivative in the form of the Dirac operator for fermions
which ties both effects together in the presented way. Other realizations than minimal
coupling will not have this property, or at least in a different way. This connection is

therefore deeply ingrained in the gauge formulation.
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9.5 Witten anomalies

There is actually a further possible anomaly for fermions, the so-called Witten anomaly,
which is also connected to the parity violation. It is also a gauge anomaly, and has therefore
to be canceled as well. This occurs if the number of Weyl fermion states is even, as is the
case, e. g., in the standard model. This would not be the case, if, e. g., there would be a
single triplet of fermions charged under the weak isospin. In technicolor theories, or other
theories beyond the standard model, this is a constraint, as in such theories multiplets
with an odd number of fermions may appear, e. g. when the chirally coupled fermions
are additionally charged under different gauge groups or representations, leading to an
odd number of fermions. This has then to be canceled by additional fermions. This is
a problem exclusively applying to the Sp(/V) gauge groups, and to SU(2) of the weak
interactions because SU(2)~Sp(1), as well as O(N < 6) groups, except for SO(2).

The reason can be most easily illustrated by considering the path-integral with the

fermions integrated out. For n Weyl fermions, the expression is
7 = / DA, (det iy, D")2e™, (9.30)

with S the usual gauge-field action. The problem arises, as it can be proven that for each
gauge-field configuration of a gauge theory with an affected gauge group there exists a

gauge-transformed one such that

(det ’WMD“)% = —(det WMD“/)%,

where ’ denotes gauge-transformed. The proof is somewhat involved, but essentially boils
down to the fact that the determinant has to be defined in terms of a product of eigenvalues.
For Sp(N) gauge theories as well as the groups O(/N < 6) it can then be shown that there
exist gauge-transformations, which are topologically non-trivial, such that one of the non-
zero eigenvalues changes sign. Mathematically, the reason is that the fourth homotopy
group of these groups is non-trivial and actually is Z, or Z3. Hence, the integrand of the
path integral (9.30) exists twice on each gauge orbit, but with opposite signs. Thus, the
partition function vanishes, and all expectation values become ill-defined 0/0 constructs.
Thus, such a theory is ill-defined, as there is no continuous deformation of the gauge group
possible to introduce a suitable definition, similar to L’Hospital’s rule.

In the standard model, the problem does not arise, because the number of Weyl flavors
of the fermions is even since only Dirac fermions appear. One could also hope that, since
the gauge group of the standard model is actually S(U(3)xU(2))~SU(3)/Z3xSU(2)/ZyxU(1),
this problem would not arise. The reason for this division is that only for this particular
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gauge group the matter field representation becomes single-valued, as is necessary for them

to be meaningful. However, because SU(2)/Zy ~SO(3) instead of Sp(2), this does not help,

as the fourth homotopy group of SO(3) is also non-trivial, and the problem persists.
Thus, adding further sectors to the standard model, or embedding it in a grand-unified

theory, must respect this fact, to avoid triggering the Witten anomaly.

9.6 Anomalies in the BRST framework

In the context of the antifield construction of section 5.3, the anoamlies play again a role
as possible obstructions to the existence of a solution W to the quantum master equation
(5.51).

Analyzing the obstructions to the existence of a solution to the quantum master equa-
tion can be done most easily from a direct h expansion. To order A’ the quantum master
equation yields

%(5, S) =0, (9.31)

which is the classical master equation. This equation is certainly fulfilled, since there is
no obstruction to the existence of S.

To next order h, the quantum master equation yields
sMy = (S, My) =iAS. (9.32)

Given the h’-term S, this equation has a solution for M; if sAS = (S, AS) = 0. This
condition is necessary but in general not sufficient. To prove that the condition (S, AS) =0
holds, note that

Ala, B) = (Aa, B) = (=1)“ (o, AB), (9.33)

which is stated here without proof, but follows immediately from the properties of A. This

property uses A2 = 0 and the generalized Leibniz rule
Aaf) = (Aa)f + (=1)*alf + (=1)*(a, §). (9.34)

For a = 8 = S, the left-hand side of (9.33) vanishes by (S,.S) = 0. In view of the gradings
of S, the right-hand side yields 2(AS,S). Thus, (AS,S) = 0, that is, AS is closed, as
requested.

This does not imply that AS is exact, however, unless the cohomological group H!(s)
vanishes at ghost number one, using that AS has ghost number one. But (9.32) requires
AS to be exact. If AS is not exact, there is no M; and therefore, no way to define a

BRST invariant measure such that the quantum averages do not depend on the gauge
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fixing fermion. This presumably signals a serious pathology of the theory. If AS is exact,
M exists and the problem of existence of the next term M, can be investigated. It is
straightforward to show that it is again H'(s) that measures the potential obstructions to
the existence of this next term M, as well as the existence of the subsequent terms Ms;
etc..

In particular, if it can be shown that H'(s) vanishes, it is guaranteed that a solution
of the quantum master equation exists. If H'(s) # 0, further work is required since it is
necessary to check that no obstruction emerges. Note that W should be perturbatively a
local functional (with possibly infinite coupling constants), so that the relevant space in
which to compute the cohomology is that of local functionals. A detailed discussion of

this is, however, beyond the scope of this lecture.
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