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Chapter 0

Prolegomena

0.1 Preface

In what follows, whatever is correct I owe to many other people ; that which
is wrong I managed on my own. I am perpetually in need of, and grateful to,
those pointing out typing or thinking errors in these notes!.

Writing about relativistic quantum field theory and its consequences for
particle phenomenology is not an especially easy task. On the one hand the
literature abounds with textbooks — often admirable ones — with titles contain-
ing the words ‘Introduction’, ‘Quantum’, and ‘Field Theory’, and it might be
wondered what yet another such a one could contribute to that which has al-
ready been expanded upon into excruciating detail. Indeed, the serious student
can graze and ruminate to heart’s content in the meadows of existing litera-
ture. On the other hand, almost everyone who has taught courses containing
the words ‘Introduction’, ‘Quantum’, or ‘Field Theory’ will have felt, upon oc-
casion, that some or several subjects have not, in the available corpus, been
presented with exactly the right emphasis on points especially dear, or along
the precisely favourite line of thought on this or that crucial argument. I there-
fore add my mite : a small one, but mine own ; I shall present the content of
relativistic quantum field theory, and the way in which it purports to describe
the world of elementary particles and their interactions, in the manner most
pleasing to myself. The aesthetics of such a story are sometimes undervalued
but ultimately as important as its other aspects.

The content matter of these notes is nothing but what the existing litera-
ture discusses, with an emphasis on the acquisition of calculating skills which
should enable the diligent to actually compute scattering cross sections and

T cordially invite all and sundry to do so. The P* Hall of Fame collects the names of
friends who have helped me in learning about, formulating, contemplating, or execrating one
or several issues.

11
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the like. The mode of presentation may be found to be, if not contrarious, at
least orthogonal to most introductions to the subject. As an example, many
approaches make use of quantization as a way to go from classical® physics to
quantum physics. It ought to be the other way around ! Classical physics is a
limiting case of quantum physics and therefore should be derived from it3. In a
similar vein, the famous ‘founding formule’ of quantum field theory, such as the
Dirac equation, will be derived from the more fundamental theory in this text
as simplified cases, and fairly unimportant ones at that. Clearly, thus we run
against the historical line of development of the field, and this is a good thing.
We may be dwarfs standing on the shoulders of giants : but we can see further
for all that.

0.2 Layout

It is apposite to sketch the way in which quantum field theory is developed in
the following chapters. The underlying idea is to go from simple systems to
complicated ones. Hence, in Chapter 1 the basics of the theory are described
for the simplest possible quantum field in the simplest of all possible universes
— that is, a universe consisting of only a single point. I stress the fact that
the quantum field is essentially a stochastic variable, and that therefore that
which we can compute about it must be ezpectation values, that is, the Green’s
functions of the theory. The probability density of the field is determined by
the action ; the problem of how to go from action to Green’s function leads
naturally to the notion of perturbation theory and Feynman diagrams. Many
aspects of diagrammatic technology, such as sources, symmetry factors, the
Schwinger-Dyson equations, one-particle irreducibility, the loop expansion, and
the ‘classical limit’™* are already present in this simple universe in the same
manner as in more realistic and complicated cases ; and that is why it is in my
view better to introduce them here. Other issues, notably loop divergences, are
absent®, but renormalization already has its rightful place as a consequence, not
of divergences, but of perturbation theory itself.

In Chapter 2 we take the first step towards more realistic theories. It is
fairly easy to generalize the zero-dimensional theory of a single field to the case

2In these notes, ‘classical’ stands for ‘non-quantum’.

3This is not necessarily to say that freshmen’s physics courses must start with relativistic
quantum field theory and develop, in later years in the curriculum, into studies of limiting cases
such as classical mechanics, classical electrodynamics, or nonrelativistic quantum mechanics.
Obviously, it is important that one understands the language of these fields in order to appre-
ctate the more fundamental but also more complicated deeper theories ; but it is, to my mind,
a mistake to posit that one should go from classical to quantum as if that were the logical
road. Indeed, first mastering the bicycle and afterwards mounting the sidecar-motorbike has
often proved its worth (except when taking right turns (in the UK : left turns)).

4Which is, in fact, not classical at all.

5Nonetheless, a zero-dimensional toy model for such divergences is discussed in Chapter 1
to good effect.
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of more fields, and ultimately to that of an infinity of fields. We find that the
nature of the two-point interactions between different fields can, under suit-
able circumstances, be reinterpreted, or visualised, so that we are suddenly not
talking about infinitely many fields at a single point, but a chain of fields po-
sitioned along an infinite line : this is the invention of space. To this end we
need to introduce a ‘length scale’, but we shall take care to arrange matters in
such a way that the length scale can be taken to be infinitesimal : this is the
continuum limit. We take the Feynman rules through this sequence of steps,
and find the rules for a one-dimensional continuum theory. Similar arguments
apply to derive higher-dimensional theories. We do the same for the action as
well, without however insisting that the Feynman rules must necessarily come
from that action. We shall also see that the classical field equations can be
derived from the action by a number of formal manipulations, called functional
differentiation, that lead to Euler-Lagrange equations. Throughout, however,
the Feynman rules have the primacy.

The next step, which in Chapter 3 takes us into our familiar Minkowski
space, is to assign a special role, that of time, to one of the dimensions. Do-
ing this requires a rather drastic assumption of admissibility : it goes under
the name of the Fuclidean postulate. This is the point at which quantum field
theory and statistical physics part to go their separate ways. Having taken
this hurdle we can find the form, both of the Feynman rules, and of the ac-
tion in Minkowski space, and then we are ready to confront our theory with
a number of basic facts about our own world. It is seen that the so-called ie-
prescription, that we have to introduce to keep the Minkowski formulation of
our theory at least moderately well-defined, is closely related to the possibility
of encountering unstable particles, and in a deeper sense tells us the direction of
time. We also see that the collection of connected Green’s functions is related
to the wave function that determines the probability density to find particles
at a given space-time point. A simple example is a quick derivation of the
Yukawa potential, a Coulomb-type law for static sources. A more demanding
but also more rewarding calculation provides us with Newton’s first law since we
see that a localized source can emit particles that move with constant velocity
along straight lines, as long as there are no interactions : in fact, it is this that
justifies our statement that our fields describe particles in the first place | A
closer investigation, and some elementary bookkeeping, shows that the fields
describe in fact not only particles, but antiparticles as well. We thus find the
prediction of antimatter as well as the CPT transformation that relates free
matter and antimatter®. As a by-product we obtain a natural prescription for
the density of states of free particles, that is, a rule for counting quantum states.

In Chapter 4 we take yet another step towards phenomenology, by discussing
how the knowledge gathered so far can be used to obtain cross sections and de-

6This is not to be confused with the deeper property of CPT invariance of interacting
theories.
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cay widths. The special — and favourite — role of connected Green’s functions in
these calculations is discussed”. We resolve the seeming conundrum between,
on the one hand, the fact that free particles must be on their mass shell to move
over macroscopic distances, and on the other hand the fact that for on-shell par-
ticles the Green’s functions diverge ; we do this with the help of the truncation
bootstrap, a line of reasoning that at once solves the conundrum, determines
the Feynman rules for external lines, and provides the correct normalization
factors for cross sections and decay widths. This puts us in a position where
we can compute actual predictions for actual processes. The assumption that
this is indeed what we compute puts its own constraints on the outcome of such
calculations, since such outcomes are limited by unitarity. We discuss this, and
discover the so-called cutting rules which implement the constraints of unitarity
in the form of explicit relations between diagrams. The chapter finishes with a
few toy-model calculations.

By now, our spacetime has become realistic and interesting, but the parti-
cles living in it are rather dull, having no other properties than momentum. In
Chapter 5 we start to repair this defect by prettifying the Feynman rules for par-
ticle propagators ; this of course also requires some reinterpretation, especially
of the truncation bootstrap. The first attempt, adding a linear® object onto the
propagator, immediately leads to the mathematical structures of Dirac/Clifford
algebras. In physics, these are not widely used outside the particle community,
and we therefore need to spend some time getting acquainted with the neces-
sary mathematics. On the physical side, we shall obtain the Feynman rules for
free Dirac particles, and hit upon the so-called Fermi minus sign. This crops
up in loop diagrams and in the interchange of particles, indicating that these
particles are fermions. In a completely independent way we also establish that
Dirac particles have an intrisic spin of i/2. Along the way, we also recover the
Dirac equation as a mildly interesting classical equation ; however, as usual the
Feynman rules come first. The chapter finishes with our first realistic calcula-
tion of an actual physical process, namely the width for the decay = — e~ v, 7,
in the Fermi model.

In Chapter 6 we study yet another modification of the original propagator,
this time adding a quadratic structure. This is seen to lead to particles with unit
spin, for which we determine the propagator and the external-particle Feynman
rules. At the same time, we note the absence of any Fermi minus sign, so these
particles are bosons : and we pause briefly to prove the spin-statistics theorem.
We then turn to the case of massless spin-1 particles, and immediately hit upon
potential problems with the unitarity of the theory. We postulate that such
problems must be avoided, not by the free theory itself, but by virtue of the
interactions in the theory. Unitarity is thus seen to put stringent restrictions on
the form of possible interactions. Diagrammatically, we embody this in the use

"This is precisely one of those issues of which a correct treatment is not easily found in
standard texts — in fact, it only relies on conservation of energy.
8In terms of the particle momentum.
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of so-called handlebars : physically, we recognize it as the property of current
conservation (or almost-conservation, in the case of massive spin-1 particles).

Chapter 7 witnesses the introduction of the first realistic model, the the-
ory of charged fermions interacting with photons : quantum electrodynamics
(QED). Actually, we obtain it by simply positing the interaction vertex. Since
the photon is massless” the various currents must be strictly conserved. We can
prove this diagrammatically for all possible processes, thanks to the fact that
QED is a fairly simple theory. We also derive the Dirac equation in the presence
of an external photon field, and so are able to relate the coupling constant in the
Feynman rule to the charge of the electron. We then proceed to compute a few
basic QED cross sections. The chapter finishes with a short discussion of scalar
electrodynamics (sSQED), for which we establish the two necessary interaction
vertices. By itself this theory is not very realistic, but it comes in handy in the
next chapter as a template for the interaction between W bosons and photons.
As an encore, the well-known Landau-Yang theorem is discussed.

A somewhat more challenging model is met in Chapter 8 : this is the theory
of ‘QED’ with more than one type of charge ; it is more commonly known as
Quantum Chromodynamics (QCD). The main difference with QED is the fact
that the ‘photons’ (gluons) of this theory exhibit self-interactions, with drastic
consequences. We employ the notion of handlebars in order to determine the
nature of these gluonic self-interactions.

Chapter 9 deals with the other important branch of particle physics theory :
this is the theory of electroweak interactions (EW), which subsumes QED as an
ingredient. Throughout this chapter we employ unitarity constraints again and
again. We start by re-investigating muon decay. The interaction vertex pro-
posed at the end of Chapter 5 is seen to fail to observe unitarity in high-energy
scattering, and we remedy this by introducing the W bosons. The W bosons
are electrically charged, and we must determine the vertices of their interactions
with photons. We do this using ideas from sQED. Next, we require unitarity in
W+W ™~ production, and this leads us to introduce the Z boson and its interac-
tions both with fermions and with W bosons. We recover exactly the interaction
vertices that also follow from more standard treatments, parametrized by the
so-called weak mizing angle ; but we do not find any relation between the masses
of W and Z. By investigating 2 — 2 bosonic processes, the additional four-point
interactions between W', Zs and photons are obtained. We then turn to an ex-
treme limiting case of bosonic scattering : imposing unitarity there forces us to
propose at least one, neutral Higgs particle. It is at this point that the relation
between W and Z mass, in terms of the weak mixing angle, becomes fixed. We
are thus able to establish a relative logical priority between the mixing angle
as fixed by the couplings, and that fixed by the masses. Assuming the minimal

9Since we are doing physics rather than mathematics, we should rather say that all obser-
vations are consistent with a massless photon. The experimental upper limit on the photon
mass is about 10718 eV /c?, a tiny value indeed !
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scenario of a single neutral Higgs boson, we can then also infer the Higgs self-
interaction vertices. At the end of the day we have then the complete content
of the (minimal) electroweak Standard Model.

Finally, several Appendices deal with issues that are by themselves interest-
ing enough but the inclusion of which inside the main text would hold up the
course of the argument too long to my taste.

0.3 Basic tools
0.3.1 Units

The fundamental constants!'? of relativistic quantum field theory are the speed
of light in vacuo :

¢ = 299792458 — |
sec
and Planck’s (or rather Dirac’s) constant
h = 1.054571628(53) x 10~** Joulesec .

Compared to the scales of our everyday experiences, /i is miniscule and c is
huge : in the world of elementary particles, they are just about right. We can
see this as follows. It is customary to replace our human-scale meters, kilograms
and seconds by what may be called fundamental units of mass, length and time :

M; = 1.7826618 107 *" kg ,
Ly = 19732696 107 m |,
Ty = 6.5821190 107" sec .

In terms of these units, we have precisely

p o My Ly _ Ly
T T
so that both 7 and ¢ have the numerical value one ; and the unit of energy turns
out to be )
My Ly
Ty?
The mass and size of the proton are of the same order as M; and Ly, re-
spectively, and T} is roughly the time scale of strong interactions. The use of
fundamental units is attractive since you won’t have to write factors of ¢ and 7,
and one then expresses both length and time in inverse GeV, and mass in GeV.

=1.6021765 107'° Joule = 1 GeV .

10The values quoted here are taken from the 2008 Review of Particle Physics, C. Amsler
et al. (Particle Data Group), Physics Letters B667(2008)1. The numbers in brackets denote
the experimental error in the last digits. The speed of light is known ezactly since it is, in
fact, simply our definition of the meter.
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Since, however, this usage obscures the dimensionality of the various objects, 1
have decided to retain the A’s and ¢’s where they belong ; after all, it is much
easier to erase them from formulz than to put them back in.

A side remark is in order here. Along with & and ¢ there exists a third
fundamental constant of nature, namely Newton’s (or rather Cavendish’s) grav-
itational constant:

m3

Gn = 6.67428(67) 10~
N (67) kg sec?

The truly, ultimately fundamental units of mass, length and time that can be
recovered from ¢, h and G are then the Planck units

h

Mp = = 217644 10 % kg ,
GNC
h

Lp = Cf;N = 1.61625 107*° m ,
C
h

Tp = G5N = 5.39124 10~** sec .
C

These values are outrageously far removed from the typical scales of particle
phenomenology. We may interpret this as an indication that in what follows
the gravitational interaction will not play any part. In fact, in any case we do
not (yet) have a satisfactory quantum theory of gravity leading to specific and
falsifiable predictions for particle phenomenology!!.

Finally, a word about charges. The electrostatic charge is adopted to the
Gaussian system, so as to have no truck with the ‘permeability of the vacuum’
and suchlike : that is, two charges e; and ey separated by a distance r feel a
mutual Coulomb force F' characterized by

= 1 ‘ €1€2 |
| F | = - 2

T dr o7

This implies that the charge has the dimensionality of vhe. It follows that, if
we choose the proton charge as the unit charge e, the combination

62

T Arhe

Qe

is a dimensionless number!'?. Experimentally,

1
Y = 137.035099679(94)

1To bring the Planck units close to the fundamental units we need to increase the strength
of gravity by a factor of about 1038,

12Meaning that it has the same value in all possible systems of units ! Aliens from outer
space will find the same value.
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which yields the result

4 kg1/2 m?/?

sec

e = 5.3843836 107!

0.3.2 Conventions

By convention, the Minkowski metric has the form!?

9" = g, = diag(1,-1,-1,-1)
and the totally antisymmetric Levi-Civita symbol is defined by
0123 _ _ 4

€0123 = + 1 hence €

This implies the following identities :

vivav3lvy E v v2 v3 2}
6M1M2M3M4€ - d C¥1(S Oz26 a36 Qg

(a1, ag, a3, ay) =
Py, m2, 13; 1yg)

H1V2V3V4 — _ V2 vy Vg
6#1#2#3#46 - E 4 0425 Otz(S Qg
(ag, ag,ay) =
Plurg, 13, 1ng)
H1p2V3Ve V3 V4
€prpapapa € = 2 E 0% ay 0%ay
(ag, ay) =
P(p3, Ha)
Hip2p3ve Vg
€papapspa = 60",
K123 g _ _
6M1M2N3M4€ - 24 ’

where P stands for all signed permutations'# of the arguments, and where the
Kronecker symbol is defined by

5o — 1 ifa=up
E71 0 ifa#u

A subtlety : the contravariant partial derivative contains a somewhat surprising
minus sign :

0 10 -
o= (5 -Y) (1)
Oz, cot
This explains why in nonrelativistic quantum mechanics the momentum opera-
tor is = —ih V whereas in the relativistic theory we use p* = ih 0.

13Tn many textbooks the metric tensor is introduced as a diagonal matriz. This is of course
misleading since the covariant metric tensor has only lower indices, whereas a matrix has one
upper and one lower index. Unfortunately, the ‘correct’ matrix form of the metric, which
would be g, equals the identity matrix whatever the metric !

14Even permutations occur with a +, and odd permutations with a — sign.
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Chapter 1

QFT in zero dimensions

1.1 Introduction

For the description of elementary particles, a theory including both relativity
and quantum mechanics is necessary ; we shall introduce relativity further on,
and concentrate in this chapter on the quantum-mechanical nature of nature.
The fundamental object used for describing the particles is a quantum field.
In many treatments quantum fields are considered to be operator-valued en-
tities ; we shall rather adhere to Feynman’s approach and use what is called
c-number fields. Such a field assigns one or more numbers to every point in
spacetime, and is hence a pretty complicated subject, the behaviour of which
is not to be characterized trivially, especially when it also undergoes quantum
fluctuations. It is therefore useful to first build up expertise in the various nec-
essary techniques in a more controllable situation. To this end, we shall first
simplify the whole four-dimensional spacetime arena of particle physics to a
lower-dimensional system ; in fact, we shall reduce spacetime to a single point,
hence a zero-dimensional arena. The quantum fields are then assignments of a
single number ; the simplest quantum field is, in this case, a single stochastic,
or random, number. Many of the techniques of quantum field theory do apply
to this case : in particular the notion of path integrals, Green’s functions, the
Schwinger-Dyson equation, and Feynman diagrams come up naturally.

1.2 Probabilistic considerations

1.2.1 Quantum field and action

We shall consider a quantum field ¢ that takes its values on the whole real axis
from —oo to +00. Since it is a random variable, the most we can specify about
it is its probability density P(y), which we write, for now, as

P(p)=N exp( — S(cp)) . (1.1)

21
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The function S(y) is called the action of the particular quantum field theory :
in a sense, it is the theory. For the probability density to be acceptable, S(p)
must go to infinity sufficiently fast as |¢| — oo. The normalization factor N is
defined by!

Nt Z/exp(—S(go)) dp . (1.2)

It is of course also possible to have more than one field associated with the single
spacetime point. If there are K fields ¢1, 2, ..., ¢k, they will have a combined
probability density

P((;D17L)027"'7L)0K) =N eXp(_S(Sol,SDQ,...7SDK)) B (13)

with?
N1 :/"'/exp(*S(QOl,QOQ,...,QOK)) do1 dps - - dpg . (1.4)

In the special case where the action is separable, that is,

S(p1, 902, px) = S1(1) + Sa(p2) + -+ + Sk (vK)

the fields are actually independent random variables.

1.2.2 Green’s functions, sources and the path integral

Since the quantum field is a random variable, the most that can be computed
about it? is the collection of its moments, in the jargon called Green’s functions® :

G,=(")=N /exp( - S(p) ¢"de , n=0,1,2,3,... . (1.5)
We shall assume that G, exists for all n. By construction, we must always have

Go={(¢")=(1)=1. (1.6)

LIf not explicitly indicated otherwise, integrals run from —oo to +oo.

2In the following, multiple integrals will be denoted by a single integral sign for simplicity.
This is usually clear from the context.

3You are here approaching a career decision. You may decide simply to measure the value
of ¢ : in that case you have decided to become an eperimentalist rather than a theorist.

4A clarifying remark must be made here. In this text, the Green’s functions are simply
defined to be expectation values. This may appear to contrast with the use of Green’s func-
tions in the solution of inhomogeneous linear differential equations such as are encountered in
classical elctrodynamics where one uses them to compute the electromagnetic field configura-
tions for given sources. The difference is only apparent since, as we shall recognize, the latter
type of Green’s functions are in our treatment simply the two-point Green’s functions ; and
for theories such as electrodynamics, where the electromagnetic fields do not undergo self-
interaction, the two-point functions are in fact the only nonzero connected Green’s functions.
Be not, therefore, misled into thinking that there are somehow two sorts of Green’s functions.
The Green’s function formulation of electrodynamics will in fact appear as the classical limit
of the Schwinger-Dyson equation discussed below.
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The most fruitful way of discussing the set of all Green’s functions is in terms
of their generating function :

2()=Y" %J” G . (1.7)

n>0

This is called the path integral, for reasons that will become clear later. It can
be written as

=N /exp @)+ Jp) dp . (1.8)

The number J, which here serves purely as a device to distinguish the various
Green’s functions, is called a source, again for reasons that will become apparent
later. Once Z(J) is known, an individual Green’s function is extracted by
differentiation :

87L
G, = {Z(J)J | (19)
(0J)" J=0
The case of more fields is again a straightforward extension of the one-field case ;
the Green’s function is denoted by

Gnl M2, MK — 90?1907212' QPTIL(K>
= N /eXP S(p1s---0K)) @1t PR dpr - -dpk . (1.10)

The path integral is now

Jinl. J}?K
Z(Jl,...,JK): Z mGnnK

K
= N/exp - 901,...,¢K)+2Jj<pj dpy---dpr . (1.11)
Jj=1

Each field comes with its own source, and

I R
Niy..., NK (8J1)m (aJK>nK

Z(Jl,...,JK)J . (112)
Jy==Jg=0

1.2.3 Connected Green’s functions

The path integral Z(J) contains all the information about the Green’s func-
tions, and hence about the probability density P(¢). The same information is,
therefore, also contained in its logarithm. We write

1
W(J)=logZ(J) =) —J" Cu (1.13)
n>1 :

where the sum starts at n = 1 since Z(0) = 1. The quantities C,, (with,
obviously Cy = 0 since Gy = 1) are called the connected Green’s functions of
the theory, and will play an important role in what follows.
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For a single-field theory, the connected Green’s functions can be recognized
to be the cumulants of the probability density:

G = (o) the mean,

Co = ((p—(9)? the variance,
Cs = é(‘ﬂ —(p))? :  the skewness,
Ci = ((p—{(p)*) —3C* : the kurtosis,

and so on. For a theory with, say, three fields, we have, for instance,

Gioo = Ciopo ,
Giio = Ci100C01,0+Cri0 ,
Giia = C1,0,000,1,0C0,0,1+ Ci,1,0C0,0,1
+ C10,1C0,1,0+C01,1C100+Cr1,1 - (1.14)

Since W(0) = Cy = 0, the same information about the probability density is
also contained in the field function:

0

BUI) = 2 W) =3 " G (1.15)
n>0

Since from its definition, we have

-1

o(J) = [/exp(—S(wHJw) s@dw] [/eXp(—S(w)Jszo) de| , (1.16)

we can say that ¢(J) is the expectation value of the quantum field ¢ in the
presence of sources: to denote this, we might write

o(J) =(#); (1.17)

which explains the similar typographies for the quantum field and the field func-
tion. We should not, however, forget the difference in status of these objects :
 is the physical entity, an unknowable, fluctuating random field ; but ¢(J) is
an eminently well-defined function that contains all the information about the
probability density of ¢, and is® computable once the action is given.

1.2.4 The free theory

The simplest probability density is probably® the Gaussian one, given by the

action .
S(p) = gue® (1.18)

5In principle, if not in practice completely.

6 A uniform density may be thought even simpler, but then it cannot run from ¢ = —oco
to ¢ = 4+o0o0. As a matter of fact, ask any mathematician or physicist to name you a nice
proability density over the whole real line, and she will almost without fail quote the Gaussian.
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with p a positive real number. For any action, we shall call the part quadratic in
the fields (or bilinear in the case of several fields) the kinetic part. This action,
called the free action, consists of only a kinetic part. The path integral is now
simply computed by

1
Z(J) = N/exp(—ngoQ—i—J@) de
1 AN E
= N/exp(u (g@) +> dy
2 I 21

_ exp@;) | (1.19)

It is not even necessary’ to actually calculate the value of N. By Taylor expan-
sion of the exponential, we immediately find that
(2n)! 1

Gap = — , Gops1=0 , n=0,1,2,..., . 1.20
2 anlun 2n+1 n ( )

The connected Green’s functions follow from

VS (1.21)

W(J):logZ(J):@ .

so that the only nonvanishing connected Green’s function is

1
Cy=— . (1.22)
I
The fact that here only the two-point connected Green’s function is nonvanishing
is the reason for calling this model the free theory (again, things will become
clearer later on, in a more realistic spacetime).

1.2.5 The ¢* model and perturbation theory

An action S(p) may contain other terms than just the quadratic one. Such
terms are called interaction terms : they may be linear, but more usually they
are of higher power in the field ¢. The simplest acceptable interacting theory
is therefore given by the action

1 1
S(p) = gue® + hag” (1.23)

The (nonnegative !) real number A4 is called a coupling constant : this model
is called the ¢* theory®.

"Because we must always have Z(0) = 1.

8 An action in which ¢? is the highest power does not lead to a convergent integral over
the real axis (see, however, Appendix 2). Of course, an action of the form S(p) = ue?/2 +
A3¢? /3! 4+ Agp /4! is perfectly acceptable, and we shall consider this ‘@3/4 model’ later on.
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Computing the path integral is now a much less trivial matter. A possible
approach is to assume that, in some sense, the ¢* theory is close to a free theory,
that is, in the same some sense, \4 is a small number. We can then expand the
probability density in powers of A4 :

exp(=8(0) = e~ ) 3= (2) e aa

This procedure is called perturbation theory. Having thus reduced the problem
to the previous case of the free theory, we cavalierly” interchange the series
expansion in Ay with the integration over ¢ and arrive at the following expression
for the Green’s functions :

G2n = H2n/HO 5
| k
Hy = Ly Ukr2n) ( At > . (1.25)

2k+r 11\ 2
ur = 22k+n(2k 4 n)!k! 24
For example, we have
1 35 385
Hyo=1-Z= 2 B8
0 s' T3 T3mt T
1 29 107
1/Hy=14 -u— —u?+ ——u®+--- 1.2
[Ho=1+gu— s+ Jo2a T (1.26)

with u = A\;/p?. Note that, in this theory, also the normalization N has to be
treated perturbatively, which explains the expression for 1/Hy. For the first few
nonvanishing Green’s functions we find

Go = 1,
1 1 2 11
Gy, = —[(1-2 YR I YL ST
’ u( PR > ’
1 33 68
G4 = 2(3—4u+4u2—3u3+) 5
1 75 445 , 1585 4
The corresponding connected Green’s functions are given by
1 1 2 11
c, = =(1-= - =
2 M( 2u+ 3u 3 u” + ) )
1 7T 5 149 4
04 = ‘u2<—u+2u _ﬁu +> 3
1
Co = (10u® — 80u® +--) . (1.28)

u

9And not with impunity ! See Appendix 1.



March 27, 2014 27

Note that, whereas the Green’s functions all have a perturbation expansion
starting with terms containing no A4, the connected Green’s functions of in-
creasing order are also of increasingly high order in A4 : the higher connected
Green’s functions need more interactions than the lower ones.

1.2.6 The Schwinger-Dyson equation for the path integral

Although the path integral is, generally, a very complicated function of J, it
is nevertheless easy to find an equation describing it completely. This is the
Schwinger-Dyson equation (SDe), which we construct as follows. Let the action

be given by the general expression!?
1
Se)=)_ M, (1.29)
k>1
where Ay = . Now, from the observation that
oP
@7 N/exp @)+ Jp) " dp , p=0,1,2,3,... (1.30)

we immedately deduce that

—J—I—Z A’““ Z(J) =
k>0
B )\k—ﬁ-l
= N exp +J<p —J—i—z
k>0
= N /exp ©) + Jp) {S'(@)—J] dp = 0, (1.31)

where in the last lemma we have used partial integration, and the fact that the
integrand vanishes at the endpoints at infinity. Symbolically, we may write the
SDe as

{aS(W)J Z(J)=2¢5 (8) Z(J)=JZ(J) . (1.32)
dp ©=0/8J aJ
For a theory with K fields, we similarly have
0
{8 S(QDl,gO27...,g0K)J Z(Jl,JQ,...,JK):JnZ(J17J27...7JK) .
Pn p;=0/0J;
(1.33)
For our sample model, the ¢?* theory, the SDe reads'!
1
6)\4Z"’(J)+MZ’(J)—JZ(J) =0 . (1.34)

10A constant, ¢p-independent term in the action is always immediately swallowed up by the
normalization factor N.

' The SD equation is, in general, of higher than the first order. It therefore has several
independent solutions, only one of which corresponds to the usual perturbative expansion.
The nature of the other solutions is discussed in Appendix 2.
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Using the series expansion of the path integral we can express this as a relation
between different Green’s functions :

A
F"‘ng 4 fGpgr —nGr1 =0 , n>1 . (1.35)

This relation may usefully be rewritten as follows :

1 A
Gn = ; <(’ﬂ — 1)Gn_2 - 64Gn+2> , n Z 2. (136)

If we start by assigning to the Green’s functions the values

Go=1, G,=0, n#0 , (1.37)
then repeated applications of Eq.(1.36) will precisely reproduce the Green’s
functions of Eq.(1.27)2.

1.2.7 The Schwinger-Dyson equation for the field function

From the definition of ¢(J) as the logarithmic derivative of the path integral,
we can infer that
9P
(0.J)

Z(J) = Z(J) <¢>(J) + 5) e(J) . (1.38)

Here, e(J) is the unit function: e(J) = 1. We immediately arrive at the form of
the SDe for the field function:

s’ (¢(J) + an) e(J)y=4J . (1.39)
For the ¢* theory, it reads
_S_M 3 9 o
o(J) = L o <¢(J) +3¢(J) 6J¢(J) + (8.])2¢(J)> . (1.40)

Although this leads to very nonlinear relations between the various connected
Green’s functions this form of the SD equation is actually even simpler to apply :
with ¢(J) = 0 as a starting pont, iterating the assignment (1.40) then results'3

12The correct way to do this is to subsequently evaluate Ga, G4, Gs,.... On the first
iteration, the lowest-order expressions are obtained. Each subsequent iteration gives one
higher order in perturbation theory. Note that if we want to obtain the k*® order term in Gy,
the (k + 1)*" order term in Gr42 is needed, and so on. It is therefore necessary to compute
the lower-order terms for more G, ’s.

13For this approach to work in practice, it turns out to be useful to truncate ¢(J) as a
power series in J, the truncation order increasing by one with each iteration. If you don’t do
this, each iteration triples the highest power in J, leading to very unwieldy expressions with
only the first few terms being actually correct.
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in the correct form of ¢(.J), giving the connected Green’s functions of Eq.(1.28).
For the 3/* theory, the Schwinger-Dyson equation reads

o) = L-22 (a2 + Zo)
A 9 o
g (M +300) 500 + J)2¢<J>> o

1.3 Diagrammatic considerations

1.3.1 Feynman diagrams

An extremely useful tool for computing Green’s functions and connected Green’s
functions is at hand in the form of Feynman diagrams. In this section we shall
first introduce these diagrams and their concomitant Feynman rules. Only after
that shall we prove that these diagrams do, indeed, correctly describe Green’s
functions.

Feynman diagrams are constructs of lines and vertices. A vertex is a meeting
point for one or more lines. Diagrams are allowed in which one or more lines
do not end in a vertex but, in a sense wandern ins Blaue hinein : such lines are
called external lines. Lines that are not external lines, and end up at vertices
at both ends, are called internal lines. Diagrams may be connected, in which
case one can move between any two points in the diagram following lines of
that diagram ; or they may be disconnected, in which case it consists of two or
more disjoint pieces that are themselves connected. Any graph'# consists of a
finite number of connected subgraphs. The ‘empty’ graph, containing no lines
or vertices whatsoever, also exists ; it does not count as connected'®. Diagrams
containing one or more closed loops are perfectly allowed. Diagrams with no
closed loops are called tree diagrams. Some examples of Feynman diagrams are

a connected graph a disconnected graph a connected tree graph

Note that the precise shape of the lines and the precise position of the vertices

are irrelevant. The important thing is the way in which the lines are connected

to the vertices'S.

14The terms ‘diagram’ and ‘graph’ are interchangeable.

15 Casuistically, it has no points between which one might wish to move.

16 As you will discover, I have endeavoured in these notes to avoid drawing straight lines, or
to draw blobs or closed loops as circles. Many texts do employ only straight lines and circles.
This not only leads to awfully unsesthetic-looking pictures, but is also deeply misleading.
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1.3.2 Feynman rules

The noteworthy thing about Feynman diagrams is that they have an algebraic
interpretation; that is, they correspond to numbers that may be added and
multiplied. The assignment of a number to a Feynman diagram is governed by
the Feynman rules, which postulate a numerical object for every ingredient of a
Feynman graph. In the simple zero-dimensional theories that we consider here
the Feynman rules are just numbers. We may use, for instance, the following
rules :

— & 1/u

—<<—)—)\3
><<—)—)\4

—e & +J

’Feynman rules, version 1.1 (1.42)

A vertex at which a single line ends (and which carries a Feynman rule factor
+J) is called a source vertex.

A disconnected diagram evaluates to the product of the values of its disjunct
connected pieces. Because of this multiplicative rule, the value of the empty
diagram is taken to be unity.

In addition, we assign to every Feynman diagram a symmetry factor. The
symmetry factor is the single most nontrivial ingredient of the diagrammatic
approach. We shall therefore devote a separate section to this issue.

1.3.3 Symmetries and multiplicities

Feynman diagrams have, in general, an ‘inner’ and an ‘outer’ part. The ‘inner’
part consists of the various vertices and internal lines : the ‘outer’ part is made
up from the external lines (if any). The inner part concomitates with the sym-
metry factor of the diagram, and for the outer part we have what may be called
the multiplicity, to be discussed below. Let us first turn to the symmetry factor.

Readers will often look at Feynman diagrams with the idea that the lines represent ‘particles
moving freely through space’ so that the lines ‘ought’ to be straight according to Newton’s
first law. That this is completely wrong becomes immediately clear if we realize that, in the
zero-dimensional world we are dealing with for now, there cannot be any notion of movement
yet, let alone any Newton to pronounce on it. In fact, Newton’s first law ought to be derived
from our theory, and we shall do so in due course.
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For the symmetry factor, the rule is the following : for every set of k
lines that may be permuted without changing the diagram, there will
be a factor 1/k! ; for every set of m vertices that may be permuted
without changing the diagram, there will be a factor 1/m! ; for every
set of p disjunct connected pieces that maybe interchanged without
changing the diagram, there will be a factor 1/p!. External lines cannot be
permuted without changing the diagram. For diagrams without external lines,
we have an additional possible symmetry: this is the case when the diagram
may be rotated or mirror-imaged while remaining unchanged, so for a ¢-fold
rotational symmetry, we have a factor 1/¢ ; and for a mirror symmetry
we have a factor 1/2. It is important to note that the symmetry factor
cannot be read off from the individual components of the diagram, but depends
on the topology of the whole diagram!”. As our universe grows from zero to
more dimensions, and as the particles considered acquire more properties, the
Feynman rules will grow in complication ; but the symmetry factors remain the

samels .

A few examples of diagram values are presented here. First, consider the
diagram

S R (1.43)

In this case, the symmetry factor is 1, since for a tree diagram no internal lines
or vertices can be interchanged with impunity. The similar-looking diagram

= 28 (1.44)

has a symmetry factor 1/2! since the upper two one-point vertices are inter-
changeable. Then, there is the graph

Here, there is a symmetry factor 1/2 because the ‘leaf’ can be flipped over

17This is what makes the automated evaluation of diagrams a nontrivial task : component
factors of diagrams can be easily assigned, but working out the symmetry factor of a diagram
calls for for very complicated computer algorithms indeed.

18This is only modified if we include lines of different types, or oriented lines. Then again,
the more-dimensional diagrams have the same symmetry factors as their zero-dimensional
siblings.
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without changing the diagram'®. The diagram

_ 1A

carries a symmetry factor of 1/3! because the three internal lines are inter-
changeable. The graph

13
4 u?

carries a symmetry factor (1/2!)(1/2!) since there are now only two interchange-
able internal lines, and a single ‘leaf’. Finally, the diagram

1 M2
48 pt

has a symmetry factor (1/4!)(1/2!) since there are 4 equivalent internal lines,
and moreover the diagram can be ‘flipped over’ without changing it.

Next, we address the multiplicity. This is the number of different ways the
external lines (that each have their own ‘individuality’) can be attached. To
determine the multiplicity we must imagine that the whole diagram, or a part
of it, can be ‘flipped over’ while retaining the same attachement of the external
lines. To illustrate this, we temporarily denote the external lines with a letter,
and then notice that the two diagrams

a C d a
b d C b

are, in fact, identical ; the multiplicity of this graph is therefore 3, since there
are 3 ways to group four letters into two groups of two without regard to order-
ing. We see that the diagram of Eq.(1.43) has, also, multiplicity 3, while that
of Eq.(1.44) has multiplicity 1. We see that, if we include the multiplicity, the
replacing of p external lines with p one-point source vertices induces a factor of
1/p!, which will become important later on.

The determination of symmetry factors may appear somewhat fanciful, call-
ing for finger-wriggling and such, but of course it has a solid and unambiguous
basis ; the symmetry factor (and the multiplicity) can always be computed. The
procedure is somewhat involved, and will be outlined in appendix 2.

19This is due to the fact that the line in the loop is not oriented: for oriented lines it will
no longer hold. The discussion of symmetry factors of Feynman diagrams goes, in practice,
with a lot of remarks like ‘... so you flip over this leaf, you wriggle this set of internal lines,
you shove these vertices back and forth ... see 77 Although the symmetry factor is totally
unambiguous, the arguments for a symmetry factor often come with a lot of prestidigitatorial

hand-waving and finger-wriggling in front of a blackboard.
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1.3.4 Vacuum bubbles

Feynman diagrams exist that contain neither external lines nor source vertices.
These are called vacuum bubbles. The empty graph (which we shall denote by
the symbol &) is, obviously, a vacuum bubble. We may consider the set of all
vacuum bubbles, which we denote by Hg. Let us assume that only four-point
vertices occur. Then, Hy, given by

H0:5+<>Q+£+BQQ+@+W (1.45)

(where the ellipsis denotes diagrams with more four-vertices) evaluates to

Th 1 /10)° 1 A2 1 A2
= 1—7— —_ —_—— —_—— —_——
7o 8,u2+2<8u2> 16 44 18 4t
1Ay 35 A2
= st T (1.46)

which, indeed, looks suspiciously like Hy for the ¢* theory.

1.3.5 An equation for connected graphs

We shall now construct an equation for a special set of diagrams. We do this for
the set of Feynman rules of section 1.3.2. First, let us denote by C,, the set of all
connected graphs with no source vertices and precisely n external lines. Clearly
this is a enumerably infinite set. Next, we define the object W(J), denoted by
the symbol

(1.47)

to be the set of all connected diagrams with precisely one external line, and any
number of source vertices. The shading indicates that all the diagrams in the
blob must be connected. Clearly, then, we have

v o= > %J” Cni1 - (1.48)

n>0

where the extra factor 1/n! is the additional symmetry factor for n source ver-
tices.

Let us now consider what can happen if we enter the blob of Eq.(1.47) along
the single external line. In the first place, we can simply encounter a source
vertex, so that the diagram is just

—e = — . (1.49)

Alternatively, we may encounter a vertex. If this is a three-point vertex, the
line splits into two. Taking one of these branches, we may be able to come back
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to the vertex via the other branch. In that case, the diagram has the form

On the other hand, it may happen that the two branches end up in disjunct
connected pieces of the diagram, which then looks like

Note that these two alternative cases can be unambiguously distinguished be-
cause we have restricted ourselves to using only connected graphs. Another
important insight is that, in the above diagram, the two final blobs (with their
attached lines) are both ezactly identical to the original ¥(J) of Eq.(1.47), and
therefore also to each other : a situation that is of course only possible because
the blobs represent infinite sets of diagrams. In contrast, the closed-loop blob
of the first alternative is not equal to W(J) since it has not one but two lines
sticking out ; but then again these two lines are completely equivalent.

If we encounter a four-point rather than a three-point vertex, the line splits
into three, with three alternatives : no branches meeting again further on, all
three meeting again, or only two out of the three. We find the diagrammatic
equation

Now, realize that

= Y L= 2ew) (1.51)

n>0
and )
1 0
_ —J" Chi3 = ——Y(J) , 1.52
> " G = ) (152)

so that we can translate the diagrammatic equation (1.50) into an algebraic
equation for ¥(.J) by carefully implementing the correct Feynman rules, includ-
ing nontrivial symmetry factors for equivalent blobs and lines:

U(J) = % — f’(;wu)? - ;;]@(J))
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M1 3 1 0 1 92
. (6\11(J) + 2\II(J)8J\II(J) 6(6J)2\I/(J)> . (1.53)
Now Eq.(1.53), obtained from the Feynman diagrams via the Feynman rules,
has exactly the same form as Eq.(1.41), valid for the field function ¢(J) — note
the importance of the symmetry factors ! Moreover, the iterative solution for
@(J) starts with ¢(J) = J/pu, also identical to the diagrammatic starting point
—e. We therefore conclude that

v() = o(J) , (1.54)

in other words
C, = C, , n>1. (1.55)

This proves that connected Green’s functions can be obtained by the following
recipe: to obtain C,, (n > 1), write out all connected Feynman diagrams
with no source vertices and precisely n external lines. Evaluate the
diagrams using the Feynman rules, and sum them.

1.3.6 Semi-connected graphs and the SDe

A wuseful notion, which allows us to write SDe’s more compactly, is that of
semi-connected graphs. We shall denote these with a lightly shaded blob, and
they are defined as follows : a semi-connected graph with n > 1 lines at the
left is a general unconnected graph with n lines on the left (and any number
of other external lines), with the constraint that each connected piece of the
semi-connected graph is attached to at least one of the lines indicated on the
left. This may sound more intimidating that is actually is : an example is

= 2 \Q + 2 + 3
3 3 2
2 1
o " gj . (1.56)
3
'~
A single semi-connected graph with n indicated lines stands for B(n) diagrams

with explicit connected graphs, where B(n) is the so-called Bell number : the
number of ways to divide n distinct objects into non-empty groups®. For ¢?/4

20For small n we have B(0) = 1, B(1) = 1, B(2) = 2, B(3) = 5, B(4) = 15, and B(5) = 52 ;
more general values can be obtained from the identity

ZB(n)% =exp(e® —1) .
n>0

which is derived in Appendix 12.14.
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theory, the SDe then becomes simply

:/\.+¥,®+\@.(1.57)

We shall use semi-connected diagrams to good effect in later chapters. Note
that the sum of the symmetry factors of all connected diagrams arising from a
©P vertex must be equal to B(p — 1)/(p — 1)!, which may serve as a check on
your SDe’s.

1.3.7 The path integral as a set of diagrams

By affixing a source vertex to the single external line of ¥(J), we immediately
have the result that the generating function W(J) is the sum of all con-
nected Feynman diagrams without external lines and at least one
source vertex. If we explicitly indicate the source vertices, and recall that n
source vertices in a diagram imply a factor 1/n!, we can write

ww = =+ SO T X

(1.58)
where the ellipsis contains connected contributions with more source vertices.
Vacuum bubbles do not contribute to W (J). By taking careful account of
the symmetry factor assigned to identical connected parts of a disconnected
diagram, we can see that

—W(J)? = +

é;k; b6

—0 ~—b
SOAN O
SOANER O N

B M

+  (lots of other diagrams) . (1.59)

Similar arguments hold for higher powers of W (J). In addition, W(J)? = 1
is represented by the empty diagram. From this it easy to see that the path
integral Z(J) consists of all Feynman diagrams without external lines,
and without vacuum bubbles, but including the empty diagram.

We might wonder why the vacuum bubbles are so conspicously absent. Sup-
pose that we would allow the inclusion of arbitrary numbers of vacuum bubbles
in Z(J). Then the Green’s function Gy = 1 would be represented not by the
single empty graph but by the whole set Hy discussed before: indeed, Hg is
proportional to Hy. In fact, any Green’s function G,, would acquire exactly the
same additional factor Hg. The normalization factor IV, that must be chosen
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such as to make G equal to unity, therefore extracts exactly the factor Hg from
any Green’s function. In the jargon, the vacuum bubbles ‘disappear into the
normalization of the path integral’. This is not to say that vacuum diagrams are
never important ; but in our approach to computing Green’s functions and con-
nected Green’s functions they are indeed irrelevant. Another way of seeing this
is very simple : if we take our diagrammatic prescription of Z(J) and then take
J =0, all diagrams disappear except the empty one, and we find Z(0) =€ =1,
just as we must.

1.3.8 Dyson summation

Why is the Feynman rule for lines, stemming from the quadratic part of the
action, so different from those for the vertices, that come from the nonquadratic
terms ? To see that our treatment is actually a consistent one, let us consider
an action is given by

1 1 1
S(p) = Sue® + 5@ + g’ (1.60)

If we wish, we may treat the Ay term as an interaction, described by a vertex
with two legs. the SDe is then seen to be

corresponding to

_S MM 3 9 o
o(J) = R (J) 61 ((b(J) + 3¢(J) aJ¢(J) + (8J)2¢(J)> . (1.62)
Multiplying the equation by p and transposing the Ay term to the left, we obtain
N 3 Kl 0?
) = w4 Ae  6(p+ o) <¢(J) +39(J) 8J¢(J) - (&])2 ¢(J)> » (1.63)

precisely what we woud have obtained by taking the combination (p + A2) as
the kinetic part from the start. This procedure, by which the effect of two-point
(effective) vertices is subsumed in a redefinition of the kinetic part, is called
Dyson summation. In the present example, the summation is of course trivial ;
but we shall see that two-point interactions can also arise from more complicated
Feynman diagrams corresponding to higher orders in perturbation theory. The
manner in which Dyson summation is usually treated is by explicitly writing
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out the propagator, ‘dressed’ with two-point vertices in all possible ways :

~ + —e— 4 e 4 % e

1 1.1 11,1 11,11
= — — 7)\2* + *)\2*)\27 — 7)\27)\2*)\2* +
1 Ty o o
_ 1z<_M)k
nis\on
11 1
_ 1 _ , 1.64
w1+ X /p ©A Ao (164)

where it should come as no surprise that we cheerfully ignore all issues about
convergence, in the spirit of perturbation theory. Every propagator line can
(and must !) be dressed in this way once any two-point vertex (elementary
of effective, that is, as the result of a collection of closed loops with two legs
sticking out) is at hand.

1.4 Planck’s constant

1.4.1 The loop expansion

As we have seen, Green’s functions can be computed in a perturbative expansion
in which the coupling constant A4 is in some sense a small number. Now consider
doing perturbation theory in the ©3/* theory. We then have to decide on the
relative order of magnitude of the two coupling constants A3 and A4 : are they
of the same order, or should we take, say, A4 to be of the same order as A3 ?
And what if even more coupling constants are involved 7 We shall adopt the
approach that the order of magnitude of the various diagrams should depend not
on their coupling-constant content but, rather, on their complezity, in particular
on the number of closed loops. That is, the more closed loops a diagram contains,
the smaller it is considered to be ; and perturbation theory then prescribes the
perturbation expansion to be truncated at a given number of closed loops.

To quantify these ideas we shall assign to every closed loop a factor &, where
% is a (small) number?!. That is, we define the following ratios :

(4

etcetera. This implies, of course, a modification of the Schwinger-Dyson equa-
tion from the form (1.41) into

o) = 2= 32 (802 +h00) o)

21 As the notation suggests, it will develop into Planck’s (or Dirac’s) constant as our universe
increases in complexity.
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)\4 3 8 2 82
T J)? 4+ 3hp(J) —=o(J) + B°——=(J . (1.65
6H<¢<> g7+ I g6 ) a6y
In turn, we shall have to modify everything else as well : we must re-define
0
=h—1og Z 1.
61 = s log 2(7) | (1.66)
so that the SDe for the path integral must read
S’ (h;;) Z(J)=JZ(J) . (1.67)

The path integral must therefore be re-defined with inclusion of # :

Z2(J) =N /exp<—;(5(¢)—m)> do | (1.68)

and for the Green’s functions we have

o" "
G = {h"nZ(J)J , Cp= {h”nlog Z(J)J . (1.69)
(0.J) J=0 (0J) J=0
The Feynman rules must, therefore, take the form
h
—_— e =
]
A3
RGdnt=
X o -
h
> +£
- Z
Feynman rules, version 1.2 (1.70)

The introduction of A as the perturbation expansion parameter allows us to
determine the relative orders of magnitude of coupling constants. Since with
our definition all tree diagrams are of the same order, the two graphs

tell us that A4 is of the same order as A3?. Similarly, a k-point coupling constant
A is of the same order as A\3* 2. As alast point, you may note that the including
h does not influence the Dyson summation of sec.1.3.8, since every extra two-
point vertex (with 1/%) also gives an extra propagator (with 7).
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1.4.2 Diagrammatic sum rules

Since in the Feynman rules /i appears all over the place, it is advisable to
check that the h-behaviour of the Feynman graphs is indeed as desired. To this
end, we shall first determine diagrammatic sum rules, valid for all nontrivial
Feynman diagrams. For an arbitrary given unconnected diagram let us define
the characteristics

= number of external lines,

number of internal lines,

number of vertices of ¢g-point type,
number of closed loops,

= number of disjunct connected pieces.

WS~
[

An example is

E=2,1=6,Vi=1,V;=3,
Vi=1,P=1,L=2.

We now look for linear combinations T' of these numbers that are the same
for all diagrams. That is, whatever we do to a diagram, the value of T" must
remain unchanged. It is easy to see that any diagram can be transformed into
any other diagram by application of the following four basic transformations,
or their inverse :

(i)  coalescing a g-vertex and a 3-vertex :

WL WL

(i) adding an external line onto any other line :

O - O~

(7i7)  cutting through a line such that the graph falls apart :

o0~ OG-0

(iv)  cutting through a line which is part of a loop :

These four operations modify the characteristics as follows :

(i) + Vs = Va—1, Vy = V=1, Vyy1 — Vyu+1 , I — I—1;
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(i) : E— E+1, I > I+1, V3= Va+1;
(i) : I > I—-1, E— E+2 , P— P+1;
(w) : I -I1-1, E—-E+2 , L - L-1.

If the combination

T:ozEE—I—a[I—l—Zoqu(fi—aLL—l—apP (1.71)
q

is to be invariant under the four basic transformations, then the coefficients o
must obey

(1) —ogt+ogrr—az—ar = 0,
(i) ag+ar+az = 0,
(Z’LZ) Oz[—QOéE—OéP =0 5
(iv) ar—2ag+ar = 0 (1.72)
Adding (7) and (4¢) we find
—og+agr1+ag=0, (1.73)
with the general solution
ag = —qog . (1.74)
(47) then gives us
Ot]:20zEfﬂ (175)
and (#¢) and (iv) yield ap = —ay = —f. The invariant T can therefore be

written as

T =ag (—quq+E+21> —5<—ZVQ+I+P—L> , (1.76)
q q

where ag and 8 are undetermined. We see that we have precisely two diagram-
matic sum rules. By inspection of an arbitrary?? diagram we see that 7' = 0, so
that the sum rules are

> Vy=I+P—-L , Y qVy=20+E . (1.77)
q q

We are now able to read off the power of i associated with an arbitrary connected
diagram (with P = 1). From the Feynman rules, we infer that every line

22 Arbitrary, except that it must contain at least one vertex. There are two connected
diagrams without vertices: the first one, ——, conforms to the sum rules by choosing I = —1,

and the second one, Q, fits in if we choose I = 0. But these choices are obviously somewhat
forced.
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contributes a factor i and every vertex a factor 1/h. The total power of A is,
therefore

E+I-) V, = E+L-1.
q

Independently of its precise form, the power of A of any connected diagram
depends only on the number of its external lines and the number of loops, and
indeed each extra loop leads to an additional factor f, as advertised.

1.4.3 The classical limit

Since in perturbation theory % is taken to be an infinitesimally small quantity,
the limit 2~ — 0 is of automatic interest. This limit has to be taken with some
care since i = 0 strictly would imply that only Green’s functions with E+L =1
would survive?3. Instead, the classical limit i — 0 is meant to be the result of
leaving out diagrams containing closed loops. The diagrammatic SDe will, for
theory, then take the form

the ¢3/4

+ @@ : (1.78)

The corresponding solution will be denoted by ¢.(J) (with ¢ for ‘classical’), and
the classical SDe is written as

¢c(‘]) = - 7¢c('])2 - 7¢c('])3 . (179)

The classical field function is exclusively built up from tree diagrams : this is
called the tree approximation. Note that it obeys an algebraic, rather than a
differential, equation, that can be written as

S'(¢e(J) =T . (1.80)

This is called the classical field equation. This is not to be confused with equa-
tions from classical, nonquantum physics. In fact, the classical field equations
will turn out to be the Klein-Gordon, Dirac, Proca and Maxwell equations. Of
these, only the Maxwell equations can be considered classical, since they do not
contain a particle mass.. Note that such equations have, in general, more than
a single solution. Here, however, we are interested in that solution that vanishes
as J — 0, which may be written out using Lagrange expansion :

Lo p b Q)]

n>1

23Later on, the discussion about truncation will clarify how this is not inconsistent.
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Let us now look at the path-integral picture of the classical limit. When &
becomes small, the fluctuations in the path integrand

(405

become extremely exaggerated. The main contribution to () therefore comes
from that value where the probability distribution attains its maximum, that
is,

(@), ~=¢e , where S'(pc)=J , S"(pc) >0 . (1.82)

Also in the classical limit, we therefore have ¢.(J) = @e.

1.4.4 On second quantisation

The ‘classical’ approximations of our quantum field theory are?* quantum equa-
tions. In fact, this is not so very surprising. In ordinary quantum mechanics, the
classical variables such as position, momentum, etcetera are identified with the
expectation values of their quantum-mechanical counterparts, and considered a
useful approximation of reality as long as they are reasonably well-defined?®.
So it is here again : the field generating function ¢(J) is considered as the
ezxpectation value of the quantum field ¢, and it is identified with the quantum-
mechanical wave function of whatever object it is we are studying. In this
sense, to go from ¢ to a classical observable we have to ‘classicify’ two times.
The transition from ordinary quantum mechanics to what we are doing here is
therefore dubbed ‘second quantization’. Of course, from the point of view we
have taken here, this is simply a matter of taking limits (expectation value upon
expectation value), but if one comes in from the classical side it may look quite
mysterious. This is another reminder that one should not try to build a more
fundamental theory from a limiting case. Limiting cases are only hints.

1.4.5 Instanton contributions

As mentioned, for a non-free action S(¢p), the equation (1.80) has, of couse, more
than a single solution2®. Suppose that we have several such solutions, denoted
by <p£°>, gpgl), <p£2),. .., and that the minimal value of S(p) — Jy is attained for

@EO). Then, the other classical solutions will give contributions that, relative to
the dominant one, are suppressed by exponential factors of order

1
eXp<—h (S(sﬁﬁk))—S(wﬁo))—Jsﬁﬁm+J<p§°))> c k=12,

24Will be found to be ; see the later chapters of these notes.

25With small uncertainty, that is, the variance of their statistical distribution around the
expectation value.

26Since the action is at least of order 3, the classical field equation is at least quadratic.
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H s Here we plot the (normalized) form of

| exp(—S(¢)/h) for the ©*/* model with

I oed p =X =1and A3 =18, for h =1
| and ii— = 0.15. It is seen how the low-
Ll s est minimum of S(¢) starts to dominate

the integral as /i becomes small ; the
contribution from the subleading maxi-
mum decreases nonperturbatively fast.

Such subdominant solutions to the classical field equations are called instantons.
Their contribution to Green’s functions do, as we see, not have a series expansion
around i = 0. Such nonpertubative effects are therefore not accessible using
Feynman diagrams. This is not to say that they are irrelevant. Indeed, we
usually have a finite value for i ; more dramatically, if we let J vary as a
parameter, <p£1), say, may for some value of J take over from <p£0) as the true
maximum position of the probability density, causing a sudden shift in the value

of ¢.(J) from @&0) to @ﬁl).

1.5 The effective action

1.5.1 The effective action as a Legendre transform

Since perturbation theory presumes that higher orders in the loop expansion
are small compared to lower orders, the following question suggests itself : is
it possible to find, for a given action S(y), another action, called the effective
action, with the property that its tree approximation reproduces the full field
function of the original action S ? If such an effective action, denoted by T'(¢),
exists, we must have

I'(¢)=J (1.83)

where ¢(J) is the full solution to the SDe belonging with S(p). We can use
partial integration to find

F(gb):/quS:ngf/gbdjzjcz)fhW, (1.84)

where J is now to be interpreted as a function of ¢. The transition from W (J)
to I'(¢) is called the Legrendre transform. In classical mechanics, we have the
same situation : there, AW would be the Lagrangian with J as the velocity and
¢ as the momentum, and then the effective action would turn out to be the
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Hamiltonian.

An important fact to be noted about the effective action can be inferred as
follows. Let us consider the derivative of ¢(J). If we denote the probability
density (including the sources) of the quantum field ¢ by Pj(p), that is,

_ A
[ deA(p)

we can write this derivative as

1d<fPJ(<P)<pd<p>
hodJ \ [ Ps(p)de

[Pi@)e?de ([ Pr(p) o dp)’

T Ps(o) do (J Ps(p) de)’
_ J Pr(e1)Ps(p2) (91? — W;‘PZ) dp1 dpo . (1.86)
([ Ps(p) do)

By symmetry, we can replace the factor (p12 — @102) by (1 — ¢2)?/2, so as to
see that d¢(J)/dJ is positive. This implies that

P (e) A =ew (3@ -T) )

1 /
5'())

(;;)QI‘(QS) = % >0 . (1.87)

In other words, the effective action is concave everywhere?”. Whereas one would
assume that the effective action I would differ only slightly from the original
action S, this can obviously no longer hold in situations where the action S is
not concave.

1.5.2 Diagrams for the effective action

A tree approximation consists of tree diagrams only. To see how the loop effects
of the action S end up in I', we define a new concept, that of a one-particle
irreducible (1PI) diagram. A connected Feynman graph is 1PI if it contains no
internal line such that cutting that line makes the diagram disconnected.

S\DED o~

1PI diagrams a non-1PI diagram

External lines, of course, do not enter in the 1PI criterion®®. Note that a diagram
consisting in only external lines and a single vertex also counts as 1PI, since it

27This concavity persists in case there are more than just a single field involved. By exten-
sion, it also holds for Euclidean theories in more dimensions ; see also Appendix 3.

28Including them would be silly, since any diagram falls apart if we chop through an external
line.
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does not have any internal lines to be cut whatsoever. A typical one-loop 1PI
diagram looks like this :

(1.88)

Let us denote the set of all 1PI graphs with precisely n external lines by —v,,/h,
where the convention is that the Feynman factors for the external lines are not
included. Consider, now, what happens if we enter the field function by way of
its single external leg, as in the SDe. If we encounter a vertex, that vertex is part
of a 1PI subdiagram (possibly consisting of only the vertex itself). Indicating the
1PI property with cross-hatches, we therefore obtain the diagrammatic equation

Algebraically, it reads

J 1 1 1
o(J) == == (m+720(J) + 5730())> + 5740(J)> +--- ), (1.90)
noop 2! 3!
in other words
I'(¢)=J , (1.91)
where ) ) .
L(p) = me + 502 + W)e* + 599” + e’ +--- (1.92)

We conclude that the vertices of the effective action are determined
by the 1PI diagrams. It must be noted that, in general, the effective action
contains vertices with arbitrarily large numbers of legs, even if the original action
S goes up only to ©3 or ©?*, say.

1.5.3 Computing the effective action

We shall now describe a computation of the effective action
L(¢) =To(¢) +Al1() + 1T2(g) + -+ (1.93)

from its Feynman diagrams, for a theory with arbitrary couplings :

1 Ak
S(e) = gue®+ ) et (1.94)
k>3
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We start by considering a general one-loop 1PI diagram such as that of Eq.(1.88),
and cutting through the loop at some arbitrary place. We then have a propaga-
tor ‘dressed’” with zero or more vertices where external lines are ‘radiated off’.
If there are precisely n external lines we can denote this by

n

il —

Such an object has, of course, its own SDe. Taking careful account of all possi-
bilities to attach external lines, we can write it as

n

—Ailgy— =

S (1.95)

We define the generating function for such dressed propagators as

P} = —<DO— = Y5 v@— (1.96)

n>O
and see that the SDe reads
h )\3 22 )\4 2’3 )\5
P(z)=——2—P(2) — ——P(2)— ——P(2)—--- 1.97
()= =220 PE) = T HP() ~ P e (LD
in other words,
h
P(z) = —— 1.
)= g7 (1.98)

We now close the loop again with an arbitrary vertex, at which vertex at least
one other external line is included. By the same combinatorial arguments as
above we can find the generating function L(z) for such loops :

2

- Z )\5
- E *EP h TR lE

B S///( )
= 35 - (1.99)

L(z)

The symmetry factor 1/2 arises from the fact that the propagator is not oriented
and thus we have to avoid double-counting. Considering that a propagator with
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n external legs leads to a closed loop with at least n + 1 external legs, we see
that the one-loop effective action is given by

Li(6) = = [ 4o L(6) = 3 log(5"(0)) - (1.100)

A few remarks are in order here. In the first place, we see that the effective
action obtained in this way is only well-defined where the action itself is concave,
in agreement with the discussion in 1.5. In the second place, the trick of closing
the loop with an extra vertex, rather than just trying to ‘glue’ the endpoints of
P(z) together, is technically useful since it avoids enormous problems with the
symmetry factors. To see this, consider the three possibilities for n = 2 :

If we glue the endpoints of the propagator, the first two diagrams result in the
same loop graph, so that these three propagator diagrams end up as two loop
diagrams. With more external legs attached, this becomes ever so much more
complicated : assigning a special role to one external line avoids this. In the last
place, the above calculation is possible since all external lines are, so to speak,
identical. In more dimensions, where external lines can carry momentum, this
is no longer true. However, the effective potential, that is the effective action at
zero momentum, does lend itself to such a calculation in higher dimensions?®.
We can extend this treatment to higher loop orders as well. Let us denote a

vertex where at least n + 1 lines come together by

fén = /_én+/_§n+1+/_én+2+"' (1.101)

and assign to this dressed vertex the Feynman rule

1 n+1
/_\é r = —ﬁs< () (1.102)

Now, we introduce the notion of a tadpole diagram : this is a connected diagram
with precisely one external line and no source vertices. The effective action as
given above then follows from writing out the 1PI tadpole diagrams, replacing
propagators by dressed propagators and vertices by dressed vertices ; we can
then simply read off the result.

S9G) e SO0

=—5c>a F1(¢)—25(27)(¢),

25 (1.103)

29For simple scalar theories. Of course external lines may carry more than just momen-
tum information, that is, they can also carry spin/charge/colour- - - information. Then the
calculation is again more difficult.
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as before. In two loops, the 1PI tadpole is given by the diagrams

%*@*@O*%

Dressing these tadpole diagrams gives us

{ SGN(2)SW(z)  SGI(2)3 SG)(2)SW(z) S (z }

65Dz 4500 T 15@(P 85D (2)

(1.104)
The two-loop contribution to the effective action is therefore
d S5) 593 (4) §@ S@)(4)3

— T2 () = -5 (@) 5~ (¢2) 4(@ 2<¢) < - (1.105)
d¢ 8 S (¢) 12 5@ (¢) 453 (¢)

The effective action itself, the integral over the above experession, has no nice
simple form as in Eq.(1.100), but is of course calculable as soon as S(¢) is
explicitly given ; moreover, we see that it will becomes undefined where S”(¢)
vanishes. From our diagrammatic approach we see that this will persist in all
loop orders?C.

1.5.4 More fields

So far, our main attention has been on theories of a single field. Suppose, for
the sake of argument, that we have a theory of two fields instead:

1 1 A
S(p1,02) = Simen” + Spapa” + T’ po” (1.106)
This time, the coupling constant A carries a factor 1/(2!)/(2!) since there are
not four identical fields ‘meeting’ at the vertex, but rather two pairs of identical
fields. We now need to distinguish between the two different fields, so we indicate
the field type with either ‘1’ or ‘2’. The Feynman rules for this case are

1 h ) I I R
—_— —, — > — =
%51 2 1
J J:
le s 2l | 2e4 22,
h h
30Because in all 1PI diagrams we have to dress the propagators, which implies lots of S”(¢)
in the denominators.

(1.107)
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There are two coupled Schwinger-Dyson equations, one for each field :

(1.108)

with the following analytical representation for the field functions ¢; = ¢;(J1, J2)
(j=1,2):

Ji A 9 0 0 5 0?
= — = — + hp1 =—— g + 2hpg —— 1 + h*—— ,
®1 o am <¢1¢2 o1 o ®2 P2 o o1 O o1
Jo A 9 0 0 5 0?
= = - — + hpg ——p1 + 2hp1 —— o + h*——
b2 i 2 <¢2¢1 ®2 o o1 o1 o ¢2 A ¢2
(1.109)
Note that, since
0
¢ = ha—%W(Jl,JQ) , (1.110)
we must have 9 9
P2 = b1 - (1.111)

a.J, 0Jy

The effective action must of course be a two-variable function I'(¢1, ¢2) such
that

0
(o1, 02)=J; , j=12. 1.112
9o, ( )= ( )
This effective action is also concave. The two-field case can, obviously, be ex-

tended to the case of arbitrarily many fields, provided the couplings are unam-
biguously defined.
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1.5.5 A zero-dimensional model for QED

We consider the following action for three fields, including sources :
1 _
S(p, ¢, B) = 5u32+m<p¢+e@B<p—J<p—<ﬁJ—HB . (1.113)

Note the absence of symmetry factors since all the fields in the three-point vertex
are distinct. Also the two-point interaction term m@yp carries no factor of 1/2.
Such an action can stand for an extremely primitive model for QED, the theory
of electrons and photons. The action has three partial derivatives :

o -

7S(¢7@73) = m@"_e@B_J )

dp

0

525000, B) = mp+eBp—J |

o

0

a—BS(ga,@,B) = uB+epp—H . (1.114)

The SDe’s for the path integral are therefore

0 , 02 - -
m—+eh'"———-J | Z H) =
(maJJre 3790 J> (J,J,H) 0,

hm3+eh2 o —J\)Z(J,J,H) = 0
o.J OJOH Y B ’

h i+ea—2—H Z(J,J,H)
"or " ‘o707 i
The field-generating functions (the ‘field functions’) are, of course, each a func-
tion of J, J and H, and are given by

0. (1.115)

0 - 0 0
so that
0 0 - 0
ho=Z=VZ | ho=Z=0Z , hs=Z=AZ (1.117)

and Eq.(1.114) can be written as

1 e 0
= —J—— (A h—
v mJ m < v+ 8H¢> ’
- 1 - e [- o -
= —J-—"(vA+h—
b= T (w o w) ,
1 e [ - 0
A = —-H-—— h— . 1.118
L= £ (v ngr) (1118)
Incidentally, note that we could rewrite these SDe’s since

0 9] 0 - 0 9] a -



52 March 27, 2014
The Feynman rules are, for this action, as follows :

)

)

m
n
I

(1.120)

A few things are of interest here. In the first place, all diagrams have a symmetry
factor of unity. In the second place, the ¢ propagator links two different fields
(¢ to ¢) and must therefore carry an orientation (an arrow on the line is usually
employed). In the third place, in the action we find the two terms Jy and @.J,
which would suggest that .J is the source in the SDe of 1), and .J is the source in
the SDe for % ; but it is actually the other way around ! What is the source for a
given field function is seen by taking the derivative of the action, and inspecting
which field then occurs as a linear term, and which source term is left by itself
after the differentiation.

1.6 Renormalization

1.6.1 Physics vs. Mathematics

If we were mathematicians, the subject matter in this chapter might be formu-
lated as the following task : given the parameters u, A3 and A4 of the action,
to compute the connected Green’s functions. This may be depicted by the
following scheme :

— [C1, G2, C5,Cy, G5, Cs, Cr\ .o

In this set-up, the parameters are supplied from outside the computational and
experimental context. Since, however, we are physicists®' the situation is some-
what different : we first have to measure the values of the parameters from
inside the experimental context, using some of the connected Green’s functions
as measurement processes, and then predict some other connected Green’s func-
tions, which we shall call prediction processes. That, rather different, situation
may be depicted by the scheme

Ey=Cy, k=1...4] — — [C5, Cs, Cr, ..

Here, the quantities Ej 23, .. stand for the experimentally observed values of
the connected Green’s functions : barring experimental errors, these numerical
values do not change under any improvement of the theory. Now consider the
fact that we are doing perturbation theory. That is, both the measurement

317 hope.
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and the prediction processes are known only as truncated series in h. Let us
suppose that by stolidity and perseverance a next higher order in perturbation
theory for the prediction processes has become available. Is this any good ?
Obviously not, unless a similar increased level of precision has been attained
for the measurement processes. Only in that case a new ‘fit” of the parameters
of the action can be made, and improved values of the ‘prediction’ connected
Green’s functions can usuefully be obtained. This order-by-order improvement
is called renormalization. Let us denote by a superscript the order to which
the connected Green’s functions have been computed. The ‘physicist’s scheme’
above can then be envisaged as follows :

Ey=CY k=1...4 MONPYSIPYY o, e, ..

Ee=CV k=1...4 p® AL A cV e,

Ey=C® k=1...4 p@ AP AP c?, e, .

R A
I

Br=C% k=1..4 MONP VNPV o

Order by order, the parameters keep getting updated, but in the overall picture
they are just bookkeeping devices that allow one to go from measurements to
predictions of the more physically interesting connected Green’s functions. It
should not come as a surprise that in the measurement-parameter-prediction
protocol, a higher-order correction in the parameters due to an improved mea-
surement expression is cancelled again, to some extent, in the prediction. In
fact, for certain classes of theories, which are called renormalizable, these can-
cellations may be quite extreme.

1.6.2 The renormalization program : an example

As an example of the renormalization program, we shall investigate ¢34 theory.

To order O (k) in perturbation theory, the first few connected Green’s functions
are given by

Az 2
C, = h<—2u3>+0(h) ,
1 A As?
4 2
Cy = hQ(—zg>+h3(—:g+7t;‘4>+o(fﬁ) :

A 332 2405 TAZ 59NN
3 4 3 4 3 4 3 N4 5
Cy ——h(—4+ >+h( W i v )+O(h),
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4 (10A3)s  15A3°
@ = h( ps
605X405°  192X3° 8042\
5 4N3 3 4 A3 6
h ( S - )+O(h) , (1.121)

and of course the next-order corrections and connected Green’s functions are
easily computable. Let us assume that the experimental values of the connected
Green’s functions C3 3 4 have been measured, with negligible experimental error
for simplicity. We shall denote these values by Es 3 4, respectively. For purposes
of illustration, we shall assume that these values are

Es=h , E3y=—-h®> , Es=2K . (1.122)

In lowest order of perturbation theory, we can then find the action’s parameters
to be

p=1, Ag=1, MA=1. (1.123)

If this were all, we could then compute the connected Green’s functions. This
‘naive’ treatment would give the following results up to two loops :

i 1 1
naive _ 1 R 3
Cy = 2h+24h +O(h) ,
; 1
CQHaIVe — h + 7h2 _ §h3 + O (h4) )
i 131
naive _ 1.3 5
Cs - R h St O (1)
C4naive — 2h3 _ 2h4 147 h5 + O (h6> ,
C5naive — _5h4 7]}"5 + 5665 FLG + O (h7) ,
Ce™ve = 10m° — 295R° — %h +O (%),
i 1 4
oave = 35R5 5195 295 - 7720475 P +0 (1),

(1.124)

However, we see that now C3 3 4 = E5 34 no longer hold, and therefore we must
re-tune the parameters order by order in perturbation theory. In the present
case, we find up to two-loop accuracy :

[ 1+%h+h2+0(h3) :
A3 = 1+h——h2+0(h3) :

3
A = 1—§h+ih2+0(h3) , (1.125)
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and the renormalized connected Green’s functions, suitably truncated to the
correct order in h, read

_ 1 1 5 3
G = —ght gt +0(r°) |
C*2 = h )
Cy = —h*,
Cy, = 2,
Cs = —5h4+3h5—gh6+(’)(h7) ,
Ce = 10n°—45h° +90n" + O (B®) |
Co = 35h° +480R" — 20651° + O (1%) . (1.126)

The difference between the ‘naive’ and the renormalized connected Green’s func-
tions is quite evident. In particular Cs 34 are completely free of higher-order
corrections. For the other connected Green’s functions the coefficients in the
perturbation expansion tend to be smaller in absolute value than in the ‘naive’
expressions.

The above discussion is obviously only a drastically simplified example of a
phenomenological situation that is usually much more complicated. For in-
stance, one does not, usually, renormalize connected Green’s functions but
rather quantities extracted from scattering matriz elements, that are themselves
not identical to, but extracted from connected Green’s functions. The exper-
imental observables E therefore do not take the simple form given here. The
higher-order corrections themselves are usually much more complicated, and not
completely free from ambiguities, nor necessarily finite. Nevertheless, the opera-
tional scheme outlined above is essentially the same as those that are employed
in real-life physics. In particular, it cannot be stressed often enough that the
renormalization procedure is necessary simply because one does perturbation
theory, not because loop corrections may contain infinities32.

1.6.3 Loop divergences : a toy model

Notwithstanding the above remarks on the per se necessity of renormalization,
the fact that, in nontrivial theories, loop diagrams often contain infinities makes
the need to do something about them all the more urgent. Loop divergences
arise from summation over internal degrees of freedom of Feynman diagrams. In
zero dimensions there are no such internal degrees of freedom, and all diagrams
are finite. We can, however, introduce the following toy model. Consider, as
before, our working-horse ¢34 theory. Let us assume that we introduce yet
another Feynman rule : we shall apply a factor 1 + ¢; to every closed loop
that contains precisely one vertex, and a factor 1+ ¢o to every closed loop that
contains precisely two vertices. Loops with more vertices remain unaffected3.

32This insight is, even at present, not as endemic as one might wish.
33This rule accords with ‘naive power counting’ for four-dimensional scalar theories with-
out derivative couplings, the most direct four-dimensional extension of the zero-dimensional
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The numbers ¢; and ¢, may depend on the parameters of the theory, or on other
parameters. In the spirit of ‘loop divergences’ we shall envisage that c; 2 — oo
at some stage. In terms of Feynman diagrams, this rule amounts to duplicating
each one- or two-vertex loop with a ‘dotted’ loop :

@;cl x ><>
L Xy = e x X (1127)

For example, under this rule the following two-loop diagrams are modified ac-

cordingly :
_ (1+c1)(1+c2)>O©7
+_®
= (1+c2),® . (1.128)

The Feynman diagrams are governed by the Schwinger-Dyson equation. Our
new rule must therefore be implemented, somehow, into a modified SDe. Some
reflection tells us that the necessary new ingredients are made up out of those
Feynman diagrams that contain only dotted loops. Fortunately, these form
a manageable set, where we differentiate between 1PI diagrams with up to 4
legs3 :

+

X))
Y

e
00

X
2i8

S

g
i
-
L

theories we are discussing in this chapter.
34With 5 or more legs our rule does not allow for diagrams with only dotted loops.
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The only diagram that does not carry a ‘tower’ of loops on its back is the
last diagram in the two-point dotted series. Using these artefacts, we can now
rewrite the appropriate SDe for our ¢%/* theory with the added dotting rule :

/—~.+/\-+/|\D+

(1.130)

We can readily translate this SDe into algebraic form. If we take out the external
propagators from the ‘black box’ graphs, we can write

—m=5 , >m=B, , = =B, , >= =B . (1131

We shall leave the actual evaluation of these sets of graphs for later: at this point,
we shall simply treat them as effective vertices. The ‘dotted-loop’-modified SDe
then reads, when we work out the graphs one after the other, in the order in
which they are displayed above :

6 = St ero g
I 2p 2u
_%(b? _ %qg? _ @(b/ _ @qf)/
2u 2 2 1%
7£¢3 _ @Qsd)/* h2>‘4¢//
61 21 61
By 5, hBy, , hBy , HK°By,
—ordt = e - S e - St 1.132
2p 21 Iz 2u ( )
We can simply rewrite this SDe as
(n+ Ba)¢p = (J—Bi)— (A3 +3B3)(¢”° + h¢')

~(\ 4+ 3By) (¢ + 3hoe + h%¢") (1.133)
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But, this is exactly the SDe equation belonging to the action
1 1 1
S(g) = Brp+ 5w+ Ba)o® + £ (As +3B3)¢° + 51 (\a +3Ba)e* . (1134)

Therefore, the spirit of renormalization tells us that in every application the bare
parameters p, A3 and A4 will never occur on their own, but always only in the
combinations p+ Ba, A3+ 3B3, and Ay + 3By ; and that therefore, whatever the
values of Bs 3 4, the combination will automatically be finite if the experimental
quantities in which they enter are finite. We can therefore choose the action’s
parameters such that all Green’s functions come out finite ; and the remaining
B; can always be completely absorbed into a linear term in the bare action.
Indeed, this is the way in which the notorious ‘loop divergences’ are absorbed
into the bare action : infinite loop corrections are compensated for by infinite
bare parameters.

1.6.4 Nonrenormalizeable theories

The significant point in the discussion above is the fact that all dotted-loop
contributions can be absorbed into a finite number of terms of the bare action.
We may formulate the requirement of a renormalizeable theory as that which
states that a finite number of measured quantities®® suffice to make
all other predictions of the theory well-defined. If an infinite number
of measured quantities would be necessary, the theory would be called non-
renormalizeable : but, worse, from the operational point of view it would be
worthless3C.

As an example of a non-renormalizeable situation, let us consider a Feynman
rule in which a loop with three vertices acquires a dotted counterpart : that is,
we would have a (potentially infinite) contribution of the form

This can, of course, be repaired by introducing into the bare action a ¢ term ;
but in that case there would arise dotted loops with eight external legs :

402

which would necessitate a ¢8 term in the bare action — and so on. A theory
would arise in which an infinite number of measured quantities would be needed

35Think of E2,3,4,.

36In modern thought, this train of thought tends to be relaxed. If the necessary additional
experimental values are only relevant at some very high energy scale, the theory would be
effectively renormalizeable. It is a matter of taste whether you feel comfortable with this, or
not.
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before any consistent®” prediction could be made : non-renormalizeable ! The
same problem occurs in a theory with a bare ©° interaction. It is seen that the

requirement of renormalizeability puts constraints on the bare action3®.

1.6.5 Scale dependence

As mentioned above, the parameters of the action have to be determined by
comparison to experimentally measured quantities. Such measurement experi-
ments do not take place in some abstract realm, but rather in a concrete physical
situation. This experimental context partially determines the measurement re-
sult. A very concrete example is the measurement of the coupling constant
using a scattering process : in that case, one of the determining factors is the
energy at which the scattering takes place. Also choices made in the theoretical
computation of the measured quantities play their role : for example, in dimen-
sional reqularization®® an energy scale must be introduced, and this scale can
to a large extent be chosen arbitrarily. We shall lump all these effects together
into a quantity s, which we shall call the scale. It must be stressed that the
scale also contains the (regularized) loop divergences, and may be expected to
become infinite at some stage.

Let us consider a theory with only one parameter : an example of such
a theory is massless QCD, that is the theory of massless quarks and gluons
and their interactions. The single parameter is then the coupling constant.
Let the bare parameter, as it occurs in the action, be denoted by v. The
renormalized parameter, extracted from experiment, will be denoted by w. The
renormalized coupling is then given by the bare coupling and the experimental
context, embodied by the scale s :

w= F(s;v) . (1.135)
This relation ought to be invertible, so that we can find v given w :
v=G(s;w) . (1.136)
Obviously we have
w=F(s;G(s;w)) , v=G(s;F(s;v)) . (1.137)

By differentiation we find the following relations between the derivatives of F'
and G :
FGi=1, Fy+FiGy=0, (1.138)

where the subscript 0 denotes partial derivatives with respect to s, and the
subscript 1 stands for a partial derivative with respect to the other argument.

374.e. finite in high orders of perturbation theory.

38Tt must come as no surprise that the Higgs potential of the Standard Model has no
interaction terms for the Higgs field (which is scalar) more complicated than the four-point
coupling.

39To be discussed later on.
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Furthermore, we can always define the scale such that the bare and renormalized
couplings coincide at vanishing scale®? :

F0;v)=wv . (1.139)

Since the bare (and infinite) parameter v must be independent of the scale*!,
the renormalized parameters measured at different scales must be related to each
other : we shall now investigate this in some detail. Under a finite (infinitesimal)
change of scale, the renormalized coupling w must change as

d

U= Fo(s;v) = Fo(s; G(s;w)) (1.140)
s

where in the last form all reference to the infinite v has disappeared. The scale

s itself, however, is also infinite. The scale-dependence of w is therefore only

sensible if the last lemma of Eq.(1.140) is actually independent of s, that is,

0 (d
% <d8w> = F01G0 + Foo =0 . (1141)

Using Eq.(1.138) we can formulate this as a requirement for the function F'

alone :
Folo:

Fy
Dividing by F} we can see that the requirement becomes

% (M) —0 . (1.143)

Foo —

=0 . (1.142)

There must therefore be a function 3(v) of v only, such that

0 0
S F(siv) = B(v) 5-F(siv) - (1.144)

By separation of variables we can solve this equation, to find

F(s;v) =F (s+h(v)) , h(v)= ﬁcél;) . (1.145)

We must have w = v if s = 0, and therefore F and h must be each other’s
inverse : F'(v,0) = F(h(v)) = v. This in its turn implies that

h(w) = s+ h(v) . (1.146)

40In the definition of F, it is of course a matter of choice which ingredients we want to
subsume into the scale, and which ones are fixed parameters of the function F' itself. It is
therefore always possible to shift some contributions back and forth between the scale choice
and the function F.

41 After all, the action doesn’t know which experiment is going to be used to measure the
parameter.



March 27, 2014 61

Now we can take the derivative with respect to s :

d 0 1
Zw=—F(sv)=F h =F'(h = 1.14
B Pl = F (s b)) = Flhiw) = s (1047)
so that we finally arrive at the scale-dependence of w :
L s(s) = Blw) (1.148)
ds N ' '

All reference to the bare coupling has been removed : we see that the renor-
malized coupling has a definite, predictable dependence on the energy scale of
the measuring experiment*?. The equation (1.148) is called the renormalization
group equation, the group operation in this case being the shift in scale. The
function B(w) is called, unsurprisingly, the beta function. It governs the running
of the parameter, that is, its behaviour under changes in energy scale.

1.6.6 Low-order approximation to the renormalized cou-
pling

Let us examine the possible shape of the function F(v, s) in some more detail.
In the spirit of perturbation theory, it will be given by a series expansion like

F(v,s) = v +v?a;(s) + v*as(s) +vias(s) +--- (1.149)
where the functions «;(s) vanish at s = 0. The beta function is then given by

_ Fy(v,s)  v2a)(s) + vPah(s) + vtah(s) + - -
pl) = Fi(v,s) 1+ 2vaq(s)+ 37}2042(53) +.o.. (1.150)

so that we see that it must start with v2 :
Bv) = Bov® + 10* + Bav’ + - (1.151)

The requirement that the beta function depend not on s governs the form of
the functions a;(s) : to low order in v we have from Eq.(1.150)

Bv) = v (s) + v* (ah(s) — 2ea(s)ai(s)) + -+, (1.152)
so that we can derive

a1(s) = Pos , aa(s) = (Bos)? + Pis , ... (1.153)

42 A remark is in order here. What, in these notes, is called the scale is usually understood
to be the logarithm of the actual energy scale : indeed, whereas the energy scale has the
dimension of energy (obviously), the number s is, strictly speaking, dimensionless. If we
denote the scale by the conventional symbol p, the derivative dw/ds should then be rewritten
as

d
—_— _) JR—
dsw 'uduw
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It is easily derived that the leading term in «,(s) is (Bos)™.
Let us assume that the beta function is dominated by its lowest-order term,
that is, B(v) = Bov?. In that case, h(v) = —1/(Bov), and we find

1
o =5 Bos . (1.154)

We can exchange the bare parameter v for the measured value of w at some
fixed scale sy, and then the running is given by

1 1
o) = wtey  Pols ) (1.155)

or

w(so)

w(s) 1= Bow(so) (s —59) (1.156)
At this point we may start to distinguish between different theories. The renor-
malized, physical parameter w is a priori unknown, and has to be determined
by experiment ; but the number (; is perfectly computable from inside the
theory*3. The running of the coupling is therefore determined as soon as the
action has been sufficiently specified. Now, it may happen that £y is positive :
in that case, the effective coupling w(s) increases with increasing s, and will
eventually become infinite at some high scale. On the other hand, when Sy is
negative, the effective coupling decreases with increasing energy scale. This is
called asymptotic freedom. It is the phenomenon that has saved the theory of
strong interactions : in the 1960’s when the typical energy scales of experiments
where low, the effective coupling was so high (of order 10) as to cast doubts on
the usefulness of perturbation theory, whereas at the high energies current from
around 1975%* the effective coupling has become small enough (of the order of
0.1) to warrant the use of perturbation techniques.

1.6.7 Scheme dependence

We must recognize that not only the scale of a given measurement process is
important, but of course also the nature of the measurement process. That is,
we may define the measured coupling constant w in two different ways, on the
basis of two different measurement processes?® : let us denote the two results by
w and w. We say that such different values have been obtained using different
renormalization schemes. In all cases I have encountered, two such schemes

43The number S is a combinatorial factor with the addition of some powers of 7, and simple
numbers depending on the ingredients and quantum numbers of the particles pertaining to
the theory.

441 take the commissioning of the PETRA (Hamburg, BRD) and PEP (Stanford, USA)
colliders as the definitive starting point of the relevance of perturbative QCD.

45Tn practice, this difference can be quite small, as between the so-called MS and MS
schemes. With ‘different measurement processes’, we here mean two different, complete oper-
ational schemes that both lead to a well-defined value for coupling constants.
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146

agree at the tree level®, and the results are therefore perturbatively related :

W =w + tiw?® + tow® + tawt £ (1.157)

with ¢123,... computable numbers ; and conversely
w=1D—td* + (267 — ta) @° — (5t1° — Staty + tg) &' + - (1.158)
Having computed the beta function for w, we can now simply obtain it for w :

sw) = &= T

ds w ds

(1 + 2t1w + 3t2w2 + 4t3w3 + - ) (ﬁowz + 51w3 + 52'[04 + .. )

= Bow® + (B1 — 2t180) w® + (B2 — 2181 + 6t1%By — 3t2Bo) w' + - -
= Bow? + B1® + (Bot1? — Bota + t1B1 + o) @ + - - (1.159)
The two beta functions can be transformed from one scheme to another ; for

any scheme dependence for which Eq.(1.157) holds, the first two coefficients, 5y
and (p, are seen to be independent of the actual scheme.

46This rules out possible but, for a practicing physicist useless and/or irrelevant, differences
such as for instance obtained by defining W = 2w. Get a life !
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Chapter 2

QFT in Euclidean spaces

2.1 Introduction

The main characteristic of a space(-time) of more than zero dimensions is the
fact that the quantum field is defined at more than one point ; in fact, at an
infinity of points. The possibility of sending signals from one point to another
one requires the existence of correlations between the field values at different
points. The nature of this correlation, and its reflection in the appropriate
Feynman rules, is our subject now.

2.2 One-dimensional discrete theory

2.2.1 An infinite number of fields

We shall consider a theory of a countably infinite set of fields in zero dimensions.
We denote by {¢} the set of all these fields :

{50}:7 P-3, P-2, P-1, Yo, L1, P2, P3,---

where the field labels run from —oo to +o0. Similarly, there is the collection of
all the corresponding sources, denoted by {J}. We shall, as a working example,
consider a theory where the interaction consists of four fields with the same
label meeting at one point. Moreover, we shall assume the kinetic terms to be
uniform in the field labels. Thus, the action will be! :

1 A
SHeh T = [QM%Q ~ YPnPn+1 + f%“ = Jnn| (2.1)

n

where we include the sources in the action?. If v were zero, the action would be
separable and the theory would be a rather uninteresting series of replicas of the

LT not indicated explicitly otherwise, sums will run from —oo to +oo.
2Take care to note that both y and v are independent of n simply because we choose them
s0.

65
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zero-dimensional action for a single field. We shall consider positive values of 7 ;
in that case, the action tends to minimize if ¢,, and ¢, 1 carry the same sign :
a positive correlation between neighbouring fields is the result. Note, moreover,
that the action has be chosen such as to be invariant under the relabelling of n
by n + K with any fixed K : this is called translation invariance, in this case
translation by a fixed increment in labelling®. The model is also invariant under
the relabelling of n by —n : this is called parity invariance.
The Feynman rules are easily derived from the action of Eq.(2.1) :

n—e—1n < +% (6mnt1 + Omn—1)
n n A4
n><n A 7

n—0<—>+&
h

Feynman rules, version 2.1 (2.2)

The identity of the field is indicated by its label. Alternatively, the four-vertex
and the source vertex may be labelled. The SDe now takes the following form,
for any n :

or, in terms of the field functions ¢, ({J}), that depend on all sources :

¢n = & + 1 (anfl + ¢n+1)
noop
)\4 3 8 2 82
_@ ((bn + 3h¢nﬁ¢n +h W¢n) . (2.4)

3This will lead to momentum conservation later on. Note however that, as indicated
above, momentum conservation is a consequence of our choice, or in practice of our belief in
the translation invariance of our physical laws. Other models are possible and not a priori
wrong : they are simply much more complicated.
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2.2.2 Introducing the propagator

The Schwinger-Dyson equation (2.3) can be cast in another form, that will turn
out to be more useful. Consider the fact that, upon entering the field function
via its external leg, one must encounter either zero or more two-point functions
before encountering a source vertex or a four-vertex. Let us denote by

My = (2.5)

the total set of diagrams that contain only two-point vertices (or no vertices),
and have fields n and m at its external legs*. The SDe can then be rewritten
as follows :

where a summation over the label of the field exiting the II is implied. Therefore,
we have

¢n = Z Hn,m X

Im A 3 9] y 02

The object II,, ,, which describes to what extent the field ¢,, influences ¢,
will be called the propagator from now on.

2.2.3 Computing the propagator

From the translation and parity invariance of the model we have discussed, we
can infer that IL,, ,, can actually only depend on |m —n|, so that we can restrict
ourselves to Iy, ; we denote this by II(n). For II(n), we have a very simple
Schwinger-Dyson equation :

‘ n 0
O n \./lt‘n + \./lt_ﬁ R (28)
or

(n) = %5% n % (H(n +1) +I(n — 1)> . (2.9)

4To go from 5, to pm one needs, of course, at least |n — m/| vertices, but more vertices are
also possible.
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The easiest way to solve this set of equations is by Fourier transform. We define

R(z) =Y T(n)e ™, (2.10)

from which® the propagator may be recovered using

—+7

/ et R(2) dz . (2.11)

—T

1

T o

II(n)

Multiplying both sides of Eq.(2.9) by exp(—inz) and summing over n leads to

R(z)

E + %R(Z) (ez’z + e—iz)

n
h h
- AS— v (2.12)
p=y(e®+e ) pu—y(u?+1)

where we have introduced u = e¢**. This allows us to write the integral (2.11) as

h u™
R (0w —u) (2.13)

Jul=1

where uy are the two roots of the quadratic form pu — y(u? +1) :

uy = % (’; + (f;z - >1/2> . (2.14)

Provided that p exceeds 27, the two poles of the integrand are real, and 0 <
u_ < 1 < ugp. We can then contract the contour around the point u = u_,
upon which we find
uin
On)=h——— , n>0. (2.15)
Y(uy —u-)

The general solution for the propagator is therefore®

I(n) = o (2.16)

Vi a2

Unsurprisingly, the propagator falls off exponentially with |n|. Some points are
to be noted. In the first place, if v were negative, then u_ would also be negative,

5We choose e~ rather than et in Eq.(2.10) by convention. Although this may not
be glaringly obvious at this point, our convention is ultimately related to the fact that,
in nonrelativistic quantum mechanics, the Schrodinger equation has been chosen to read
ihd|y) /8t = H|yp) rather than —ihd|e) /0t = H|eb).

6This derivation is valid for n > 0. For negative n, Cauchy’s theorem on which it is based
does not hold immediately : but in that case we can perform the variable transform from u
to 1/u and obtain the result.
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and the propagator would oscillate between positive and negative correlations.
In the second place, if 1 were 27 or smaller, the poles of the integrand would lie
on the unit circle |u| = 1, making the integral ill-defined.

Having at hand the explicit form of the propagator, we can now switch to a
new set of Feynman rules :

J,
n—e & -

I

Feynman rules, version 2.2 (2.17)

The difference with the previous set of rules is that now the line denotes a
propagator running between n and m. The SDe is now very similar to that of
the zero-dimensional ¢* theory :

with the summation over m implied.

2.2.4 A figment of the imagination, and a sermon

The concept of an infinite number of fields all huddling together at a single point
simply cries out for a better visualization. The most useful picture is that of
each field occupying its own point. Indicating by a line those fields that have a
direct coupling, we arrive at a picture like the following :

--—o—0—90—0—0—--

We now introduce a new notion, that of distance. In our sensorial experience,
distances are, in their essence, measured by the sending and receiving of signals,
and the weaker the signal from one point to another, the further those points
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are deemed to be apart ; in the language of these notes, the smaller II(m — n),
the larger the ‘distance’ between n and m. We can therefore dress up our
picture by introducing a fundamental distance A, subsequent field locations
being separated by this distance :

A A A e N

--—o—0—0—0—0—--

The distances between the points are all equal since the couplings v are all equal.
We have, as it were, constructed a one-dimensional universe. It may come as
a surprise that the concept of space is here presented as a visualization device.
If we reflect, however, on how someone who (like a new-born infant) has no a
priori concept of spacelike separations would have to envisage the workings of
the physical world, we shall conclude that that person had better invent space
in order not to go insane pretty quickly. In its essence, space, like so much else
in the world around us, is simply a mental construction that allows us to come
to grips with, and control, our environment”.

After all this has been said, we must acknowledge the emprical fact that to
our knowledge space seems not to be made up from single points®. Therefore
we have to assume that A must be much smaller than the smallest distances
that can, at present, be resolved®. We therefore introduce the continuum limit :
we assume that the theories we consider are such that the limit A — 0 can
be taken in a sensible manner, yielding sensible results. This sidesteps the
interesting question of whether A is really zero or not. Indeed, we do not know.
Any theoretical result that depends sensitively on whether A = 0 or A # 0
would be extremely important since experimental information about it would
allow us a look at the fundamental structure of space ; but for us it is safer to
construct theories the predictions of which do not hinge on this unknown. As
we shall see, this can be made to work. As an added bonus, we can feel free
from misgivings about the mathematical rigour of taking the continuum limit :
after all, we may not be at the limit after all.

2.3 One-dimensional continuum theory

2.3.1 The continuum limit for the propagator

Having identified the positions occupied by the various fields with points in
space (or time), we define the distance between points m and n by

z=(n—-—m)A . (2.19)

7See also Peter L. Berger and Thomas Luckmann, The Social Construction of Reality : A
Treatise in the Sociology of Knowledge (Garden City, New York: Anchor Books, 1966).

8Nor does it appear to be one-dimensional — but that is easily repaired, as we shall see.

9 About 1018 meter.
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The dimension of x is that of A, that is, a length L. The continuum limit
is, then, that where A — 0 and |n — m| — oo while z remains fixed. The
propagator is now a function of x, so we redefine it as

II(z) «+ II(z/A) .

This means that

+m .
II(z) = % /dz % : (2.20)

—T

A corresponding change in the integration variable z is now in order : we write
z=kA | (2.21)

The dimension of k is therefore L~!. The propagator becomes

EA +m/A ( k)

exp(ix
H = —_— JE—
(z) 27 / dk w— 27y cos(kA)

—mw/A
hA exp(izk)
~ — [ dk . 2.22
27 / (b —27) +7A%k? (2:22)

In the last line, we have taken A to be very small indeed. Note that the
approximation cos(z) ~ 1 — k?A?/2 is, of course only justified as long as k is
finite; but for very large k the integrand is extremely oscillatory and contributes
essentially nothing!'?. Now, in order to avoid a propagator that either blows up
or vanishes, we must define the A-dependence of p and ~ such that v ~ 1/A
and p — 2y ~ A. We shall take

1 m2A2? 2 m2A?

with m? a positive number (remember that we need p > 2v). We shall also take
m itself to be positive. We then find the exact results

1—mA/2
p—2vy=m*A |, \Jpu2—4y2=2m , u,—L/ . (2.24)

 14+mA/2
The propagator takes the form!!
M(z) = 1 /dk T p(emlal) (2.25)
S on 2+m2 omo® ’ '

10This handwaving argument is justified by the fact that we get the right propagator in the
continuum limit.

11 To obtain the last lemma of this expression, we can use the fact that the integrand has
simple poles at k = im and k = —im. For & > 0, the integral contour in the complex k-plane
can be closed over the positive imaginary parts, and for x < 0 over the negative imaginary
parts : the result then follows immediately by Cauchy integration.
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To check that this result is indeed the correct one, we can consider the continuum
limit directly for the propagator result (2.16) :

ho(1—mA/2\ "4 p

as desired.

2.3.2 The continuum limit for the action

In the action (2.1), we shall want to replace the sum over n by an integral over

xX .
ZA — /dm.

It is therefore necessary that every term in the action acquires a factor A. Now,
the action depends on the quantum fields ¢,. As we let the distance between
the points shrink to zero, the collection of values {¢} turns into a function ¢(x).
The precise correspondence between {¢} and ¢(z) is something that, in the end,
we have to decide for ourselves. Out of the several possibilities we shall adopt
the following :

p(r) = % <<Pn+1 + son> , ¢(z) = % (son+1 - wn) : (2.27)

This assignment is called the Weyl ordering. Its converse reads, of course,

pn=0@) - T0@) =@+ 5@ . (229)
In a sense, the field value @(x) is sitting ‘in between’ the points ¢, and @,41.
Other assignments can be proposed, for instance ¢,, = ¢(z). However, these are
less attractive?. Upon careful application of Weyl ordering and the assumed
continuum limits for p and v, the kinetic part of the action (2.1) has the following
continuum limit :

5 [t~ oapun] =
29071 VYPnPn+1| =

n
2

= 3 [ - 20e? + Fol 20?

n

12For example, consider a function ¢(x) that vanishes for © — Z4oco. The integral
f2<p(a:)cp’(z) dx then vanishes upon partial integration. Weyl ordering tells us that
20(x)¢' () = (Pn+12 — ©n?)/A, leading to the correspondence

/2(,0(:1:)<p’(x) dr <+ Z A (pnt1? —on?)

where the sum also vanishes explicitly after relabelling. For the alternative assignment ¢, =
() the vanishing cannot be proven.
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> gt + gear| a

n

[ |gmetar + w2 o (229)

The interaction and source terms in the path integral do not have a factor
A coming out naturally, but we may simply define the continuum limits by
redefining the objects in the action :

A — ANy , I — AJ(QE) s (230)

so that the continuum limit of the full action, including this time also the sources,
becomes!?
2 Aq

St = [ Bmzso(x)%;o'(x) 200w — I ar . 231)

Note the notation with square brackets: the action is now no longer a number
depending on (a countably infinite set of) numbers, but rather on the functions
p(z) and J(x) ; this is called a functional.

2.3.3 The continuum limit of the classical equation

For the discrete action, there is an obvious classical equation :

0

5 SUeh =0 vn. (232

where, again, the source terms have been subsumed into the action. For the ¢*

model of Eq.(2.1), the classical equation is therefore

AN
190 = Y(Prt1 + Pn1) + 74902 = AJ, (2.33)

for all n, and the extra factor A in the coupling constant and the sources have
been taken into account. The Weyl prescription leads us to write

190 = Y (Pnt1 + pno1) & mPAp(z) — A" (2) (2.34)
so that the continuum limit of the classical field equation takes the form
A
m?o(x) — " (a) + gw(w)g =J(z) . (2.35)

This is precisely the Euler-Lagrange equation, that can also be obtained imme-
diately from the continuum form of the action by taking functional derivatives.
To see this, let us assume that the action of a theory can be written as

Stel= [ F (wx);wx)) dr (2.36)

13Strictly speaking, the Weyl ordering requires the replacement of .J,, not by AJ(z) but by
AJ(x)+ A2%J'(x)/2. The additional term, however, vanishes in the continuum limit as A — 0,
as do the higher powers of A involved in the ¢, ? term.



74 March 27, 2014

Upon ‘discretization’ using the Weyl ordering, this becomes

Z AF ( (Pr+1 + ©k); i(s@m - w))

= AF ( (Pnt1+ @n); Z(@n+1 - %))
1

+ AF( (n + @n-1); A(%—%ﬂ)

+ terms not containing ¢,, . (2.37)

The classical equation then reads

1 0 1 1 1
0=— = - F S \¥n n)y A \¥n
A g, 3 1(2(%7 +1+<P)A<P+1 )
1 1 1
+ §F1 (2(@n+<pnl)7A — Pn— 1 )

—_

1 1
- KFQ (2(50n+1 + ©n); N (Pns1 — @n))
1

+ ZF2 <2(‘Pn+§0n 1); A(‘Pn“ﬂn 1)) , (2.38)

where F}; denotes the partial derivative of F' with respect to its j-th argument.
Re-inserting the Weyl ordering, we can write this equation as

0 = A (@) + 35 (vl Ane-a)
- 3B (e @) + 5P (oo M- a) 230

By Taylor expansion we get, for arbitrary f :
f (w(w —A)¢'(x — A)) ~
~ 1 (o) - AP ) - a0 0))

Q

f (s@(w);w’(x)>
~a{v@n (v @) + '@ (vl @) |
= (s @) - Agr (@) (2.40)

The classical equation thus takes the form

A (v@iv@) - 15 (o) (@)) =0 (2.41)
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we can cast this in the formal language of functional derivatives : we define,
using the Dirac delta function,

i -ien 50
00" (y) _ 50 Sp(y) _
50 (0) =d@-y) . 33 G (2.42)

where, as we see, p(z) and ¢'(x) are treated as independent variables. Applying
these rules to the continuum form of the action, we find that the formal form
of the classical field equation is therefore that of the Euler-Lagrange equation.
The language of functional derivatives is, in these notes, treated as an effective
method, valid in the continuum limit, of writing the more fundamental dis-
crete classical field equation. In the functional formalism, the Euler-Lagrange
equation reads

§ d §
5@(@5[90, J) - . <5(,0’(:1:)S[(p’ J]) =0 . (2.43)

For ¢* theory, the Euler-Lagrange equation takes precisely the form of Eq.(2.35).

2.3.4 The continuum Feynman rules and SDe

Let us have a look again at the SDe for the discrete model, for simplicity taking
the ¢* model again :

on = ZH(nfm)

A, P , 07

Going over to the continuum limit etails, as we have seen, the following substi-
tutions :

by dm  —  9(2),0(y) ,
Iln—m) — xz-y),
)\4 — A)\4 R
1
0 )
i~ 570 (2.45)

With this, the SDe becomes

¢($):/dyﬂ(w—y) x {J(y)
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3 (60)° + 3000 50 + 1 o) | a0

On this basis, we can now formulate Feynman rules for the continuum limit :

<y & -y
X o -3
h
J
—e o +1W
X h
Feynman rules, version 2.3‘ (2.47)

This comes with the understanding that the positions of all vertices are to be
integrated over, and that the field function ¢ is now a functional of the source
J. For a free theory there are no interactions, and we find

o) = [y =) I - (2.48)

We see that the free field is the sum of its responses to the source, weighted
by the correlation between the position where the field is measured and that
of the strength of the source at all points. It is this property that establishes
the propagator as the ‘differential-equation’ Green’s function; but note that this
correspondence is only valid for non-interacting theories.

2.3.5 Field configurations in one dimension

Before entering spaces of more dimensions, we may have a look at the field
variables. The zero-dimensional variable ¢, with its integration element, is in
the discrete one-dimensional formulation replaced by the whole set ¢, for which
the path integration element reads, of course,

Dy = H den,

The continuum limit of this object is defined to be the continuum-formulation
path integration element, however badly defined this may be. The assigning a
functional value S[y] to a given field ¢(z) is not problematic ; rather it is the
prescription of how all field configurations are to be summed over that makes
it so hard to define path integrals rigorously'?. It is instructive to consider the

141n fact, the mathematical definition of continuum path integrals relies on the discrete
formulation !
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nature of the dominant contributions. Consider the part of the path integrand
that governs the point-to-point variation of the paths: it is

1
exp (—m(sonﬂ - son)2)

It is clear that the majority of values (¢n+1 — ¢n)? will be of order O (RA),
as usual for Gaussian distributions. This means that ¢, and ¢, must ap-
proach each other as A — 0, so the contributing fields are continuous. On the
other hand, the approach is not too fast, since by ¢n+1 — pn ~ AY'(z) we
see that the derivative ¢/(x) diverges as A~Y2, hence the contributing func-
tions are nowhere differentiable. This is not to say that differentiable fields are
not allowed : rather, the nondifferentiable ones are the overwhelming majority.
Two conclusions follow. In the first place, the use of continuum-formulation
objects like ¢'(z) or ¢”(x) in the action are to be treated as highly symbolic,
almost purely mnemonic, concepts. In the second place, the classical solution,
which is typically almost everywhere differentiable, is itself not the dominant
contribution to the path integral ; rather, it is the bundle of fields close to the
classical one that constitutes the lowest-order approximation to the behaviour
of the theory.

To gain some insight in the structure of a typical path (field configuration),
let us consider the interrelation of three consecutive fields : it is given by

Ka(po, 01)Ka(p1,92) = exp (_2711A ((@0 —01)* + (p1 — 902)2)> . (2.49)

For simplicity, we neglect the rest of the action. The positions of these three
fields are separated by A. The ‘typical’ jumps in field values are of order VA,
as mentioned above. Now imagine ‘zooming out’, that is, disregarding the value
of ¢1, and inspecting only o and 5, which are now separated by 2A. This is
obtained by integrating over ¢ in Eq.(2.49) :

1 2
/d%KA(wo,sol)KA(wl,saz) x eXp<—4hA(<po—<p2)>
= Koa(po,p2) , (2.50)

where the proportionality constant is absorbed in the normalization of the path
integral. The typical jump from @g to o is now of order v2A. We conclude
that, if we resolve the continuum path down to a scale A, the typical fluctuations
over this scale will always be of order v/A. The typical path has a fractal struc-
ture. Such behaviour, with zigs and zags at every length scale, is encountered
in Brownian motion — and in the behaviour of the stock market!®.

15Note that this qualitative picture holds only for one-dimensional theories (and, luckily,
the price of stocks, bonds, futures etc is expressed in one-dimensional currency). In more
dimensions, the paths’ behaviour is even more wild.
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Here we plot a typical fractal path run-
ning over 10,000 points separated by a
distance of 0.01, with A = 1. The first
plot shows all points ; in the second,
only every 10" point is used, and in
the third plot only every 100" point is
used. The qualitative form of the three
paths remains the same, as expected
for a fractal path. The average abso-
lute value of the point-to-point jumps
are 0.80, 2.49, and 6.97, respectively :
the ratios between these numbers are
indeed roughly equal to v/10.

2.4 More-dimensional theories

2.4.1 Continuum formulation

The choosing a labelling of fields with a single integer index is, of course, ar-
bitrary. We can consider an alternative in which the fields are labelled by D
integer indices. An appropriate action for this choice would be

1 2
= Z Eu(pnly'rLQ,...,nD

SHM

ni1,n2,...,MpD

-7 (Spnl,nmuwnD(pn1+1,n2,~~~,nD +

+ @nlynmm’n]}Qonl,nmw,nDJrl)
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A4
+ I(pnh'nﬂv-wnD[l - Jnhnzw-ﬂl}:@nl,nmm,nD}Q'Sl)

The obvious visualization for this choice is
that of a space rather than a line, covered with
a regular square grid of fields, each connected
to 2D nearest neighbors: the corresponding
continuum picture, therefore, is that of a the-
ory in D equivalent dimensions. Here a part
of the space for the case D = 2 is shown.

The propagator of this theory obeys, of course, the SDe

h
II(ni,n9,...,np) = ;6n1,06n2,0 “0np,0

+% (H(nl—f—l,ng,...,nD)—i—H(nl —17n27...,nD)+---

+H(n17n27...,nD + 1) —I—H(nl,ng,...,np - 1)) , (252)

with the solution

(n1,n2,...,np) =
+7
h / D, exp(i(n1z1 +---+npzp)) (2.53)
(2m)P p— 2vycos(z1) - — 2ycos(zp)

—T

The continuum limit takes a different form than in the one-dimensional case.
We define

= (gcl,xz,...,xD)

(K'Y k2, kD) K= z/A (2.54)

J— .
, x =nA

El ]

The simplest nontrivial choice is then to approach the continuum as follows :

y—=AP2  p 2Dy +mPAP N = AP

Pninzynp = PE) 5 Jnimng,mp = ADJ(f) . (2.55)
The propagator takes the continuum form
A exp (zi" E)
() = 5 / dPk =———~ . (2.56)
(2m) ok + m?
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The continuum form of the action is

1 . 1 . A . o
Sipnd) = [ [gme@? + y(Fe@) + @' - @e@)| a¥e | @50
The Feynman rules are seen to be
< (7 - 9)

PV
<

J(T)
— & +—
- h
X
’ Feynman rules, version 2.4 ‘ (2.58)

and also the SDe is a straightforward generalization of the one-dimensional case :

o) = [ aPy i x {7
A

_ M4 =3 L0 —y 2 5 i
o (600 + 30000 0l + W gm0 ) | (259

The classical field equation for this case,

- A
m2p(Z) — V2p(Z) + o

P& =J@) (2.60)

can be obtained directly from the continuum action by the functional Euler-
Lagrange equation

d =~ )
5¢(f)5[¢, J -V (5690(:?)5[% J]) =0 . (2.61)

It should be noted that the propagator only depends on |Z| and is therefore
rotationally invariant : this is a larger symmetry!® than that of the original
lattice, that only allows rotations over multiples of /2. The way in which the
relation between field values at two points depends on the coordinates of these

16 The increase in symmetry depends on an interplay between the lattice action and the form
of the continuum limit ; it is possible to construct actions in which the continuum symmetry
is not larger than that of the lattice theory.
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points defines the nature of the space. The ‘real distance’ between two points
with coordinates z7 and 3’ is in this case

D
&P =) (af —y)?, (2.62)

j=1

the Fuclidean distance between the points ; this type of quantum field theory
is therefore said to be Fuclidean.

2.4.2 Explicit form of the propagator

It is possible to express the Euclidean propagator II(Z) in terms of known func-
tions, using a Gaussian representation :

. hoo[ R
1z = W/dt/d% exp(iz -k — th - — tm?)
0

o D
= 2P /dt et H /dkj exp(—z(k?)? + ik?27)
0 j=1

R ((CRES)

0

b [ o .y |7
= W /dtt exp| —m t—?
0

_h (27T|.f

1-D/2
a m) Ky_pya(mlf) - (2.63)

The function K is the so-called modified Bessel function of the second kind,
defined by the integral representation

Ku(2) = K _o(2) = & /oodu w1 exp (—g (u + i)) (>0) . (2.64)

[N}
(=)

For very large values of z, the integrand is dominated by the region around

u = 1, and we find
Ka(z)%efz’/;—z , 200 . (2.65)

For very small (but positive) z, on the other hand, we may (for positive «)
approximate the factor u + 1/u in the exponent by just u, and

Q

Ko(2) ;(j)ar(a) (@>0, 20,

K()(Z)

Q

log (i) (z—0) . (2.66)
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For large m|Z]|, the propagator therefore decreases exponentially, while for small

m|Z|, we have
h 1
o IOg = ) D=2 )
27 m|T]

Al (2 -1
(z) =~ 4(7@/2)1:20 , D>3. (2.67)

In every dimension, the propagator is normalized in the same way :

exp zk T
/H(f)d /dD / dPk )
27r \k|2+m2

_ " /de emPsPE b (2.68)

forme w2

=
B
¢

2.4.3 Three examples

We may consider where the evolution in Feynman rules has taken us so far.
We can best illustrate this by inspecting three examples. In the first place, we
of course have the lowest-order (no-loop) two-point function, the propagator,
given by the diagram

A= X X (2.69)

which equals

Ay =11(F — &2) . (2.70)
Next, we we can look at the lowest-order contributions to the four-point func-
tion: Ay = (p(71)p(T2)e(T3)¢(T4)) in ¢* theory. According to the standard
rules, we can obtain this Green’s function by writing down all Feynman dia-
grams with four external lines, and no source vertices. In lowest order of the
loop expansion, this Green’s function contains four diagrams :

X X X3

A =
? — X * — X
X 4 X 4
3 2
X
X, 3
X X4 y
+ + : (2.71)
X X3
2 X2 X4
and, upon implementation of the Feynman rules, evaluate to
Ay = (& — Zo) (X3 — Zy)

+ H(fl - J?3) (ZCQ — JZ4)
+ (& — &) (75 — 72)
(@

a %/dm 1= 9) (T — ) (#3 — 9) 7Ty —9) . (2.72)
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The last example is a contribution to the connected two-point function Az =
(o(#1)p(#2)) in ¢ theory :

X2
As =X (2.73)
1
It evaluates, with its symmetry factor, to
— s’ D D o R 9 o
AB - ﬁ d Y1 d Y2 H(-’L‘l - yl) H(yl — y2) H(y2 — .’L'Q) . (274)

In all these cases, the power of A of each contribution is, in fact, precisely what
is expected from the diagrammatic sum rules'” ; in particular, As is of order
h2, one higher than the lowest-order contribution which is simply I1(ZZ5).

2.4.4 Introducing wave vectors

So far, we have considered the field values at every point in the Euclidean space
as the independent variables. Another approach is that of considering modes as
the independent variables. That is, we decompose the field ¢(Z) into Fourier
modes (waves) of given wave vectors'® as follows:

o(7) = (2;)17 /de exp(if.z;’) o) . (2.75)

The use of the same symbol for the field and its Fourier transform should not
lead to confusion provided we consistently work in either the space or the wave
vector representation. Similarly, then, we also have a Fourier decomposition of

the source: )

1@ = s / 4Pk exp(iz-E) J(F) . (2.76)

The inverse transformations are, of course
(k) = /dD:C exp(fijﬂ

/de exp(—if-

There are three good practical reasons for using wave vector (‘momentum’)
rather than position as the basic representational feature. In the first place,
as we shall see, for the free theory the various modes are independent of one
another, in contrast to the fields at different space points'®. In the second place,

EN

) w(@)

) J(@) . (2.77)

<
—
L
~—
Il
o

17Recall that every propagator II() contains a factor h.

181n loose parlance, Fourier modes are said to be characterized by their momentum. For
now, however, we shall stick to wave vectors, the dimension of which is simply inverse to that
of space vectors.

19Indeed, the more-dimensional theories have been constructed expressly to make fields at
different points correlate to one another!



84 March 27, 2014

there is a law of momentum conservation operative in the universe, and not a
law of conservation of position. In the third place, momenta or wave vectors
are more directly the physical characteristics that are controlled and measured
in actual particle physics experiments.

2.4.5 Feynman rules in mode space

The introducing waves rather than positions as basic characteristics of a Eu-
clidean field configuration enforces a renewal of the Feynman rules, which we
shall now investigate using the examples of the previous section.

First, let us look at A; :

(p(T1)p(T2)) = T(T) — T2) . (2.78)

The corresponding two-point amplitude in mode space rather than position
space is

_ h D D D e'?
= (27T)D /d X1 d €To d”k |E‘2 n m2
_ ok / oy, (2m)*P60 (ks + k)8P (B — k)
(2m)P |E[2 + m?
h o o
— T (27)P 6P (k1 + ko) (2.79)

Secondly, the connected contribution to As reads

(p(Z1)p(Z2)p(T3)p(a)), =

A S
—5 [ PP — ) T — §) (s - 5) W(E —3) - (280)

Its mode-space analogue s

(oF)oFo)ols)olFn)) =
Mh?
T (2m)iD

/dDml'--dDm dPy dPq - dPq
eifl'(—gl-i-d’l) . 6154‘(—E4+E4)e—iﬂ'(d’1+~~‘+d'4)

(192> +m?) - (|ga]* + m?)

—\B2 - -
= — . 2m)P 6P (ky + -+ k) . (2.81)
([k1[> +m?) - (|ka]® +m?)
The Green’s function therefore reads
W

Ay = — _ omVP 6P (ky 4+ -+ K
T R (Rap ey O g
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((zw)DaD(El 4 122)> ((QW)DaD(Eg + 124)>

|1 [2 + m? k3|2 + m2

((QW)DaD(El + 123)> ((QW)%D(EQ + E4)>

B+ m? BaP +m?

((gw)DaD(El + E4)> ((%)DaD(EQ + E3)>

B ~ (2.82)
|k1]2 + m? |ko)? + m?

Each connected diagram carries a factor (2m)?6”(K) where K stands for the
sum of all external wave vectors entering that connected diagram. By the same
method we can easily compute the last example: the diagram

As = (2.83)
evaluates, in mode space, to
A3°h? .
Ag = ST (2m)P 6P (ky + kz)
/ dq dPq (2m) P8P (G +q — k) (2.84)
(2m)P 2m)P (k1|2 + m2)2(|q12 + m2)(|7'|? +m?) '

We see that not all the internal wave vector integrals are resolved by wave vector
conservation ; in fact, a Feynman diagram containing L closed loops contains
precisely L such unresolved integrals. In higher dimensions, such integrals are
usually divergent, thus giving rise to the notorious infinities of quantum field
theory.

With the help of the above examples, we can now formulate the Feynman
rules for Green’s functions with fixed external wave vectors :
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k h
—_——— —_
K2+ m?

kl k2 A .

k ><k A _f(QW)DaD(El +ky + E?, + E4)
4 3

k k 7 L
PN +J(§2)(2W)D5D(k1 + )

At vertices, the wavevectors are considered either all incoming or
all outgoing.

Each internal wave vector k is to be integrated over, with integra-
tion element dPk/(2m)P.

’ Feynman rules, version 2.5 (2.85)

2.4.6 Loop integrals

As stated above, diagrams with loops contain internal wave vectors that have
to be integrated over, and many of these integrals are divergent. Therefore, we
have two face two technical challenges. In the first place, we have to devise a
way to quantify these divergences : this is called regularization. In the second
place, regularizing these divergences does not make them go away, and there-
fore we shall have to arrive at a method of including these divergences into the
theory in such a way as to yield finite and unambiguous answers for physically
interesting quantities. This last procedure is called renormalization. In this
section we shall only address regularization, for the case of one-loop integrals.

The idea of regularization is to let the theory depend on an arbitrarily intro-
duced parameter, such that the divergences appear when that parameter takes
on a certain value. Different regularization schemes are available, with different
choices for the extra parameter, which may be particle masses, upper limits on
momenta, etcetera. It must be kept in mind, however, that theories may depend
sensitively on such parameters, and therefore it may be prudent to choose the
parameter in such a way that the behaviour of the theory does not depend on it
too sensitively. The most popular regularization scheme is that of dimensional
reqularization : in this approach the number of dimensions, D, is chosen as the
freely varying parameter. Already anticipating that we shall study theories in
four spacetime dimensions, we therefore write

D=4-2¢,

with the implication that, at the end of all calculations, we shall take € down to
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zero. Any divergences in the intermediate stages of the computation will then
show up as singularities for e — 0, and (with any luck) at the end all these sin-
gularities will have cancelled. If not, the theory is simply not very well defined.

As an example, we shall consider the diagram for Az of Eq.(2.84), which in
four dimensions reads

—

(‘EIP + m2)2 T(kl) )

- _ d4q 1
e / @m)T (g2 +m?) (k- q% +m?) (2.86)

Dimensional regularization requests us to change the dimensionality of the in-
tegral in T from 4 to D = 4 — 2e. In doing so, however, we also change the
engineering dimension of T', that is, its unit in powers of meters, seconds, and
kilograms. This would make tree-level quantities and their loop corrections have
different dimension, which is clearly unacceptable. We therefore introduce an
engineering scale p with the same dimension as |g], and write

Ag2h? -
As = 37(%)454(1@%2)

T(F) = 2 / " *q ! (2.87)
(2m)A72 (1% + m2)(|k — @12 +m?)
The ‘Feynman trick’ of sect.(12.8.1) allows us to write
1
(1412 + m2)(|k - q* + m?)
1
= /dw ! 5
0 (2lg = k)2 + (= 2)lal? + m?)
1
= dx ! , (2.88)

N 2
4 <|cf— xk\2+x(1—x)s+m2>

where s = |l_€'|2 After shifting the integration variable?® from ¢ to ¢ — $E, the
general formula of sect.(12.8.2) then gives, up to terms of order O (¢),

T(k) = (4717)2 /d:v <1 — g — log(4r) + log(p?) — log (sz(1 — z) + mz))
0

(2.89)

Since

se(l—z)+m?=s(zy —x)(x —x_) , xi:;<1:t\/1+47:2> , (2.90)

20The assumed convergence of the integral for suitably chosen e jstifies this kind of shift, at
least for the case we are considering here. This is not always the case : more tricky situations
may lead to so-called anomalies.
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the integral is easily performed, and we find

. 1 /1 .
1) = ooz (5 e~ loalam) — FEP)) |
F(s) = log (:2> + 2z log(zy) — 2|z_|log|lz_| —2 . (2.91)

Two limits are of interest. In the first place, when m?/s becomes very small,
x4 goes to 1 and x_ goes to —m?/s so that

F(s) ~ log (:2) —2, s/m?o oo . (2.92)

On the other hand, when m? is very large compared to s, we have that log(sz(1—
x) +m?) approaches log(m?), so that

F(s) ~ log (Zf) , s/m*—0 . (2.93)

A final remark is in order. One may wonder why we treat loop integrals in
FEuclidean space in such detail, since after all our known spacetime may be
(approximately) Minkowskian, but is certainly not Euclidean. The reason is
that, even in Minkowskian spacetime, loop integrals are invariably computed by
transforming the Minkowskian theory into a Euclidean one, and then performing
the integrals as described above. The precise relation between Euclidean and
Minkowskian theories will be discussed in the next chapter.



Chapter 3

QFT in Minkowski space

3.1 Introduction

Since the known space in which particle physics takes place is not of a Euclidean,
but rather of a Minkowskian nature!, it behooves us to make the transition
to this new type of space. Essentially, this involves singling out one of the
coordinate directions in order to allow for time.

3.2 Moving into Minkowski space

3.2.1 Distance in Minkowski space

Whereas the ‘real distance’, that is, the distance measure that actually governs
the relative influence of fields at different points, is given in Eulidean space by
the Euclidean square distance of Eq.(2.62), we know that in the spacetime in
which we actually live and do physics, the real distance is quite different. In
particular, one of the coordinate directions represents time. That is, events in
spacetime taking place at position & = (2!, 22, 23) and time ¢ relative to some

freely chosen origin are denoted by four coordinates:
ot = (20,2t 2%, 2%) |, 2% =ct (3.1)

where c is the universal constant providing the exchange rate between units of
distance and units of time? ; it is the necessary velocity of massless particles?,
and the real distance between two events with coordinates x* and y* is given

1We shall not involve ourselves in the horrible complications that arise upon the use of
curved space ; a consistent theory of quantum gravity is not, at present, relevant to particle
physics.

2See section 0.3.1.

31t is customary to add the provision in vacuo here, but since particles inside a medium
with which they interact are no longer massless, this may not be necessary.

89
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by

3
(z—y)? = (vo—w0)*— Z (27 — y7)?

= Yuv (x =yt (x—y)" , (3.2)

(summation over repeated indices implied), where g, is the covariant metric
tensor?
1 fpu=p=0
gy = diag(l,—-1,-1,-1)=<¢ -1 ifpu=v € {1,2,3} (3.3)
0  otherwise

We also have the contravariant metric tensor g*¥, defined by

g,ua Jav = 6#11 5 (34)

so that g"” is numerically equal® to g,,,. The metric tensors allow for the raising
or lowering of indices : for instance,

Ty = Guv v To = xO y Lj = _xj (] = 172a3) : (35)

The special role of time in physics is evidenced by the relative minus sign in the
metric tensor.

3.2.2 The Wick transition for the action
Let us refer back to the Euclidean action of Eq.(2.57) :

1 1 -
St = [ [5reld + 5(Told)? + 3@ - @@ d®a , (30)
The integral runs over the four Euclidean dimensions of space. In order to
implement the special rdle of the singled-out time dimension, we replace z* by
the time coordinate® z° as follows :

zt = il (3.7)

so that, formally, z° is purely imaginary. We now make a crucial assumption :
the integral over x° may be taken along the real azis. That is, we postulate that
nothing drastic happens by deforming the integral along the imaginary axis
into one along the real axis. This is called the Fuclidean postulate. It cannot be

4See section 0.3.2.

5By coincidence. Even in the flat Minkowski space, another set of coordinates (spherical
ones, for instance) would lead to a g"*” quite different from g,,,,. However, we shall always use
the sensible (pseudo)Cartesian coordinates in these lectures.

61t is called the time coordinate, but it is still measured in meters, according to Eq.(3.1).
The connection is, of course, the speed of light ¢, which we shall however not use overmuch.
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proven, but only justified by the apparent success of the resulting theory. Upon
invoking the Euclidean postulate, the action in the path integral becomes

Siot] = i [[ate | gnte? - 506l @0l
+ 2ow) — T@elo)|
i . 0
dz = d2® Pz Oy = B (3.8)

By convention, an overall facor —i is extracted from the Minkowski action, and
so the provisional form of the path integral becomes

Z[J] = N/Dw exp<;S[W,J]) ,
Slp,J] = / die [;(aw)(au )—%mw—%Awum 39)

where the x dependence is implied. This step from Euclidean to Minkowski
space is called the Wick transition”.

3.2.3 The need for quantum transition amplitudes

After the Wick transition, we find ourselves in a new interpretational situation.
Since the exponent in the path integrand is now no longer real but rather purely
imaginary, a straightforward probabilistic picture of the path integral is no
longer possible. Indeed, every path gives a contribution which is a complex phase
factor, with the same absolute value, namely precisely one. In fact, all possible
dynamics must now arise from interference effects. The leading contribution still
comes from the bundle of paths around the classical solution (that is still given
by the Euler-Lagrange equation), because there the phases are to first order
approximation constant. Further away from the classical solution the phases of
nearby path fluctuate wildly as # — 0 and these paths contribute very little®.

In spite of all this, we shall keep the machinery of Green’s functions, con-
nected Green’s functions and the Feynman diagrams to compute them. Instead,
we shall have to reinterpret them. In accordance with standard quantum me-
chanical practice, we shall postulate that the (connected) Green’s func-
tions are related to the quantum-mechanical transition amplitudes.
The squared modulus of such an amplitude is the transition probability, to be
used in the computation of cross sections and decay rates. The precise nature
of the Green’s function-amplitude relation will be elucidated later.

"It is more commonly called the Wick rotation, but we prefer to reserve this for another,
more technical step later on.
8The remarks about instantons remain valid also in Minkowski space.
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3.2.4 The ic prescription

A single, somewhat technical, issue remains at this point. Since the path inte-
grand is now a pure phase factor, it does not vanish when the field values become
very large, and the convergence of the path integral is even more dubious than
it was in Euclidean theory. In order to cure this, we shall add a very mild, but
sufficient, damping ingredient to the path integral : from now on, we write it as

Z[J) = N/Dso exp(;S[%J]) ;
Slp, 7] = /d‘*ﬂcﬁ’
L = %(8“@)(3M )—%(mQ—ie)wz’— %A4¢4+J¢7 (3.10)

where € is a vanishingly small positive number. The object £ is called the La-
grangian density (or Langrangian) of the theory. In future applications, spec-
ifying the Lagrangian implies specifying a theory complete with its Feynman
rules, which can be read off from the Lagrangian directly. It is seen that the
introduction of ie makes the path integrand vanish for infinitely large ¢ values®.
In spite of the fact that the e is introduced here as a regulator of the path
integral, it does have a definite physical effect ; as we shall see it defines the
direction of the ‘flow of time’. On the other hand, its only usefulness resides in
the fact that € > 0, and we ought to be able to take ¢ — 0 from positive values
at the end of any calculation. Any result that depends on the numerical value
of € is wrong, or at least suspect. In specifying the Lagrangian, one usually does
not explicitly include the ie terms, they are to be understood.

3.2.5 Wick rotation for the propagator

In four-dimensional Euclidean theory, the propagator is given by Eq.(2.56) :

(2 k4)2+|E|2+m2 ’

where we have already singled out the fourth components of x and k for spe-
cial treatment. After the Wick transition and the implementation of ie, the

9This tactic is also used, e.g. in the derivation of the integral representation of the Dirac
delta function : under the assumption that € is positive but vanishingly small, we have

/dx exp(izk) = /d:c exp(ixk—e:cg) =/7/e exp(—k’2/45) =2md(k) ,

where the common representation of the ¢ distribution as a normal distribution with vanishing
width is invoked. Without the ¢, the integral is not absolutely convergent.
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propagator reads

b +o0 \ +oo - eXp<*k'4l’0 + ik - f)
In(z) = 5V / dk / d’k SRR I (3.12)
(2m) (EY)2 + k|2 + m? — e

— 00

We now perform the Wick rotation, which consists in moving the integration
over k* from the real to the imaginary axis. Let us define, for given three-

dimensional vector E,
w(k) = \/|k]2+m2? . (3.13)

The integrand has simple poles whenever (k*)2 + w (k)2 —ie = 0, in other words
when

H:icwa—ﬁ

(remember that the only significant property of e is its sign, not its magnitude).
If the poles are not to be crossed in moving the integration contour, we must
have

. 7 i A He - exp( (ik*a® + & - m))
(%) = pr / dk / d’k Y SITE T (3.14)
(2m) ¥ E (k*)2 + k|2 + m2 — ie

as illustrated in the picture below. We may now write!?
Kt = ik (3.15)

without more ado'!, and then we find, upon extracting some minus signs,

zh ™ _exp(—ik"z,) " 0 37
p— = . -1
/d kit ic d*k =dk” &’k (3.16)

This is the form of the propagator that will be used in what follows.

107t is tempting, after we have chosen z# = iz?, to write k* = —ik¥ since ‘z and k must be
conjugate variables’. Doing this, however, we will never obtain the Minkowski product k - .
1 Note that this is a simple change of variable, without any postulate creeping in.
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Illustration of the Wick rotation.
The two poles in the complex

Im k4 k* plane are indicated by dots,

- and the directions of integration

o . along the real and imaginary
/! axis by respective arrows. We

see that the situation of the poles
with respect to the imaginary
axis determines the direction
e of integration along it, from
+ico to —ioco. If the poles
were on the opposite side of the
axis, the direction of integra-
tion would be from —ioo to +ico.

The Wick transition involves a belief in the validity of the Euclidean postulate ;
the Wick rotation, on the other hand, follows quite naturally.

3.2.6 Feynman rules for Minkowskian theories

Having deduced the propagator in four-dimensional Minkowski space, we can
now formulate the provisional Feynman rules for Green’s functions with fixed
external wave vectors :

k 1

N S
O e T m2 1 e

Kk k,

" ><k o —%)\4(27r)464(k1 4 ko + ke + ko)
4 3

k1 kz 7
—o — +ﬁj(k2)(2ﬂ')4(54(k1 + kg)

In the wavevector conservation at the vertices, the wavevectors
must be counted either all incoming or al outgoing.

Each internal wave vector k* is to be integrated over, with inte-
gration element dk/(2m)*.

’Feynman rules, version 3.1 (3.17)
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The vertices also pick up an additional factor 7, and all vectors from now on are
assumed to be Minkowskian four-vectors.

3.2.7 The Klein-Gordon equation

For a free theory, with vanishing interaction vertices, the SDe is again quite
simple. In position, rather than wave vector, representation, we have

oe) = %/d4y (x —y) J(y)
- 7@/&/ d'k exlf.(:f'm(f;i)) Jy) . (3.18)

The classical equation is immediately seen to be

(a#aM + m2) o(x) = J(@) | (3.19)

and this is known as the Klein-Gordon equation. In more conventional treat-
ments, this equation is the starting point for a relativistic quantum field the-
ory, being introduced as a direct relativistic adaptation of the nonrelativistic
Schrédinger equation ; for us, it is a fairly unimportant'? result following from
the Feynman rules. What is important, however, is the light it sheds on the
source J : the natural interpretation is, indeed, for J to be a physical source,
generating the field ¢ via Huygens’ principle. The propagator takes the role
of the Green’s function as used in the solution of inhomogeneous differential
equations.

3.3 Particles and sources

3.3.1 Unstable particles, i¢ and the flow of time

We are now in a position to investigate the physical meaning of the ie prescrip-
tion. In order to so so, let us assume that € is not infinitesimal, but rather of
fixed value y. That is, we shall use a propagator

ih exp(—ik - (x — y))
L=y = 55 /d4k e >0 (3.20)

Moreover, let us choose a source that emits particles simultaneously'® at time
t =0, all over space : we take'?

J(x) o< §(zY) . (3.21)

12Unimportant in the sense that we shall not derive any consequences from it. The same
will be seen to hold for the Dirac, Proca and Maxwell equations.

13Simultaneity is an ambiguous concept in Minkowski space : here, we mean simultaneous
n our frame.

14We do not worry about normalization issues here.
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The response of the field can be written as

6@ = 3 [dyILe-y) I

1 /d4 L exp(—ik x4 ikOy0 — ik - g’) 5(y?)
- (2 (k9)2 — |K[]2 — m2 + iny

-1
(3.22)

The integrand has poles in the complex k" plane at
R = +y/m2—iy ~ j:(mfi—) ,
m
where we have assumed that « is small compared to m?2. For times later than

t = 0, the integration contour can be closed along the lower half complex plane,
and we find

0 _ 7 0
o(x) exp( mz’ — 5 T ) . (3.23)

Im kO The integration contour used in
° Eq.(3.22). The two poles are in-
e — s———Re kO dicated. The contour must be
\ . ," closed in the lower half plane
. // in order to make the exponent

A e exp(—ixoko) vanish at infinity.

In accordance with the quantum-mechanical interpretation of our theory, |¢(z)|?

must be (related to) the probability of finding particles. In the present case, we

have
2 _7 0\ _ _t
|p(x)] ocexp( mm)—exp< T) T

That is, the probability of finding particles anywhere decreases exponentially
as time goes on. This is what one expects for unstable particles with a mean
lifetime equal to 7. We shall write v = mI', where I' is called the total decay
width of the particle. We see that a Feynman rule is now available for unstable
particles :

e
— 3.24
(3.24)

k . 1
h
o k-k—m2+imlDl

The propagator for an unstable particle with mean lifetime I'/c.

’ Feynman rules, version 3.1 (addendum) ‘ (3.25)
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The e prescription is seen to just mean that we should treat stable particles as
the infinitely-long-lifetime limit of unstable particles.

Another issue that appears resolved is the direction of time flow. Whereas
Minkowski space itself, being essentially static, does not assign any preferred
direction associated with the time coordinate, the direction of time flow is now
defined to be that direction in which unstable particles disappear, rather than
appear's.

Another point to be noted is the following. The unstable propagator by itself
is seen to lead to a decreasing overall probability, in contradiction to the normal
unitary evolution of quantum mechanics. This, however, is not the whole story :
for a particle to be unstable it must be able to go over into other particles, that
is, there must be interactions. These have been left out of our discussion. In a
more complete treatment, we shall of course see that, as the unstable particles
disappear, the density of other particles will increase, and total probability will
be preserved. In other words, the decay width must be consistently computable
from the interactions present in the theory.

The assumption that 7 is considerably smaller than m? implies that I is
small compared to m. Indeed, if we assume that I' becomes nonzero due to
interactions, the very spirit of perturbation theory argues that I' is relatively
small. Rigorous upper limits on the width of any given particle cannot easily
be given ; but let us imagine a particle of mass M (in kilograms, not inverse
meters !). Its natural ‘size’ is given by its Compton wavelength A\, = h/(Mc). If
I’ (a quantity with the dimension of inverse length) were larger than 1/\., this
would mean that such a particle would, upon production, decay even before a
lightlike signal could have crossed its diameter : it is as if the particle would
vanish before it was even aware that it existed. In general, the situation I' > m
is held to signal a breakdown of the concept of a particle as a more or less
identifiable entity.

3.3.2 The Yukawa potential

As another illustration, we can consider a static pointlike source :
J(x) o 03(%) . (3.26)

The response of the field is then

i emikT
= d* ! /d4k— —83(y

15 Attractive as the above argument appears, a drawback comes from the case 20 < 0. In
that case, the contour integral must be closed along the upper half plane, so that the pole
k% = —m + ivy/(2m) becomes the significant one. We find ¢(x) oc exp(—|[t|/T), which is to be
interpreted as a particle density that starts out as zero at ¢ = —oo, and grows to a crescendo
at t = 0 ; this lacks an obvious interpretation. We ascribe this to the use of the simple form
(3.21). A better source, needed for a more rigorous treatment, can be simply constructed.
Notice that this really means that the direction of time is governed by the sources !
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S /czi‘"Ee“;gZ (3.27)
(2m)? B2 +m? '

The ie term in the denominator can safely be neglected here. Writing |Z] =r >
0 and k = |k|, and going over to polar coordinates for k, we have

® ) 2T ! eikr cos 0
0 0 -1

0o ik
e 1RT
- L _
42772 / [kQ +m?2 k24 mz}

et (3.28)

42772 k2 + m2

For r > 0 we can close the integration contour in the upper half of the complex-k
plane, and we find ( )
1 exp(—mr
o(x) = in . . (3.29)
This is the so-called Yukawa potential, introduced in the 1930’s as a model for
the strong nucleon-nucleon force, with m the mass of the pion. The Compton
wavelength of the pion is, indeed, roughly the range of the nuclear forces. If
we take m — 0 we find the Coulomb potential of a static electric source ; the
real propagator of the photon field, responsible for the Coulomb interaction,
is however more complicated, so that the above derivation is more or less just
handwaving for the case of electromagnetism.

3.3.3 Kinematics and Newton’s First Law

Let us see to what extent the picture of the source as an object that, in a sense,
emits particles can be reconciled with standard ideas in classical relativistic
mechanics. That is, we want to measure positions and times, as well as energies,
velocities and momenta, as well as possible. To this end, we shall choose the
source to be

0 s2
J(x)cxexp(—ul—m—;L<p0x0—i"-ﬁ>> . (3.30)

That is, the source is active for a period gg/c around t = 0, and in a region of
volume o3 around the spatial origin. Its Fourier transform,

1 0\ 2 -1 . N\ 2
— + (ko - ];_L> ] exp (—02 (k; - Z) ) ) (3.31)
o0

shows that it emits particles with all kinds of wave vectors k* = (k°, E), centered
around values p*/h, with p* = (p°,p). For a bridge to non-quantum physics

J(k) x
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to be built, both the position and wave representation of the source should be
adequately localized ; o¢p and o should be neither too large nor too small. For
now, we do not assume any particular relation between p° and p.

Let us now study the response of the field to this source for positive times.

We have
exp(—ik‘oxo + ik - :E’)
H(z) o / d*k - J(k) . (3.32)
(k9)2 — k|2 — m? + ie

For z2° > 0, the contour is to be closed in the lower half complex-k® plane. The
integrand displays simple poles at the loci

O . .
%,L L K= —w(k) e, KO=L 4

K = w(k) —ie , k=
w(k) —ie . 5o

the latter two lying outside the contour. The k° integral therefore leads to the
following expression for ¢(x) :
))

o(r) / 4k exp (25 k—o? (I;—
2(F) (01— () + 1/o0?

Sty

1 eXp(—iwa(E))

ioy exp(—iz®p®/h — 2°/00)

2 (pO/h—i)og)? — w(k)? + ie (3.33)

The second term in the square brackets decays exponentially at the same rate
as the source. Since we are interested in the behaviour of the field when it is
free, i.e. unaffected by any interactions, we can only study that behaviour once
the source has died out, and then so has this term'. The first term describes
Fourier modes of the field that obey the dispersion relation k° = w(E), together
with the resonance condition that tells us that the field can only be appreciable
if both p°/h ~ w(k) and §/h ~ k. We therefore expect any fruitful resonance
in the field, which can allow for the transmission of signals over macroscopic

distances, if
0 —
P (P
AW (h) . (3.34)

If we relate the zero component p° (with dimension kg m/s) to an energy E by
writing

P’ =E/c, (3.35)

16This is comparable with what you would do classically: studying the trajectory of a thrown
ball to see whether Newton’s laws are obeyed only makes sense once the ball has definitively
left your hand.
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we find that the only particle modes emitted by the source that have a chance
of propagating over distances much further than o must satisfy
E ~ \/|p|?c2 + M?c* |, m= % . (3.36)
This is the mass shell condition, which prescribes the relation between the en-
ergy F (in Joule), momentum 7 (in kg m/s), and mechanical mass M (in kg) of
a particle moving freely through spacetime. We recognize the quantity m that
we have been using so far as the inverse Compton wavelength of the particle!”.
Given that the particle is emitted on its mass shell, the integral ¢(z) is not
yet automatically large. The complex phase in Eq.(3.32) will lead to extremely
rapid oscillatory behaviour of the integrand, and an essentially vanishing result,
except for those regions where the phase of the integrand is stationary. This
happens if

- - - k
84<m0k0—f~k>:Q(:pow(k)—a?-k): 2’ —7=0 . (3.37)
ok ok w(k)
That is, ¢(z) is appreciable on a line in spacetime given by
L cp
T=t— : 3.38
0 (3.38)

the particle moves along a straight line, with constant velocity c¢p/p®. This is
Newton’s First Law.

A further remark is in order. It might be proposed that the source we have
used would become more @esthetically pleasing if also the time dependence were
Gaussian. However, in that case the k” contour cannot be simply closed since
eXp(—koz) diverges badly for arg(k®) between —7/4 and —37/4. Hence the
dispersion relation k° = w(E) does not hold, and the mass-shell condition on p*
does not apply. In a sense, a Gaussian time dependence implies that the source is
‘switched on’ and ‘switched off’ too rapidly, so that energies are not well-defined.
In a similar spirit, one might feel uncomfortable with the pole at p°/h —i/0q in
the complex-k° plane. Indeed, one can get rid of it by multiplying the source
of Eq.(3.30) by 6(z° < 0) so that the source is only active up to 2° = 0 and
then stops. However, the absence of this pole means that after the k° integral
we have

1 1
not but

(/=) + /o2 PR wB) + i

17A particle is called on-shell if its momentum p* satisfies Eq.(3.36) ; if not, it is called
off-shell. Off-shell particles are not exotic or improbable ; they are just not visible as the
result of any experiment since they cannot propagate well. In popular literature, off-shell
particles are often dicussed with a lot of mumbling about ‘uncertainty relations’, ‘borrowing
energy from the vacuum’, and so on. Do not be misguided ! When a theorist starts invoking
the uncertainty principle as a reason for something, keep your hand on your wallet. The
‘uncertainty principle’ is not a reason but a result.
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which does not single out p°/h =~ w(l;) as an especially favorable situation.
Again, if the source is switched off so rapidly our control over energies is lost.

From this simple investigation we may conclude that (a) motion of free
particles over macroscopic distances follows Newton’s first law; and (b) that we
can effectively assume that the Fourier modes of the fields obey the dispersion
relation k® = W(E) for positive times large enough for sources to have died out.

3.3.4 Antimatter

We again consider the free SDe :

L dk° [ &3k exp(—ik- ) .
o9 = =[5 [ iy D
wk) = \/|kZ+m? . (3.39)

If z° > 0, the integration contour can be closed through the lower half of the
complex k plane :

0 @) =i ngex —i(2°w(k) — 7k w(k), k
o) =i | o e (i) 7 B) JE@F 10

If, on the other hand, z° < 0, the closure must be over the upper half of the
plane, and then

37 - - - -
#(2°, 7) :i/(%;i}@ exp(—i(—xow(k)—f-k)) J(—w(B),k) . (3.41)

We see that the propagator essentially describes plane waves, with the following
characteristic: positive energies travel towards the future, and negative energies
travel towards the past.

While the concept of particles with positive energy, moving from past to
future, conforms to our everyday experience, the idea of negative (kinetic) en-
ergies and movement backwards in time is not only aesthetically repellent but
may lead to splitting headaches in the verbal description of physical processes.
When, however, we consider more closely how such a situation will appear, it
becomes clear that negative energies moving backwards in time are indistin-
guishable from positive energies moving forward.
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Some bookkeeping will easily convince you of this, with the help of the above two
diagrams. Consider two loci in space, denoted by A and B. In the first diagram
a particle moves forward in time, with positive energy, from A to B. As a result
the energy at A decreases, and that at B increases. In the second diagram, a
particle with negative kinetic energy starts at B, and moves backwards in time
to A. The net effect on the energies at A and B is exactly the same ! The two
situations are indistinguishable from the point of view of the energy balance.

X X

1, EB)? E(A)
Q(A) T, QB) |

There may still be a difference, of course ; if the particles have additional
properties such as electric charge, the backwards-moving particles will appear
with the opposite charge. For instance, a negatively charged electron moving
backwards will appear as a positively charged positron moving forward, as can
be seen from the two diagrams above. Such re-interpreted time-reversed parti-
cles are called antiparticles. Every particular object whose propagator contains
the denominator of Eq.(3.39) is seen to contain both the regular particles and
their antiparticles. Moreover, we find the fundamental result that particles and
their antiparticles must have exactly the same mass and lifetime. Particles and
their antiparticles may be identical, the photon being an example. Such parti-
cles must, of course, be electrically neutral. On the other hand, not all neutral
particles are their own antiparticles ; neutrons and antineutrons are distinct
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from one another'®. We have thus found the following result for free particles :
if we (a) replace all particles by their antiparticles and vice versa, the so-called
charge conjugation operation C, (b) inverse all space directions'?, the so-called
parity transformation P, and (c¢) invert the direction of time, the so-called time
reversal operation T, then the world will look exactly the same ! This is (a
restricted form of) the CPT theorem, valid for the propagation of free particles.
The more interesting, real CPT theorem, valid also for interacting particles,
needs more tools than we have at our disposal right now : its proof is referred
to Appendix 12.13.

Let us consider the (classically depicted) path a particle tracks out in space-
time, as given by the space-time diagram given below. In one description, the
particle starts at A and moves to B,

X where at time tg it reverses its time
direction, and moves backwards in
time to C. In the alternative de-
scription, a particle starts at A and

its antiparticle starts at C', and the

pair collides at B at time tg. For
times later than ty, the particle
and/or its antiparticle have disap-
peared ; but because of momentum

t  conservation their combined energy
has to be transferred onto one or
more other particles (not depicted).

The two descriptions are completely equivalent, but the second one conforms
much better to the way we tend to view the world?®. At the ‘collision/reversal-
point’ B the particle coming from A must dump its energy, and even an ad-
ditional amount since its energy must become negative for it to start moving
backwards to C. Therefore, particle-antiparticle collisions release energy, often
in the form of photons?!. For instance, when positrons meet electrons, the usual

180nce the neutron is seen to be a collection of charged quarks, the distinction becomes
obvious. So, in some sense, the realization that the neutron and the antineutron are distinct
is an argument for their compositeness ! On the other hand, neutrinos, while electrically
neutral, are not equal to antineutrinos, and are yet believed to be elementary.

19Since, as can be seen from our diagrams, inverting the direction of the motion through
time will simultaneously change motion towards the left (say) into motion towards the right,
and so on.

20Note that the antiparticle interpretation is just the way we surrender to a prejudice about
motion in time. Physicists from some alien civilization might have less problems with the
other interpretation.

211t is sometimes stated that particles can only annihilate with their own antiparticle. This
is a somewhat restricted point of view, since for instance electrons can annihilate with anti-
neutrinos into W particles, as we shall see. It may be more appropriate to say that it needs
particles with their own antiparticles to annihilate into something that has quantum numbers
(electric charge, fermion number, etcetera) equal to those of the vacuum. Neutrinos and their
antineutrinos cannot easily annihilate into photons, being electrically neutral : but they can
annihilate into one or more Z bosons.



104 March 27, 2014

result?? is e~ et — ~ . We also see that nothing forbids the opposite process,

in which available energy turns into particle-antiparticle pairs : vy — e~ e™.

3.3.5 Counting states : the phase-space integration ele-
ment

The treatment of the previous section is also useful in that it provides a hint on

how to count the wave-vector states. For on-shell particles of mass?® m we use

the integration element
1 &Pk .
@ i) w(k) =\ k%2+m? .

This object has dimension L~2. It is not explicitly Lorentz-covariant, but we
can write it also in the more attractive form

.-
(271r)3 j(;‘?) - (271r)3 d'k 5 (k* —m?) O(k°) . (3.42)

Note that if £V is positive for an on-shell particle in any given inertial frame, it is
positive in all intertial frames that can be reached by Lorentz transformations
from the first one. This ensures that the step function 6(k°) always has the
same value, irrespective of any Lorentz boosts we may care to make. Lorentz
covariance of the phase space integration element is thus guaranteed. We shall
use the density of states (3.42) for all on-shell particles in the calculation of
cross sections and lifetimes.

If, for a given scattering process, the final state contains N particles with
masses m;, j = 1,2,..., N, and wavevectors p', p, ..., py, the combined phase-
space integration element is

dV(P;p17p27 o 7PN) =
N 1 N
H (2m)3 d'p; 8(p;? —m;?) | (2m)'6" | P~ ij . (3.43)
j=1

j=1

where P* is the total wavevector of the scattering system. The four-dimensional
Dirac delta forces the overall conservation of wavevectors?*. The condition
O(p" > 0) imposing positive energy for the outgoing particles is, here and in the

following, always understood.

22Note that the simpler-seeming process e~ et — ~ is kinematically impossible if the
resulting photon is to be on its mass shell. On the other hand, an single off-shell photon can
be produced, but such a photon must immediately decay again, in for instance a particle-
antiparticle pair of some kind.

23We shall use the term ‘mass’ also for m, although strictly speaking it has the wrong
dimensionality ; the actual mass is, of course, M. Confusion will not readily arise. For the
same reason, we shall occasionally call the wave-vector the momentum.

24Conservation of total energy and momentum.



Chapter 4

Scattering processes

4.1 Introduction

In this chapter we turn our attention to the bread-and-butter subject of particle
phenomenology : the description of scattering processes. We shall discuss the
way in which Feynman diagrams and their evaluation are postulated to predict
the probability for finding specified final states given specified initial states.
We also investigate the consequences of the claim that our approach describes
quantum physics and is therefore of a probabilistic nature : that is, we can only
compute probabilities, which are necessarily bounded!. This leads to the notion
of unitarity and the use (and usefulness) of cutting rules.

4.2 Incursion into the scattering process

4.2.1 Diagrammatic picture of scattering

To a large extent, particle phenomenology can be viewed as the study of scatter-
ing processes, in which some nitial state is prepared and allowed to time-evolve,
and finally an observation is made in which the system is seen to have resulted
in some final state. A useful example is provided by the current practice in
high-energy colliders : here the initial state is prepared by machine physicists
operating the collider, and it consists of two (beams of) particles with more or
less well-defined momenta coming out of the beam pipes. The interesting part of
the time-evolution of the system is that during which the initial-state particles
approach one another and meet (hopefully? !) in the interaction point, where
the dynamics takes place. The final state is observed by the detector operated
by the particle physicists.

L After all, the probability of a certain scattering process occurring cannot exceed 100%.

2In the sense that particles with perfectly well-defined momenta form plane waves of infinite
spatial extent, they can hardly avoid meeting. In practice, the momenta and spatial extensions
of the particles’ wave packets are of course more limited.

105
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Since not only the scattering itself but also the initial-state preparation and
the final-state observation are quantum processes, all these parts of the process
must, according to our assumptions, be described by Feynman diagrams in a
manner still to be established. The diagrammatic form of the complete process
will then look as follows :

Here and in the following we adopt the convention that the initial state appears
on the left-hand side of the diagrams, and the final state on the right-hand
side. This does mot imply any spatial or timelike relation between any of the
vertices in the diagram: indeed, they are supposed to be integrated over all of
spacetime3. Another observation on the above diagram is also relevant : the
initial-state preparation and the final-state observation should contain physics
that is better understood than the scattering part, and there should be a clear
notion of precisely which particles constitute the initial and final states. This is
indicated by the identifiable propagators connecting the various ingredients of
the process. We therefore adopt the idealization that the only relevant part of
the scattering should reside in the central, or scattering part, in this case

We now have to confront the two following questions. In the first place, which
Feynman diagrams should occur in the scattering part ? And secondly, in
actual experiments the initial- and final-state particles travel over many meters
between preparation, scattering, and detection. These particles should therefore
be on their mass shell, but isn’t this precisely the case in which their propagators
blow up ? The situation obviously calls for some reinterpretation and additional
Feynman rules, to which we shall come.

Before finishing this section, let us remark that also initial states consisting

30f course, if there is any justice the contribution from paths in which a vertex is very far
out ought to be small.
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of only a single particle occur :

In this case, we simply study the decay properties of the particle, such as its
total or partial decay width.

4.2.2 The argument for connectedness

Let us consider the set of all Feynman diagrams describing a decay process.
As discussed before, we omit any vacuum bubbles that do not contain external
lines. The set can then be split up into its connected pieces, for instance

— = - —Te +

(4.1)
where as before the shading indicates connected diagrams. Now, recall that ev-
ery vertex in any diagram contributes a Dirac delta imposing energy-momentum
conservation. Therefore, every connected diagram has an overall Dirac delta im-
posing overall energy conservation. That, however, implies that a diagram like

(4.2)

asks for particles carrying positive energy to originate (by some interactions)
from the vacuum. Such contributions therefore vanish by energy conservation,
and the only contributing diagrams are contained in the totally connected blob.
Next, consider two-particle scattering. If we forbid (for the same reason as
above) connected parts where particles are created from the vacuum, the only
possible contributions are given by

Now, the second term here is in principle possible but only if a) the two in-
coming particles are inherently unstable* and b) the outgoing particles arrange

4This makes the notion of particles ‘coming in from infinity’ conceptually dubious in this
scattering.
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themselves in precisely two groups according to the indicated decay patterns.
Leaving aside such special cases, we conclude that the scattering amplitude
is given by the connected Feynman diagrams. Note that the restriction
to connected diagrams only arises here from simple energy considerations, and
not from any deep inherent superiority of connected diagrams over disconnected
ones : in essentially all cases of interest, the result of the disconnected diagrams
vanish anyway.

In fact, we may conceive of situations where particles can be created from
the vacuum. This is the cases in ‘field theories at high temperature’ where
processes take place in a heat bath which can deliver energy to create particles.
In such a picture the heat bath is the ‘vacuum’ of the theory, and diagrams such
as that of Eq.(4.2) are not automatically zero. Another more delicate situation
is that of more incoming particles : for instance, we might consider four particles
scattering into four, in which we might recognize two groups of two particles
scattering into two :

In this case, the only argument to disregard the disconnected diagrams is an
appeal to the special kinematics.

4.3 Building predictions

4.3.1 General formula for decay widhts and cross sections

Consider a ‘slightly unstable’ particle of mass® m at rest, with wavevector P*.

We shall adopt the following prescription for its differential decay width into n
particles with wavevectors p/',ph, ... ph :

dl’ = @F <|M|2> dV(P§P1,P27 cee apn) Fsymm . (43)

Here, M stands for the transition amplitude, which we still have to establish.
The symbol (|M|?) indicates that in accordance with quantum-mechanical prac-
tice we have to square the absolute value of M in order to arrive at a probability,
and the brackets indicate summation and/or averaging over degrees of freedom
other than the momenta : at present such degrees of freedom are not in our
theory yet, but they will come ! The symbol ®r denotes the collection of fac-
tors that must be included to account for the density of states for the incoming
particle, etcetera. The momentum P* is that of the incoming particle at rest.
The symmetry factor F,,,.. is included to handle identical particles in the final
state. In quantum mechanics, the statement that two particles are identical
means that an interchange of these particles leads to the physically identical

5The inverse-length mass, not that in kilograms.
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final state, so that an unconstrained summation over their momenta (and other
quantum numbers) would lead to over-counting. We therefore prescribe that
F., ... contains a factor 1/k! for every group of precisely k indentical particles
in the final stateS. For example, a final state containing precisely 2 photons, 3
electrons and 1 positron leads to F.,,.., = 1/(2!)(3!)(1!) = 1/12.

Note that the decay width is inversely proportional to the particle’s lifetime.
This means that for a moving particle the decay width must decrease by a factor
m/P° to account for time dilatation.

In the case of two stable incoming particles with wavevectors p# and pj, we
rather talk about the transition rate per unit flux, that is, the cross section for
their scattering. It has dimension L?, and must be given by a formula of the
form

do = @y (IM|?) dV (pa + Pb; 1,025 - - - s Pn) Frymm - (4.4)

We see that, in order to get the formulae (4.3) and (4.4) to actually work, we
have to establish

e the flux factors ®r and @, ;

e the algorithm to derive from the connected Green’s function the ampli-
tude. In particular this calls for a special treatment of the external lines.

‘We shall solve these issues in the next section.

4.3.2 The truncation bootstrap

We have come to one of the centrally important steps in our treatment of scat-
tering. Consider the process in which two particles with wavevectors p, and py
scatter and yield j + n stable particles in the final state, whose wavevectors we
label by ki, ks, ..., k; and q1,q2,...,q,. The distinction between these groups
lies in the fact that, whereas the k’s emerge ‘directly’ from the scattering, the
¢’s are in fact the decay products of an unstable particle that was ‘directly’
produced together with the k’s. Nevertheless, the complete final state consists
of both the k’s and the ¢’s. The relevant diagrams are given here :

o LN

p

Note that the connected blobs may themselves contain many different individual
diagrams. By separating the blobs A and B we indicate that the unstable

6Some authors choose to include a factor 1/v/k! in the transition amplitude M. I am
opposed to this since such a prescription introduces a distinction between particles in the
initial and those in the final state, which may destroy the crossing symmetry of the amplitude.
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particles is actually quite long-lived so that the place where it is produced and
that where it decays tend to be clearly separated.

Now, we shall assume that we have somehow solved the problem of how to
go from connected Green’s function to amplitude, and that we have applied this
procedure to the above process. We then have for the amplitude the form

— (4.5)

M=1[4] p2 —m2 +imID

where p = ¢1 + - - + ¢ is the momentum of the (internal!) line corresponding
with the unstable particle, and p?> = p-p. The unstable particle’s mass is m, and
its total decay width is I'. The symbols [A] and [B] stand for the processed con-
nected Green’s functions for the ‘production’ process A and the ‘decay’ process
B, but with the Feynman factors for the unstable particle removed. Assuming,
for simplicity, that F,... = 1, we then have for the differential cross section the
form

h2

(p% — m?2)? + m2T2

do = @, |[A]* |[B]|? dV(Piki, ... ki qi,---,qn) , (4.6)

where P = p, + pp. In order to emphasize that p is the sum of the ¢’s, we may
write this also as

do = @, [[A]?|[B]]? dV(P;k1,.... ki q1,- - qn)
h? d*p
(p> — m2)* + m212 (27m)*

(2m)*6*(p — Sq) (4.7)

with obvious notation for the sum over the wavevectors q.

Now, we let the unstable particle approach stability, so that the location
where it decays becomes widely separated from that where it is produced. That
is, we examine the case that I" becomes very, very small, and we may approxi-
mate” 1

0
- —5(p*—-m?) . 4.8
@ e own ™) (*8)
We can then use this to rewrite

AV (Piki, ... kj,q1,...,qn) d*p

2m)*ot(p — % 4.9
P mir? (@) (2m)%6°(p — 2q) (4.9)
as
1 d'p §(p* — m?)
—— dV(P; ky, ..., k; ) ————— 2% (p— X
omll ( y V1, y Kj, 41, » 4 ) (27_[_)3 ( 7T) (p Q)
1
= ——dV(P;ky,....kj,p) dV(D;q1, .-, qn) - 4.1
oml ( y V1, ) jvp) (paqla g ) ( 0)
"This follows from the well-known representation of the Dirac delta function as
. 1 z
§(z) = lim —

csom x2 422

which has unit integral and vanishes for every = # 0.
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Inserting this in Eq.(4.7) we see that the cross section now takes the form

do = (h|AP) aV(P;ki,... kj,p)
%ﬁ (hHBHQ) dV(piqis---5qn) - (411)

Let us now step back and consider what it is we are actually computing here :
it is the cross section for producing an almost-stable particle p, together with
the k’s in a specified configuration, followed by the decay of the particle p into a
specified configuration of ¢’s. Under the usual ideas of conditional probability,
this is the same as first computing the cross section for the production of p and
the k’s, followed by the conditional probability that, given p, we see it decay into
the ¢’s. This conditional probability, called the (differential) branching ratio, is
the partial decay width for p to go into the ¢’s (computed in the p rest frame !),
divided by the total decay width, in this case I'. We conclude that

o i |[[A]|? is (|M|?) for the process po +py — k14 +kj+p ;
e 1 |[B]|? is (|M]?) for the process p — q1 + -+ qn ;
e O must be given by 1/(2m).

In a sense, we have managed to cut through the p line, and interpret the process
rather as it would be given by the diagrams

A point to be noted here has been somewhat hidden so far. The connected
Green’s functions contain overall factors (2m)*§%() for overall wavevector con-
servation. This conservation has been imposed already, however, in our choice
of the phase space integration elements dV. We therefore have to remove these
factors as well in the transition from connected Green’s function to M.

What about the treatment of the external lines ? In the above discussion
we started with p as an internally ocurring unstable particle, carrying its own
propagator. As we let it become stable, the propagator has disappeared into
the phase space counting, leaving only a residue of a factor h%. At the end of
the story the particle p has become a stable particle occuring as an external line
in the blob A. This, therefore, must be the prescription for the external lines !
This is called truncation or amputation of external lines. An external line must
apparently carry, instead of its undefined propagator, simply a factor vA. We
arrive at the following, expanded set of rules for the calculation of scattering
amplitudes M (as opposed to Green’s functions) :
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internal lines

external lines

Kk k,

. ><k o —%)\4(27r)464(k1 4 ko + kg + ka)
4 3

kl k, 1
—e — +ﬁ¢](kﬁ2)(2ﬂ')4(54(k1 + kig)

€ is replaced by mI for unstable particles.

In the wavevector conservation at the vertices, the wavevectors
must be counted either all incoming or al outgoing.

Each internal wave vector k* is to be integrated over, with inte-
gration element d*k/(2m)*.

’ Feynman rules, version 4.1 ‘

(4.12)

The flux factor ®r for particle decay has been found to be 1/(2m). It is
related to how we count the density of states of the incoming particle. We
can directly translate to the case of two-particle scattering. Let us work in the
Lorentz frame in which particle b is at rest while particle a impinges upon it.
Keeping in mind the effect of Lorentz transformations on the density of states
we see that whereas m; remains, m, has to be replaced by p?. The density-of-
states factor for the two-body initial state is therefore 1/4p0m;. Since, however,
we are asking for a cross section rather than a transition rate, we have to divide
this by the velocity of particle a in b’s rest frame, that is, by a factor |p,|/p°.
The flux factor therefore becomes

-1
(IJU = (4m(,|ﬁu>

This expression, being given in a specific Lorentz frame, is not very attractive.
We can, however, write it in an explicitly Lorentz-invariant form :

1

¢, = 1/2
2 ((pa + pb)z,pi,pi)

where we have introduced the Kallén function

, (4.13)

Mz,y,2) =a? +y2 + 2% =20y — 202 — 2z = (v —y — 2)° —4dyz . (4.14)
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It often happens that the colliding particles have masses that are negligible
compared to their combined invariant mass, which is commonly denoted by the
Mandelstam variable s. In that case, we may write

b, ~— ., s=(pa 2. 4.15
55 @ 5= (Patm) (4.15)

This finishes our bootstrap treatment of the relation between connected Green’s
functions and scattering amplitudes, or matriz elements.

4.3.3 A check on dimensionalities

It is instructive to check that the widths and cross section expressions that we
have derived do, indeed, have the correct dimensionality. By dim][] we shall
denote the dimensionality of objects. In the first place, from the fact that the
action S must have the same dimension as %, we can immediately derive the
dimensionality of the fields® :

p1/2
dim {4 =dim {qﬁ] = dim - | > (4.16)
where, as before, L denotes a length. Therefore, a connected Green’s function

with n external lines (being nothing much more than the expectation value of
©") has dimension®

n/2
dim {Cn} = dim Tn 1 . (4.17)
The Dirac delta function imposing wavevector conservation has dimensionality
dim[6*(k)] = dim[k™*] = dim[L"] . (4.18)

To go from the connected Green’s function C), to the n-point matrix element
M., we have to extract the external propagators as well as the overall wavevec-
tor conservation delta function, and assign a factor 1Y/? to each external line:
therefore,

Cn 2 —
dim| M, | = dim|—— " r"/?| = dim |L"*| . 4.19

] = i e (419
The n-particle phase-space integration element dV,, has dimensionality L*—2"
as we have seen. Taking into account that the flux factor ®r = 1/2m must have
the dimensionality of 1/m, that is, L, the dimensionality of the decay width of
a single particle into n particles is given by

dim [F(l - n)} = dim H(M”“)Q an] = dim [Ll} , (4.20)

81n four spacetime dimensions! In d dimensions it would read dim[p] = dim [hl/QLl_d/Q] .

9Higher-order contributions to Green’s functions contain, of course, additional powers of
h: but these must occur only in dimensionless combinations with the coupling constants of
the theory.
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as required. Similarly, for the cross section of two particles going into n particles
we have

dim [0(2 R n)} _ dim [(;)2 (Mos2)? Vi,

= dim {LQ] : (4.21)

again as required. Note that the above analysis is kept simple because we have
restricted ourselves to the use of wavevectors rather than mechanical momenta,
which would introduce additional factors of A in the calculation. The other
natural constant, ¢, need not enter here.

4.3.4 Crossing symmetry

In our treatment of antimatter in the previous chapter we have seen that the
production (absorption) of a particle is, in a sense, squivalent to the absorption
(production) of its antiparticle. We can make this even more specific as a rela-
tion between various scattering amplitudes : this goes by the name of crossing
symmetry. Consider a generic 2 — 2 scattering process :

a(p1) + b(p2) — c(q1) + d(g2)

where we have indicated the momenta of the particles. Let us write the corre-
sponding amplitude as M(p1, p2, q1, g2). By moving particles from the initial to
the final state'®, or vice versa, we can then find the amplitudes for the crossing-
related processes, for example :

a+b—>c+d M(plaanQ17QQ) )

a+c—b+d : M(pla_an_QI7Q2) ;

a+d—b+c M(plv_p%qlv_q2) )

c+d—a+b : M(=pi,—p2,—q1,—q2) - (4.22)
Since the momenta of all (anti)particles have positive energy, the minus signs

yield momenta with negative energy. Depending on the type of the particle'!,
this may involve an analytic continuation of the amplitude function M.

4.4 Unitarity issues

4.4.1 Unitarity of the S matrix

If M is to be a correct form of the scattering amplitude for a given initial
state to be observed, after time evolution, as a given final state, it must obey
the constraints of unitarity which we shall now discuss. In a more traditional
quantum-mechanical parlance, the initial state is given to us at some time in the

10¥ou can visualize this by taking an outgoing particle, say, and dragging its external leg
from the final to the initial state.
HEspecially for Dirac particles.
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far past, where the incoming particles are supposed to be so widely separated
that they are essentially free : the state of the system is then

|in, t = —o0)

We now let nature take its course : the incoming particles approach one another,
the interaction is ‘switched on’, and the system evolves into some, possibly very
complicated, superposition of free-particle states :

lin,t = —00) — |in,t = 400)

Finally, the final state is observed to be a particular free-particle state (assuming
the final-state particles have been able to move very far away from one another),
that is,

lout, t = +00) .

The probability amplitude for this to happen is of course
M = (out,t = +o0lins, t = +00) = (out,t = +oo| S |in,t = —o0) , (4.23)

where S is the matrix describing the time evolution of the incoming state from
t = —oo to t = 400. Assuming that both the in- and the out-states contain
complete orthonormal bases, the S matrix must be unitary'?. The free-particle
states are natural choices for complete orthonormal bases, and we see that M
is simply a matrix element of the S matrix. We shall investigate this in some
more detail.

For simplicity, let us assume that we can label the initial states with a
discrete label ¢, and the final states by a similar discrete label f. We can then
write the S matrix element as

Spi =05+ My (4.24)

where the Kronecker delta embodies what would happen if there were no inter-
actions : the only possible observed final state would in that case be identical
to the initial state (two particles, say, continuing on their way without having
interacted). The remainder My; is the object described by Eq.(4.23) ; it is the
result of the interactions of the theory, and is described by the Feynman dia-
grams. Note that M;; # 0 is quite possible ; it corresponds to the case where
the final state happens to reproduce the initial state, so to speak in spite of the
interactions. This is called the forward scattering amplitude. Now, the unitarity
of the S matrix is expressed™® as SST =515 =1, or

> SipSki =0 (4.25)
k

121t might also be anti-unitary, but we shall not consider this.
13Since S may be an infinite matrix, both conditions are necessary, whereas for a finite
matrix one would suffice.
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or, in terms of M :

Myi+ M+ MMy =0 (4.26)
k

As a special case, we can consider f =i : we then have the optical theorem,

2 Re (M) + Y [Myi> =0, (4.27)
k

which immediately shows that the forward scattering amplitude must have neg-
ative real part'*. Another simple result is the well-known property of unitarity
matrices : by putting f =4 in Eq.(4.25) we see that for every S-matrix element
we have

Sl <1 ¥ g (4.28)

which implies that M ; can not be arbitrarily large. We shall employ this idea
extensively later on.

4.4.2 An elementary illustration of the optical theorem

We consider the following physical process. We start with an empty initial state
i (that is, a state containing no particles). At some moment a source kicks in,
producing an unstable particle with wavevector p, mass m and total width T
Sometime later, the same source absorbs the particle, and at the end the final
state f is empty again. The simple Feynman diagram describing this is

J
o 5
P J

Since the initial and final state coincide, f = i and this is a forward scattering
amplitude ; it must obey the optical theorem. We shall now verify this. The
matrix element is given by

J ih J
Mis = (n) pE—m2 + il (h) ! (4.29)

J? mI
A (p? — m2)2 + m2I2
which is indeed negative. Now, we consider the matrix elements My,; as used

in Eq.(4.27). These describe the initial state ¢ going over in any final state k,
that is, they describe the decay of the particle after it has been produced by the

source :
J

14A word of caution : in much of the literature, the statement reads that the amplitude
must have positive imaginary part. This is simply due to the fact that in those texts, the S
matrix element is written not § + M but § + iM. I do not see any particular virtue in this.

so that
Re (M;;) = —

(4.30)
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and we shall denote them by

J h
% p? —m?2 +imI
where 7D is the contribution of the ‘decay blob’. We then have

My, = D, (4.31)

J2
Myil* = D* . 4.32
DM = e 1D (4.32)
The optical theorem (4.27) will therefore be satisfied if
1
I'=—>» n|DP. 4.33
s 2 11D (433)

But this is, of course, precisely the prescription for the decay width of the parti-
cle, if we realize that the final state k indicates not only all possible final states,
but also that the summation over k should include the phase-space integration.
This short excercise illustrates both the optical theorem and the computational
prescriptions arrived at before. Note that the factor i corresponds precisely
with the Feynman rule that an external line should carry a factor v/A.

4.4.3 The cutting rules

We shall now consider how the unitarity relation (4.26) can be made useful in the
language of Feynman diagrams. To start, we realize that this equation contains,
in addition to the ‘standard’ matrix element My; for initial state ¢ and final
state f, also M, which describes the (complex conjugate) matrix element for
initial state f going over into final state 4, that is, the time-reversed process. We
shall embody this in a useful manner by introducing a cutting line. A cutting
line cuts across diagrams separating them into a ‘left’ and ‘right’ piece. Any
diagram to the left of a cutting line is interpreted in the usual manner ; any
diagram to the right of a cutting line is interpreted to be the complex conjugate
of the time-reversed version of the diagram. That is,

e - =
If the diagram contains oriented lines, the time-reversal also inverts the orien-

tation of those lines (if the orientation is indicated by an arrow, we reverse the
arrow). We can write Eq.(4.26) diagrammatically as

+ 0. (4.34)

Jki
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It is possible to sharpen this equation to make it more useful. In the first place,
Eq.(4.34) holds for whole matrix elements, evaluated to all orders in pertur-
bation theory. This implies that it must also hold for each order separately'®.
However, even at some fixed order, My; can contain very many diagrams. Con-
sider a somewhat-complicated Feynman diagram in ¢ theory :

ZZ (4.35)

The corresponding Lagrangian reads

L= 2(0"0)(0) — 2mP? — oA (4:36)
2 2 6

The unitarity structure of the above Feynman diagram is not immediately ob-

vious since there are, at this order of perturbation theory, quite a few diagrams

that contribute to this amplitude (57, in fact). We can, however, employ the

following trick. Let us assign a different label to each line in the diagram, in an

arbitrary manner, for instance

(4.37)

and let us pretend that each line corresponds to a different field. This diagram
can then be interpreted as coming from a theory with 9 distinct fields (with
identical mass) and Lagrangian

9

1 1
L= > (2(3“%)(%%) - 2m2soi) -V,
n=1
Vo= 2310203 + A2as020405 + A3490304909
+A567050607 + A789070809 - (4.38)

Nothing forbids us to assign to the various ppp couplings precisely the value .
Now, it is easily seen that, in order A\1a3A245 349 A567A789, the diagram (4.37) is
the only diagram that can contribute in this theory!® ! We can do even more :
by inspection of all possibilities, we can simply realize that the only final states
k in the unitarity condition (4.34) must be precisely k = {2,3}, {5,9}, {2,4,9}

151f Eq.(4.34) were not to hold order-by-order, this would imply subtle relations between
coupling constants, h, and the like. We would then be in a position to actually compute
coupling constants from first principles, which would be good — too good to be true, in fact.

16The secret resides in the fact that in V' the external fields 1,6 and 8 occur precisely once,
and the other fields precisely twice.
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or {3,4,5}, if we want to end up with the right order in perturbation theory'”
In other words,

4@:

where we have omitted the line labellings : indeed, the same identity must hold
for the original diagram (4.35) ! This establishes the so-called cutting rules
(also called the Cutkoski rules), which can be most simply expressed in words :
take a diagram and move the cutting line through it from right to left in all
possible manners, making sure that the two halves in which the diagram is cut
remain connected and that neither the inital state or the final state is dissected.
The particles described by internal lines through which the cut runs must be
assumed to be on their mass shell'®. The sum of all the possible contributions
then vanishes'®

4.4.4 Infrared cancellations in QED

As an illustration of how the cutting rules may be applied we shall make a
slight jump ahead and consider quantum electrodynamics, that is the theory
of photons and electrons. Their Feynman rules will be dicussed later ; for now
it is sufficient to know that the only interaction vertex in the theory is the
three-point vertex

where the oriented lines stand for electrons and positrons, and the wavy line
denotes the photon. Let us consider the 1PI two-loop corrections to the photon
propagator. These are given by

17Note that, for instance, the choice k = {5, 7,8} would result in the right-hand half of the
diagram being disconnected ; the choice k = {2,4, 7} is inconsistent since both 6 and 8 are in
the final state.

18This may mean that the situation thus described fails to meet the restrictions of momen-
tum/energy conservation ; then, that contribution vanishes.

19You might object that in a theory with many different fields the symmetry factors of
the diagrams will, in general, be different from those of a theory with only a single field,
and this is true : however, in the summation over the ‘intermediate states’ k we must of
course also include the ‘indentical-particle’ symmetry factor Fiymm, which precisely repairs
the correspondence — another illustration of the crucial role of the symmetry factors !
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By applying the cutting rules we can investigate the real part of this two-loop

contribution:
+ (/w\( )vuvw) —

“ +

O
o

\
.

/ + wﬁg frrn +
sl o+ el e +

w@w+~@«m+w@«m (4.40)

This set of 10 cut diagrams is, as we can see, equal to

(«N\é + W\é + «N\Q) (W\() —l—(C.C.)
2
wm{f =+ N\/\g s
where integration over the final state is implied. As we shall see, the presence of a
photon in the final state leads to a so-called infrared (IR) divergence arising from
the fact that the probability of emitting an on-shell photon goes to infinity as
the photon energy goes to zero. The process described by the last two diagrams
has therefore an infrared divergence. This divergence is neatly cancelled by
a compensating divergence in the diagrams with a virtual photon in the first
line. This is a well-known fact?® ; but it is instructive to see that the statement
about the cancellation of the infrared divergences can be replaced by the simpler
statement that the photon propagator is free from infrared divergences?!. This
is one example of a useful rule of thumb : when you encounter loop diagrams,

try to envisage the physics that is described by cutting them. In fact, the
cancellation can be pinpointed further ; the single statement that the single

diagram
20 And a fortunate one.

21Two remarks are in order here. In the first place, the virtual-photon diagrams do contain
divergences related to the loop momentum going to infinity : these are ultraviolet (UV)
divergences. The photon propagator is therefore still ultraviolet divegrent, and this is cured
in the usual manner by renormalization. In the second place, the cancellation of IR divergences
takes place even when we restrict the phase space for the outgoing particles, provided that
zero-energy photons are admitted.

+
+

&
&

+ (4.41)
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is IR-finite means that the IR divergences in

2 *

[ () [

must cancel between them.

4.5 Some example calculations

4.5.1 The FEE model

As an example of an application of what we have learned so far, we shall inves-
tigate at theory that contains two particle types, one of mass m, denoted by F,
and another denoted by F, of mass M. The Lagrangian density of this theory
is given by

2

1
L = 5(0"0r) @Oupr) ~ Gor’
1 M? A
+5 (9¢r) (Oupr) — —or” = =pres® . (4.42)

There exists a single coupling between two E’s and one F. Note that the
Feynman rule for the vertex is given?? by —im\/h ; we have introduced a factor
m in order to ensure that

. . 1
dim[\] = dim {hlﬂ]

with no length scale.

4.5.2 Two-body phase space

Since we shall consider processes ending in a two-body final state, it is expedient
first to work out the corresponding two-body phase space. For the sake of
generality we shall do this for a final state containing two momenta ¢; o with
general masses my 2. Furthermore we shall write

Pt=q"+¢" . s=P'P, . (4.43)

The phase space (and with it widths and cross secions) is often most easily eval-
uated in the rest frame of P*, in which ¢; = —¢>. The phase space integration
element is given by??

1
—— d'q 0(q® —mi®) d'qp 6(q2® — ma?) (P —q1 — q2)

AV (P;qu,q2) = o)
(4.44)

221t is customary to leave out the (27)%6%() of momentum conservation, since it is present
in all vertex Feynman rules for translation-invariant interactions.
231t is usual not to include the step functions that require the energies to be positive.
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As a first step, we cancel d*g, against the four-dimensional Dirac delta, and
write the g; integration in its not-explicitly-covariant form :

1 &Eq

dV (P; = — §((P—aq1)? —mo?) . 4.45
( ,(IhC]z) (27‘[’)2 2(]10 (( ql) ma ) ( )
Now, the ¢; integration element can be expressed in polar coordinates as
Eq @l dalde 1
= = —|q1| dg:° d© 4.46
26]10 2q10 2|Q1‘ a1 ’ ( )
where we denote the ¢; solid angle by
dQ) = dcos 6 do (4.47)

with a polar angle 6 running from 0 to 7 and an azimuthal angle ¢ running from
0 to 27, and use the fact that

@l dIqi] = q1° dgr® . (4.48)
The Dirac delta imposing the mass shell condition on g2 can be written as
J ((P —q)* - m22) = 9 (s +my? —mo? — 2q10\/§)

1 s+ mi2 — my? 0
— 4.49

where the rest frame of P has been used. We immediately find that

2 2 2 2
0 S+ m1° —mo 0 S+ mo® — my
_ _ =< - 4.50
q1 2\/5 y Q2 2\/5 ) ( )
and 1
71| = |2 = = A(57m12,m22)1/2 ) (4.51)

2./s
where the Kéllén function crops up again. In the P* rest frame, the phase space
integration element is therefore given by

2 2\ 1/2
/\<1,m1,m2) aQ (4.52)

1
dV(P,qlqu) = 3972
4.5.3 A decay process

As a first application, we shall assume that M > 2m so that the F' particle can
decay into a pair of E’s:

F(P) — E(q) E(q) -

In lowest order, its single Feynman graph is given by
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The corresponding matrix element is quite simple :
.M 3 .
M= —Z? (ﬁ) = —zm/\\/ﬁ s (453)

so that it has dimensionality dim[1/L] as it should. The decay width is therefore

1 1
m2X\2h 4dm?
= o 1 3 42 - (4.54)

Note the occurrence of the symmetry factor 1/2! arising from the fact that the
two final-state F/ particles are indistinguishable. The angular integration is of
course trivial in this simple case, and we immediately find the total width

m2X\2h ) 4m?
327 M M2’

I'(F — EE) = (4.55)

with the correct dimensionality dim[I'] = dim[1/L].

4.5.4 A scattering process

As a second application, we take the mass M of the F particle to be zero. We
now have an extremely primitive picture of the electron-photon system, where
FE is the electron and F' the photon. We consider the process of ‘Compton
scattering’ :

E(p1) F(p2) — E(q1) Fg2)
which, to lowest order, is given by two Feynman diagrams:

P, /"—qz P, . q,
3 q, B q,
p_.- P ---"
The total momentum involved is now
Pl =p' +pt' =" + ", (4.56)
and we shall use the invariant products
s=(p1+p)? , u=(m—aq). (4.57)

Again applying the rules for the construction of the matrix element, we find

s—m?2  u—m?2

1 1
M =iXN*m*h ( + ) : (4.58)
We shall also introduce the quantity

K = \s,m?,0)Y/2 =5 —m? | (4.59)
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which allows us to write

K2 s +m?
2
u—m"=-2(py - =——(B+cosf) , B=— . 4.60
(1 - g2) 9 (B+ ) T2 (4.60)
Here, 6 is the angle between p; and ¢) in the centre-of-mass frame, that is, the
angle over which the F particle is scattered in the collision. The differential
cross section is now written as

do =

XMmdn® (1 4s N 45>
6472s \K2? K3(B+cosf) K*B-+cosl

)2> aQ . (4.61)

At high energies, where B = 1, the cross section is strongly peaked in the
backward direction. At low collision energy, where s ~ m?, B is very large
and the angular distribution is flat. The total cross section is found, after some
straightforward algebra, to be

Mmih® [ 2 2s 4s K
_Aam e S e (1)) 4.62
T 37 <K2+K2m2 € °g< +m2)> (4.62)

At first sight the cross section might appear to diverge at the very lowest ener-
gies, since K vanishes there. However, by carefully expanding the logarithmic
term to third order we find that the poles in K cancel, and

M K2
li EF - EF)= -~ "_ .
Jim, o(BF = BF) = 35703

(4.63)

A remark is in order here. In the first place, the factor A* and consequently
the factor h? could have been foreseen from the start. The fact that the cross
section must have dim[o] = dim[L?] implies that at the threshold, where m is
the only length scale in the problem, there must also be an overall factor 1/m?2.
Moreover, n body phase space contains a power 743" from its definition ; and
also it contains n — 1 solid angles to be integrated over, each giving rise to?* a
factor m. This means that the total cross section for an n-body final state will
contain a factor 73727, In this way, almost the whole cross section formula is
determined, and all the calculational effort is only used to find the numerical
factor 1/48.

24This is to say that the angular integral does not necessarily evaluate to 7, but rather that
a factor 7 invariably arises in the result of a solid-angle integral.



Chapter 5

Dirac particles

5.1 Pimp my propagator

5.1.1 Extension of the propagator and external lines

So far we have been studying particles that can carry only a limited amount of
information : such a particle is completely specified once we have determined
its identity and its momentum. In this chapter we shall start increasing the
number of properties that particles can carry, by examining how the Feynman
propagator can be modified. Since the pole structure of the propagator is closely
connected with the causality of the theory, and must be used to derive Newton’s
first law in the approximation of propagation over macroscopic distances, we will
not mess around with the denominator of the propagator. The generalizations
we shall propose therefore concern themselves with the numerator, and are of
the form

L Lo T® (5.1)
pe — m* + 1€ pe —m* + 1€

where T (p) is some object that informs us that the particle propagating is not

as simple as we have seen so far, but has additional properties. What those

properties are depends, of course, on the choice of T (p).

Now, one very important observation is in order here. The particle prop-
agator never occurs in isolation, but always between two vertices, where the
particle is ‘produced’ and where it is ‘absorbed’!. This implies that, as long as
we have not committed ourselves to particular vertices, a change in the prop-
agator may be compensated to some extent by a change in the vertices. For
instance, suppose that 7 (p) is a simple number: then the predictions of the
theory will remain unchanged if we opt to multiply the vertices by 7T (p)~1/2.
Therefore, T (p) must be more complicated than a single number, i.e. it must

It may be realized that this statement holds true also in the case of external lines, if it is
kept in mind that these are defined in the square of the matrix element.
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have some matriz form. We therefore assume that
a _ " (n)
T®" Zﬂ: (U(p) ) (W(p) )b : (5.2)

where a, b are some indices living in some linear space. They may be Lorentz
indices?, but not necessarily. Note also that 7 (p) must not be a simple dyad
(which would be the case if the label n takes only a single value), since in that
case the ‘vectors’ U and W could again be absorbed into the vertices. Therefore
the sum over n must contain at least two terms. The vertices of the theory must,
of course, contain corresponding indices a, b with which those of the propagator
are contracted, otherwise the matrix element could not be a simple number.

If we now reappraise the truncation argument of the previous chapter, we
see that we can redo it with the more complicated propagator. Again the de-
nominator contribution will end up in the phase space, but the numerator will
be left. We can remedy this by assigning the factor W, to the production matrix
element, and U? to the decay amplitude, with the understanding that this only
holds if the particle is on-shell. We see that an extension of the propagator nat-
urally leads to new Feynman rules for the external lines as well. In the following
we shall investigate several such extensions.

Note that in the above discussion we have not assumed any particular rela-
tion between the ‘vectors’ U and W. In particular we have not defined W to
be the ‘hermitian conjugate’ of U. In the usual cases of Dirac fermions and of
regular spin-1 bosons, U and W are related by conjugation ; but in the Weyl
formulation for spinors no such conjugation is necessarily implied. This means
that, whereas Dirac spinors are only defined for on-shell, positive-energy parti-
cles (as we shall see), Weyl spinors can be constructed for negative-energy (but
massless) momenta.

5.1.2 The spin interpretation

As we have seen, particles with generalized propagators will carry factors U or W
when they occur as external lines in Feynman diagrams. Such particles therefore
carry, by definition, additional information which is somehow embodied in the
label (n). Adhering to good quantum practice, we shall assume that particles
with different values of (n) are physically distinct from one another even if their
momentum is the same. That is, for p?> = m? we require

3 (WW)& (u“l’))a — K Gy (5.3)

with K some constant (that is, the external-line factors are (multiples of) the
elements of an orthonormal set). This implies that

Tp)? < T(p) . (5.4)

2As in the case of spin-1 particles, see later on.
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In other words, 7 must have properties of a projection operator. By simple
counting arguments, it would seem reasonable to interpret the external factors
U™ as members of a (k—1)/2-spin multiplet if the label (n) runs over k values :
however, the more careful treatment is to first see how the U transform under
rotations in the rest frame of p*, and only then to assign them a spin interpre-
tation®. We shall do this explicitly for various particle types.

Before closing this section, we point out that the particles we have studied
in the previous chapter, whose propagator has the trivial numerator 7 (p) = 1,
of course transform trivially (i.e. not at all) under rotations : such particles are
therefore scalars, or spin-0 particles.

5.2 The Dirac algebra

5.2.1 The Dirac matrices

Probably the simplest nontrivial choice for T (p) is to let it depend linearly on
the momentum®. At this point, an immediate objection may be raised ; for the
momentum carries a Lorentz index. Now we do not want to contract this index
with a corresponding index in one of the vertices since this would simply amount
to a redefinition of the vertices. On the other hand, we cannot afford to have
the Lorentz index floating loose, which would destroy the Lorentz invariance of
the theory. We therefore choose

Tp) =p'v+Km1l . (5.5)

Here, v, (# = 0,1,2,3) is a set of four matrices since as we have argued the
propagator’s numerator must be of matrix form®. The symbol 1 stands for the
unit matrix of whatever space the ~ matrices live in, and the term Km1 has
been added since there is no clear reason to forbid it from the start. Of course,
simply prescribing the v matrices would again destroy the Lorentz invariance
of the theory since any matrix element would have 4’s all over the place. We
therefore require that, in the final form of the matriz element, all reference to
the specific choice of these matrices can be removed in a Lorentz-invariance-
respecting manner. That is, the v matrices must be endowed with a property
that allows us to remove them from the final answer. The momenta with which
they are contracted should then end up in ordinary Minkowski products. That
is, there must be a requirement of the form

QUp-o

QM. 7”7, ...,77) = (some tensor) : (5.6)

3This becomes particularly important in the case of massless particles.

4 As has been stated, we shall use ‘momentum’ and ‘wavevector’ interchangeably, with the
understanding that in every serious application of the Feynman rules, the dimensionality must
be L~1.

5 Another argument against the 4’s being simple numbers is that, in that case, they would
define a preferential vector y#. This would destroy the assumed isotropy of Minkowski space,
and a frame in which 4 vanishes would deserve to be equated with Newton’s absolute reference
frame.
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where () is some algebraic combination of Dirac matrices. This had better be
a simple as possible, otherwise we might not be able to eliminate the Dirac
matrices from very simple amplitudes. A moment’s reflection will tell us that
essentially the only possible such property is®

VY M = 29" (5.7)

Note that this is a matrix equation: in its full glory it would read

> {(v")“c(v”)cb + (v”)“c(v“)cb} =2g" 6% ,

C

but, as is conventional, we shall not explicitly write out the Dirac indices unless
it is unavoidable. Note also that Eq.(5.7) immediately confirms that the Dirac
objects v cannot be simple numbers’. Dirac matrices with different indices

anticommute, while
(")?=1, (")?=-1(k=123). (5-8)
We also find immediately that
=4 (5.9)

From Eq.(5.8) we see that the eigenvalues of 4° are either 1 or -1 ; and those of
~1:2:3 are either i or —i. We therefore have the following Hermiticity properties
for the Dirac matrices :

i i
P =4" | A =F (k=1,2,3) . (5.10)

For the rest of these notes, the eigenvalues of the Dirac matrices are actually
unimportant. Any choice of Dirac matrices satisfying Eqgs.(5.7) is acceptable.
Many possible choices have been proposed in the literature. That none of them
possesses a physical advantage over the others follows from the ‘fundamental the-
orem of Dirac matrices’ which shows that any two representations of the Dirac
algebra (5.7) can be transformed into each other®. This again strengthens our
conviction that any result involving Dirac particles should be deriveable with-
out any reference whatsoever to their particular form, and we shall endeavour
to adhere to this. Note that, at this point, we have not specified the dimension-
ality of the Dirac matrices. In order to avoid confusion with Lorentz indices,
the Dirac indices will be called spinor indices, and the objects U and W for this
propagator will be called spinors. Spinors carry only a single spinor index.

6The anticommutation is necessary because of the symmetry of g”” in its indices. Another
possibility might read something like y44¥~y%y# = e#¥®f1 but this woud not allow us to
remove fewer than 4 Dirac matrices in any matrix element. The factor 2 in Eq.(5.7) is simply
conventional.

"Because in that case the fact that ¢! = 0 would imply that 4° or 4!, or both, vanish:
and that would clash with g% = —g1! = 1.

8We defer the proof of this theorem to Appendix 12.9.
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Before finishing this section, let us introduce the Feynman ‘slash’ notation :
if a* is a Lorentz vector, we shall mean by ¢ its contraction with Dirac matrices:

d=a"y, . (5.11)
The Dirac equation (5.7) can therefore also be written as”
B+ P =2 (a-b) ¥ a b (5.12)

with the corollary that
g = a® . (5.13)

We stress that the vector object a* and the matrix ¢ encode ezactly the same
information ; further on we shall see how the vector can be recovered once
the matrix is given. A few simple results, which can be checked by repeated
application of the anticommutation rule, are

YV = —24,
VB Aa-b) . (5.14)

5.2.2 The Clifford algebra

By the anticommutation relation (5.7), any product of more than four Dirac
matrices can be reduced to a smaller number. Let us define the enormously

useful object!?
Y =iy"y' 4, (5.15)
for which we can immediately derive that
Pt ==t () =1 (5.16)

Also we can define the commutator of Dirac matrices as

i
(Y, 7"] = 3 (v =) . (5.17)

ot =

N | =

Obviously there are 6 independent ¢ matrices. The most general object that
can be constructed using Dirac matrices is therefore

=81 + V4" + T,o™ + A, + P+° (5.18)

and these objects form the Clifford algebra. We see that 7 (p) must be an
element of the Clifford algebra. The various coefficients are called, respectively,
the scalar (S), vector (V,), tensor (7)., ), axial-vector (A,) and pseudo-scalar

91t is customary to leave the unit matrix 1 out of the notation. Its presence can always be
inferred where necessary.

10In some texts the definition of 4° is slightly different, for instance it may lack the factor
i. Some care is necessary in comparing results between different texts. The reason why it is
called 4% and not 4* is that in some older treatments the Minkowski indices were assumed to
run from 1 to 4, with the 4t index playing the réle of our 0*" one.
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(P) coefficients. Since the tensor coefficient may be taken antisymmetric, there
are in total 1+4+6+4+1=16 coefficients. This suggests (but does not prove)
that the Dirac matrices are 4 x 4 matrices. Given an element I' in the Clifford
algebra, we can recover its coefficients using the trace identities that we shall
discuss below.

Finally, we can define the two Clifford elements

Wi = % <1 + 75) : (5.19)

These are mutually exclusive projection operators ; that is,
wi=wr , ww_ =w w;=0. (5.20)

These operators are widely used.

5.2.3 Trace identities

A very important role is played by traces of Dirac matrices or Clifford elements.
To start, we have of course
Tr(l)=N , (5.21)

where N is the (as yet unknown) dimensionality of the Dirac matrices'!. Using
~® and the cyclicity property of the trace operation, we see that

Tr () = Tr (1%9°9°) = Tt (1°9"9°) = —Tr (1#7°7°) = =Tr (") (5.22)

so that the trace of a single Dirac matrix vanishes ; and by the same method
we see that the trace of a product of an odd number of Dirac matrices is also
zero, in particular

Tr (v"4*) =0 . (5.23)

For two matrices we have
1
Tr(v"9") = gTr (39" +9"9%) = N ¢, (5.24)
from which we see that the trace of a o matrix must vanish'2. To continue,

Tr(y°) = iTr (V7 Ya) = iTr (V"7 Ya) = —iTr (°1*%) = -Tr (%)
(5.25)
so that also this trace evaluates to zero. The trace of 4 Dirac matrices requires
a bit more anticommutation :

Tr (y9"7%y%) = Tr (297797 — 2429777 +2¢"7979% — 477 29Pak)
(5.26)

11We shall prove later on that N = 4.
12Generally, all commutators are always traceless, by the cyclicity property of traces.
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so that, by cyclicity,
Tr (V474 yP) = N (" g — g"“g"? + g"Pg*) ; (5.27)

and the same method may be used to arrive at the 15 terms for a trace of 6 Dirac
matices, the 105 terms for a trace of 8 matrices, and so on'3. Furthermore, since
the anticommutation operations used in Eq.(5.26) might as well have moved to
the left inside the trace instead of to the right, we immediately find that!4

T (yHr Atz s oo gpinmt ylin) = Ty (yhin hin=t s yliz gy (5.28)

Since ~° is the product of all four different Dirac matrices, the product >y~
(with p # v) is actually a product of two different Dirac matrices, and therefore

Tr (757“7”) =0 . (5.29)
Finally, it is immediately seen that
Tr (7 ~ Ay”’yawﬁ) = iNetvB | (5.30)

Returning to the general Clifford algebra element I', we can straightforwardly
derive the following results :

Tr(T) NS,
MEA) = NVE
Tr(FJ””) — ONTH
T = N A
Tr(F’y) = NP. (5.31)

This shows that we can indeed recover all coefficients from a given I'. It also
leads to the following useful insight : if all the above five traces vanish, then
I' itself must be identically zero. The above method of computing the Clifford
coefficients from the algebra element is also called Fierzing.

A final, important remark : we have shown that the trace identities, which
have been obtained using only Eq.(5.7), evaluate to expressions containing only
the metric and the Levi-Civita symbol, which are Lorentz tensors. Therefore, if
we can show that all matrix elements (or, at a pinch, their absolute squares) can
be written as traces, we have realized our goal : the particular representation of
the Dirac matrices is irrelevant, and all possible choices will lead unambiguously
to a unique result.

5.2.4 Dirac conjugation

The linear space in which the Dirac matrices operate can be endowed with an
attractive notion of conjugation, called Dirac conjugation, which we shall now

131t is clear that such trace evaluations are best performed by computer algebra.
MFor even n, we have the proof here ; for odd n it is trivial since 0 = 0.
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construct. Denoting the Dirac conjugation by an over-bar, we require that the
Dirac matrices be all self-conjugate :

FE =~ 1=0,1,2,3 . (5.32)

Obviously, then, Dirac conjugation cannot be simple Hermitean conjugation,
and we look for a definition of the form

r=qrfo! (5.33)

for any Clifford element I' ; such a form ensures the reasonable property
O, =T T (5.34)
for two Clifford elements. Double conjugation should be equal to the identity :
r—(t)=o@Y'role'=p"'rB , B=0lo". (5.35)

The element B must therefore commute with any Clifford element, which implies
that B is a multiple of the unit element (this is a variant of Schur’s lemma, see
excercise 77). Without loss of generality we may therefore take B = 1, so that
Q is Hermitean. The straightforward choice (in fact the only one, see excercise
??) is therefore to take Q = ~°, and the Dirac conjugate is then defined as

T=7TT40 . (5.36)
For a spinor ¢ (which carries an upper spinor index) we have
£=¢14", (5.37)

which is seen to carry a lower spinor index. A conjugate spinor 77, which carries
a lower index, obeys

n=mn, (5.38)
which has an upper index. A spinor sandwich!'® is an object of the form
nre.,
and it carries no spinor indices as can be seen ; reasonably, we have
7T :§F77:(77F§> : (5.39)

Further conjugacy properties follow immediately from Eq.(5.32) :
I i N (5.40)

In order for a general Clifford element of the form (5.18) to be self-conjugate,
the coefficients S, V¥, TH” and A" must be real, and P imaginary.

The standard Dirac spinors which we shall investigate are defined such that
W = U, although as we have already mentioned this is not an unavoidable
choice to make. Note that the Dirac choice implies that

T) =T . (5.41)

15Named after John Montagu, 4th Earl of Sandwich, PC, FRS (13 November 1718 - 30
April 1792).
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5.2.5 Sandwiches as traces

Consider a spinor sandwich:

nre.
In terms of explicit indices, this reads
nre=y. m, %€ . (5.42)
a,b

Once we realize that the individual terms in this double sum are, in fact, simple
numbers, it is clear that we may also write

nre=>%"¢ @, @, =TrEnl) | (5.43)
a,b

where €77 is seen as a (dyadic) matriz. This ‘mental flip’, whereby we may sud-
denly interpret the combination spinor-conjugate spinor as a matrix, frequently
turns out to be extremely useful in the evaluation of objects involving Dirac
matrices.

5.2.6 A Fierz identity

As an application of what we have learned of the Clifford algebra, we shall prove
the Fierz identity. This deals with the object

F(1a27374) = £1w+,yM§2 £3w+7N§4 ) (544>

where the £’s are arbitrary spinors. Obviously, F'(1,2,3,4) = F(3,4,1,2). Now,
as F' stands denoted above, it appears to be the (Minkowski) product of two
spinor sandwiches, but we may also (by the ‘mental flip’ mentioned above) see
it as the single sandwich

F(1,2,3,4) = El"'”r’yu (6223) WiYuba (5.45)

since £2€5 is an element of the Clifford algebra. We therefore have coefficients
such that

283 = S+ Vay® + Tapo® + Auy®y* + Py . (5.46)
The contraction over the indices p is then possible :
Wiy Eaawiyt =
= Wiy (Var® + 4ar*7*) wiu
= wir" (Var™ + A7) W
= 2wy (Vay™ — Auy”) (5.47)

where we have used the fact that wyTw; = wyw T = 0 if I" contains an odd
number of Dirac matrices'®. We can therefore write

F(1,2,3,4) = —2&,wy (Vo — Aa) 7%y . (5.48)

1680 that S, T, and P drop out.
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Now, we also know that, whatever the spinors & and &3 are,

1 _ 1
Va = NTI (52537&) = N&g’YQSQ 5
1 _ 1
Aw = =T (687770) = — 587 e - (5.49)

This leads us to the alternative form

FUL230) = 2w (& (1499 %8 ) 176

F(1,2,3,4)

2 _ _
_Nf1w+’7a§4 &3 (1 + 75) Yab3

4
= —NF(1,4,3,2) . (5.50)

As we have already mentioned, we shall show that N = 4 and the Fierz identity
then becomes
F(1,2,3,4) = —-F(1,4,3,2) . (5.51)

In words, the spinors & and &, may be interchanged at the price of a minus

sign'”.

5.2.7 The Chisholm identity

Consider a Clifford algebra element I' that consists of only an odd number of v
matrices (that is, one or three). In that case it has the decomposition

L=V, v+ A, v . (5.52)

Let us define the reverse T'® as the result of writing all the Dirac matrices
involved in the reverse order!®. By the reflection property of Eq.(5.28), this
means that

Tr (TF) = Tx (D) (5.53)
for all elements of the Clifford algebra. In the present case, we have
TR =V, 4" — A, ¥ . (5.54)
Therefore,
4T =2V, 9" . (5.55)

We immediately arrive at the so-called Chisholm identity :

Y Tr (D A*) = g (r + PR> . (5.56)

This identity is quite be useful in the evaluation of spinor sandwiches that
contain a free Lorentz index.

17This is very suggestive, once we are convinced that the Dirac system describes fermions.
However, the Fierz identity holds only for this particular sandwich, and relies heavily on the
presence of the w4. On the other hand again, it is eminently suited to resolve a potential
problem in the Fermi model of muon decay, which we shall discuss later on.

18Note that, fortunately, (y2)% = 45, so that (72y#) = —454#k,
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5.3 Dirac particles

5.3.1 Dirac spinors

The requirements on the object 7T (p) that we have gathered so far are that it
be a member of the Clifford algebra, and that

Tw?=Twm . Tk =Th (5.57)

although by a renormalization we may relax the first requirement into a propor-
tionality. Now, it must be remembered that any modification of the propagator
may be compensated for by a transformation of the vertices : so, if there is a
Clifford-algebra object ¥ such that

Y =¥¥=1,
then, effectively, the propagator
2 Tp) =

is equivalent to 7 (p) itself. We may then perform a search'® through all inequiv-
alent possibilities for 7. The upshot is that there are precisely four projection
operators, for a choice of two Minkowski vectors k* and s* such that

k-k=1, s-s=-1, k-s=0, (5.58)

and they read

1
(A1, A2) = 1 (1 + mé) (1 + )\275;4) , (5.59)
where A\ 2 = +1. We have
IT(A1, A2) = TI(Aq, A2) (5.60)
and
IT(A1, A2)TI(A, Ag) = Oy xy Oxg, (A1, A2) (5.61)

and also we conclude that, since there are precisely 4 projection operators,
we can settle for N = 4 for the Dirac matrices??. Since for on-shell particles

19This is a quite tedious task, in particular the unearthing of the necessary ¥ matrices.
This is relegated to Appendix 8, based on the efforts of J. de Groot.

20This presupposes that a four-dimensional choice of dirac matrices is actually possible.
This is the case, witness the so-called Pauli representation :

1 0 0 0 0 0 0 1

o [0 1 0o o . 0 0 1 0

=1 0o 0o -1 o0 = 0 -1 0 O '
00 0 -1 1 0 0 0
0 0 0 —i 0 0 1 0

5 0 0 i 0 3 0 0 0 -1

7= 0 i 0 0 7=l -1 0 0 o0 (5.62)
—i 0 0 0 0 1 0 O

Any other representation will do as well: that is the whole point of it !
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p? = m? we can settle on k* = p*/m, and then the new degree of freedom is

the choice of the vector s* which we shall call the spin vector. We are, then,
naturally led to define two Dirac spinors, depending on momentum and spin
vector, by

wpooutps) = g (#em) (149%) |

v(p,s)vu(p,s) = % (ﬁ—m) (1 +75¢> . (5.63)

These are defined for momenta p* that are on-shell, and have positive energy
p?. To see this last property, inspect

2p° = Tr (u(p, s)u(p, s)7°) = u(p, s)y u(p, s) = u(p, s)'u(p,s) ,  (5.64)

which is cleary positive ; and the same goes for the spinor v. Spinors for negative-
energy particles can be defined, but then they will not be Dirac spinors and the
relation W = U does not hold. The following properties are easily ascertained :

PEtm)?=+2m@p+m) , F+m)(p-m)=0,
1£9°H)?=201£9") ., L+1"H1-7"$) =0,
(p£m) and (1+~°§) commute , (5.65)

provided that p-p = m?, s-s = —1 and p-s = 0. We can immediately conclude
that

u(p, s)u(p,s) =2m , (p,s)v(p,s) =—2m ,
u(p, s)v(p,s’) =0 , u(p,s)u(p,—s) =0 . (5.66)

Another point to be made here, and used later, is that the Dirac spinors contain
all the information about their momentum and spin vectors. That is, if we are
told that £ is some Dirac spinor, then we can at once determine whether it is of
the form u(p, s) or v(p, s) by computing £¢ and using Eq.(5.66) ; this will also
tell us the value of m. If £ = u(p, s), we can recover p* and s* from

EytE=2p" , £ E=—2mst ; (5.67)
if, on the other hand £ = v(p, s) we use

EE=2p" | £ E=+2mst . (5.68)

5.3.2 Example of the Casimir trick

In the last section we saw that u-spinors with the same momentum p and op-
posite spin vectors are orthogonal. Could there be other spin vector choices
also yielding an orthogonal state ? To this end we can consider @(p, s)u(p, s’)
where s* and s'* are spin vectors. If the spinors refer to orthogonal quantum
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states, then the absolute square of the spinor product must vanish. We shall
now compute this exactly, by turning the product into a trace using the so-called
Casimir trick. It helps to write the Dirac indices explicitly for once :

@(p, s)u(p, s")|* =
— Z (ﬁ(p, s))a (u(p, s’))a (ﬂ(p, 5’))17 (u(p, s))b

o
= E;W@JDWW%@L@@JwGW@ﬁwb

= Zb: (u(p, )(p, )", (ulp, s"alp, )",

= Ei(wn8ﬁ@%$uwﬁﬁﬂ@ﬁﬁfb

= Ti(ﬂ(p»S)ﬂ(p,S) u(p, ' )u(p, s')) - (5.69)

For any correctly constructed amplitude involving Dirac particles, its absolute
square is always amenable to the Casimir trick : traditionally, therefore, the
evaluation of such amplitudes is done in this way?'. This establishes the last
requirement for the uniqueness (up to a phase) of matrix elements involving
Dirac particles (c¢f. section 5.2.3). We can evaluate the trace by standard
operations. For didactical purposes we give them here in excruciating detail :

Tr (u(p, s)u(p, s) u(p,s)u(p,s)) =

T (0 m)(1 )+ m) 1+ 7)

LT (M)

= ST (B+mA+7HA+)

= %Tr (B+m+ P78 +myd + P+ my®d 4 P+ my )

= %Tr (m+my°#y°¢) = %Tr (m—mgd)=2m>(1—(s-5)) . (5.70)

Note that only two out of the eight terms contain the right number of Dirac
matrices to survive the trace. Since we can work in the p* rest frame, where
the spin vectors must be spatial unit vectors, we conclude that, in that frame

u(p, s)u(p,s’)|> =2m* (1+5-3) . (5.71)

The states are only strictly orthogonal if 5 = —5.

21Note that there is a price: the length of the expressions is doubled by the squaring, and if
the amplitude contains many diagrams the algebra can become very cumbersome indeed. A
lot of computational shortcuts have been proposed, the most useful of which appears to be not
to bother with squaring at all but rather to evaluate the spinor products themselves directly
as complex numbers, by so-called spinor techniques. On the other hand, the existence of the
Casimir trick ensures that, as required, one can completely get rid of the Dirac matrices in
the prediction of cross sections using only their anticommutation properties.
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5.3.3 The Dirac propagator, and a convention

We have now arrived at a possible choice for the Dirac propagator. Since the
two spin states described by uw should propagate in the same manner??, we
shall use the projection operator

Tlp)=p+m , (5.72)

and adopt this choice also off the mass shell (where it is actually used). The
Dirac propagator therefore takes the form

p? —m? +ie

The fact that the numerator is linear in p means that the propagator is oriented,
in contrast to what we have used so far. To indicate this we define the orientation
with an arrow, and adhere to the convention that the momentum is counted in
the direction of the arrow, irrespective of the sign of the energy component. The
first Dirac Feynman rule therefore becomes

—_— & ih M internal lines
k k-k—m?2+ie
’ Feynman rules, version 5.1 ‘ (5.73)

In writing out Feynman diagrams containing Dirac particles, we of course have
to keep track of the Dirac indices resident in propagator and vertices. This may
lead to incredibly cumbersome notation, that may however be greatly simplified
if we adopt the following writing convention : write out the Dirac-index
carrying factors in order, moving against the orientation of the line.
Then, all these factors are contracted together using the usual rules for matrix
multiplication, and one hardly ever needs to write the Dirac indices explicitly.
This convention is really to be urged on anyone contemplating any calculation
involving Dirac particles®? !
A final word on notation : since

(}6+m) (géfm) =p*—m? (5.74)
the Dirac propagator might be written as

p+m ih
p2 —m2+ie p—mtie

ih (5.75)
In instances were the ie can be neglected, this is certainly allowed ; however in
more delicate situations (such as inside loops) the first alternative is probably
to be preferred. Nevertheless we shall occasionally also use Eq.(5.75).

22Otherwise we would not consider them to be states of the same particle
23Try it out for yourself ; after at most ten minutes you will be convinced.
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5.3.4 Truncating Dirac particles : external Dirac lines

Let us now return to the truncation argument that gave us the Feynman rule for
external lines in chapter 4. We shall redo this for Dirac particles moving between
production and decay. As a first case, let the ‘p’-line connecting production
and decay be oriented from production to decay, as indicated in the following
diagram :

According to the convention described above we then have for the amplitude

ih(p +m)
p2 —m?2 +iml

M = [B] [A] . (5.76)
Note that, in this amplitude, the factor [A] must carry the upper Dirac index
of a spinor, and [B] the lower index of a conjugate spinor. p*, obviously, carries
positive energy. As we let I' vanish and p* approaches the mass shell, we may
then write

prm=> ulps) ups) , (5.77)

where the sum over s runs over two values, s* and —s*. Following the truncation
argument, we readily see that the spinor u(p,s) must then be included in the
decay amplitude, and u(p, s) in the production amplitude.

In the alternative case, where the line is oriented against the flow of energy,
the amplitude is given by

p

and reads (again with our convention !)

th(—p+m)

M= e it

B] . (5.78)

Note that it is now [A] that is the conjugate spinor, and [B] the regular one. Of
course, they describe a physical process different from the first case | We are
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now forced by the negativity of the energy to write

—p+m=— Z v(p,s) v(p,s) . (5.79)

S

The sign flip in the projection operator is of course precisely that which turns
a particle description (with negative energy, moving backwards in time along
the orientation of the propagator) into the antiparticle description, with pos-
itive energy. The truncation argument then tells us that v(p,s) must be the
factor associated with the production, and T(p, s) must be associated with the
annihilation, of the antiparticle. There remains the question of where to put
the left-over Fermi minus sign. Consistently, we may decide to keep it with the
7, in which case we arrive at the following Dirac Feynman rules :

—_— iR F+m internal lines
k k-k—m?2+ie

< Vhu(p,s) outgoing particle

o Vi u(p, s) incoming particle

% ~ Vho(p,s) outgoing antiparticle
p,s
) < —V5hEv(p,s) incoming antiparticle
’Feynman rules, version 5.2 (5.80)

The awkward-looking minus sign is usually subjected to the argument that any
matrix element containing an incoming antiparticle will have the factor —v in
each of its diagrams, and since we are interested in absolute values squared
anyway, there would appear to be little harm in deleting this overall minus sign
from the Feynman rules : and this is what is commonly done. A little reflexion,
though, will remind us that the sign of the amplitude’s real part is fixed by
unitarity, and now we have changed it ! Clearly, the minus sign will be back to
haunt us later on.

5.3.5 The spin of Dirac particles

We shall now determine the spin of Dirac particles. Although the fact that they
have two orthonormal spin states strongly suggests that they have spin-1/2,
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a real proof must rest on the way they form a representation of the rotation
group. The rotation group is, of course, a subgroup of the Lorentz group.
Now, we have argued that the vector p* and the matrix p contain exactly the
same information, for any vector p#. Therefore, we must be able to find how
transforms under a Lorentz transformation. Let us define by A(p; ¢) the minimal
Lorentz transformation, that is it makes p* go over in ¢* while keeping any
vector r* unchanged for which p-r = ¢-r = 0. Rotations are an example : in
that case p° = ¢ = 0, |p] = |g], and 7 = 7§ = 0. Since p is a matrix, the effect
of a Lorentz transformation must be represented by a matrix transformation,
that is

Alpiq): p — S1p¥a . (5.81)

Since we must ensure that Dirac conjugation commutes with Lorentz transfor-
mation, we must have Yo = % ; and in order to have matrix multiplication
commute with Lorentz transformations as well?* we must have X3, = 1. We
conlude that

Ap;q): p— ZpT , T8 =1. (5.82)

The explicit form of ¥ reads?®

E:C(Hfﬁ) : |C|2:(pi7q)2. (5.83)

You can simply check that this is indeed correct :

vy = |C|2(1+¢15+M+¢f]5]5¢1>

p? pt
2 2(pq) | P°¢*\ _
= || <1+ o >_1, (5.84)
and
= _ 5 qpp + pod | drvvd
Bgs = |cp (p+ LI, 1)
o ard _
el <p+2g+ pQ)_¢ , (5.85)

where we have used the anticommutation result ¢p¢ = 2(pq)d — pg*. The other
requirements, Y¢3 = p and XyX = ¢, are proven trivially. For general Clifford
elements I', we have now also ensured that

I - IS (5.86)

2480 that we can either first mutiply p1 and P2, and then Lorentz-transform them, or do
the Lorentz transform first and the multiplication afterwards.

25This form tacitly assumes that under minimal Lorentz transforms the sign of p? and
(p+ q)2 are the same. This is not obvious ; however, for boosts and spatial rotations it does
hold.
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under Lorentz transformations. It is somewhat surprising to see that the form of
the Lorentz transformation in Clifford space is quite simple. Since all spinorial
dyads &7 are Clifford elements, we find from the above that the transformation
rules are

E X, € 3£ (5.87)

Let us now select the spinor of a particle in its rest frame, and consider rota-
tions of the space axes. By x*, y* and z* we shall mean the four-dimensional
extensions of the spatial unit vectors in the z-, y- and z-directions, respectively.
A rotation ¥, over an infintesimal angle @ from  towards y around the z axis?®
is then determined by choosing

p*=at | ¢" =cos(f)x* 4 sin(Q)y" = ¥ + Oy* (5.88)

if we restrict ourselves to first order in 6. To this order, we find that |C| = 1/2,
and so

Som g (L (A 004 = 1+ o (5.89)

(realize that 22 = y? = 22 = —1). The generators of the rotation group must
therefore be?”

T.=pyt , T,=p# . T.=5ty , (5.90)

where we have used cyclicity, but not specified the constant 8. This constant
can be determined from the rotation group algebra requirement:

Ty, Ty =T,T, — T,T, =ihT, , (5.91)
which for the Dirac system is seen to read

T2, T,) = B° (J##t — HdF) = 26°4) = 28 T (5.92)
from which we see that 3 = ih/2. Noticing also that?®

2
R e (593)

we conclude that the total-spin operator comes to
- 3
T*=T>"+T,+T.° = th ) (5.94)

The spinors are, therefore, representatives of a spin-1/2 system.

26Here the confusing active-passive distinction rears its ugly head. We shall not worry about
it since the rotation algebra is the same in each case.

27By inserting the Pauli representation of the Dirac matrices, one may figure out that these
generators are nothing but the Pauli matrices in disguise. The present treatment aims at a
more relativistic description.

28The fact that the square of any of the generators is proportional to the unit matrix is
more or less a coincidence ; for systems with higher spins it no longer holds.
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5.3.6 Full rotations in Dirac space

It is instructive to see how Dirac particles behave under certain non-infinitesimal
rotations. To this end, consider the action of a rotation over 7/2 in the x — y
plane ; we denote this by

x
V2
Taking powers of this rotation operator, we obtain, successively,
X(m) = B(n/2)° =yt ,
Y(2r) = X(r/2)'=-1,
Y(4r) = X(n/2)¥=1 . (5.96)

S(n/2) = — (1—y¢) . (5.95)

We see that a full rotation over 27 changes the sign of any spinor state ; to
obtain the identically original state we have to rotate, instead, over 4w. In
standard quantum-mechanical parlance, we say that the wave function for spin-
1/2 particles is two-valued. Of course, under a rotation over just 27 any spinor
sandwich is again transformed into itself.

5.3.7 Massless Dirac particles ; helicity states

In the projection operators u(p, s)u(p, s) and v(p, $)v(p, s) as we have defined
them, the limit m — 0 appears unproblematic. There is, however, a subtlety.
Let us take a Dirac particle with definite helicity : in that case, the spin vector is
parallel to the direction of motion?’. Let us take p’along the z axis for simplicity.

Then, the requirements s> = —1, (ps) = 0 determine that
P’ p/m
0 0
o B —
pt = 0 , st=s= 0 , (5.97)
P p’/m

where p = |p]. As m — 0, the spin vector diverges, and the massless limit is not
so obvious. We may, however, write for this case

p°/m -1
0 P-p| 0 1 0
no_ = —pt
s = 0 + o | = +0omp’) (5.98)
p/m 1

since (p° — p)/m = m/(p° + p). The projection operator can then be evaluated
by

ulp,s)i(p.s) = 5 (1+7°4) B+ m)

29This is, obviously, not a Lorentz-invariant notion. As the particle’s velocity approaches
¢, however, it becomes Lorentz-invariant.
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= (o (%)) wem
— Jueeemro(5)
wip (5.99)

which is well-defined. Of course, for s# antiparallel to the velocity, we find

Q

u(p, 8)u(p, s) Hw_p . (5.100)

These are the so-called helicity states for massless Dirac particles, which can
also be written as®°

ux(p)ur(p) = vA(p)a(p) =wrp , A=+ . (5.101)

Because of their simplicity, massless helicity states are very popular in high-
energy calculations where fermion masses may be neglected ; but we should
not forget that states without pure helicity are also possible. Indeed, we can
consider the case where p and § make a fixed angle f. In that case the spin

vector reads
mcos @ st + p¥sin g s*
st = ” = (5.102)
(p°)% — p? cos? 6 ’ .

where

0
w | sing
L= cose . (5.103)

0

Here ¢ denotes the azimuthal angle of § around p. If we now let m — 0 so that
p — pP, then the limit of the projection operator becomes

u(p, s)u(p, s) ~ %(1 +Y7 40P (5.104)

and we see that this limit is indistinguishable from a masless, transversely po-
larized Dirac particle. The message is that the massless limit is always defined,

but must be taken with some care3!.

5.3.8 The parity transform

An interesting excercise is the following. Let £ be an arbitrary spinor. The
object
u(p,s) = C (p+m)(1+~°$)¢ (5.105)

30Gtrictly speaking, the antiparticle of the right-handed particle is left-handed, whereas the
above definition does not respect this. In practice this does not usually lead to confusion.

31Tt is also clear that to produce, say, beams of ultrahigh-energy electrons with given helicity,
one needs to be able to align the spin vector very precisely with the momentum, to angles of
order m/p®. Nevertheless, this is feasible in practice, as the LEP/SLC colliders have proven.
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is then ezxactly the spinor for a Dirac particle with momentum p* an spin vector
s*, provided that C' is chosen appropriately®?. Now, let us consider

Yu(p,s) = C A (F+m)(1+~°4)¢ . (5.106)

By anticommuting the 4° to the right, we can arrive at

Yu(p,s) = C (p+m)(1+~°F) 7% . (5.107)

Here, the vectors with and without hats are related as follows :

(1) r=(5) ee(2) ()
P —p S 5

(5.108)
Since 7%¢ is also an arbitrary spinor, the object v%u(p, s) is exactly the spinor
u(p, §) for a Dirac particle with momentum p* and spin vector §#. What is this,
precisely 7 The spatial momentum of the particle has been reversed : this is
called the parity transform. The spin vector, however, retains its spatial part
while its time-part has now been flipped. The spin vector is, therefore, a four-
vector of a different type from the more regular vector p* : such four-vectors are
called azial vectors®3. We conclude that multiplying a spinor by 7° induces its
parity transform. For antiparticle spinors, as well as for the conjugate spinors,
the treatment is completely identical.

5.4 The Feynman rules for Dirac particles

5.4.1 Dirac loops...

As mentioned above, there is a natural tendency in formulating the Feynman
rules to leave out the Fermi minus sign in the rules for external particles. Let
us suppose that we choose to do that. Now, consider the following cutting rule :

+
+
Il

o

’,

Here, a scalar particle has a three-point coupling to a pair of Dirac particles4.
We shall not evaluate the whole diagram, but rather concentrate on the two

32This idea lies at the basis of the spinor techniques, to be discussed below.

33This explains the term ‘axial-vector’ coefficient we used in the Clifford algebra.

34The requirement that amplitudes do not contain uncontracted indices essentially forces
us to use Feynman rules in which the orientation of Dirac lines is conserved at every vertex.
For so-called Majorana fermions this is not true : Majorana fermions, therefore, have no
distinction between particle and antiparticle.
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Dirac propagators. In the third, cut-through diagram, they occur as external
lines, giving rise to a factor

u(p)lv(q) v(g)T2ulp) ,

where I'y o represent the rest of the diagrams. The momenta p and g are assumed
to run from left to right. We have not indicated the spins since anyway we have
to sum over them. Therefore we would have to evaluate the trace

T (@ T )T (f mq>r2) |

where we have indicated that the two Dirac particles are not necessarily of the
same type. Let us now shift our attention to the first diagram, say. A closed
loop of Dirac particles is automatically also a trace: this diagram, then, requires
the analogous trace

Tr ((p +my)Ty(— + mq)m) :

since the momentum ¢ is running against the orientation3®. The second trace

has the opposite sign of the first one ! To solve this problem (and save unitarity
of the S matrix !) we therefore have to introduce an additional Feynman rule
for Dirac particles :

— & iR F+m internal line
k k-k—m?+1ie

§ Vi u(p, s) outgoing particle
p.s

o VE u(p, s) incoming particle
p.s

% SN \/ﬁv(p, s) outgoing antiparticle
p.s

~ Vhop,s) incoming antiparticle
p.s

For every closed loop of Dirac particles, count a factor —1. ‘

’Feynman rules, version 5.3 (5.109)

35We disregard the denominators of the Dirac propagators since they do not influence our
argument.
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5.4.2 ... and Dirac loops only

In the above we have not yet explained why the minus sign must be assigned
only to those closed loops that contain only Dirac particles. The reason for this
is based on crossing symmetry. Consider a (cut) diagram like this one :

AY
.

The lines without arrows have no Dirac propagators but just the ‘original’
ones®®. The cut crosses two Dirac lines, and we might conclude that a mi-
nus sign is called for. However, by crossing symmetry this diagram is related

to

where now the cut crosses one Dirac line and one line without an arrow. Since
the propagator in that line is even in its momentum, we can always choose the
loop momentum to run in the ‘correct’ direction for the Dirac line, and no minus
sign is needed. Therefore, the first diagram also takes no extra minus sign, since
crossing symmetry forbids for an amplitude to suddenly pick up an extra minus
sign under crossing. It is only when a closed loop consists of only Dirac particles
that no crossing can be found for which the loop momentum can be chosen to
run in the ‘correct’ direction. Therefore, only for such loops is a minus sign
unavoidable®”.

5.4.3 Interchange signs

Consider the following two diagrams, that can both contribute to the decay of
a scalar into a Dirac-antiDirac pair at the one-loop level :

—

364.e. ih/(p? — m? + ie) for momentum p and mass m.
37This holds true later on, where we also introduce vector particles, the propagator of which
is also even in the momentum.
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The first diagram contains a fermion loop and hence carries an overall minus
sign ; the second one does not. Now consider the cut versions of these diagrams :

Il Il i E
: \ : —
The left-hand sides of the cut-through diagrams are identical. The right-hand
sides differ in the way that the in-going fermions are connected to the out-going
ones ; the ingoing ones are interchanged in in the second diagram with respect
to the first one. This, then, must correspond to a minus sign associated with

the interchange of external lines in a diagram, and we arrive at the final form
of the Feynman rules for Dirac particles :

—_— & in F+m internal line
k k-k—m?2+ie

§ & Vha(p, s) outgoing particle
p,S

o VA u(p, s) incoming particle
PsS No

——6 ~ Vh v(p, s) outgoing antiparticle
p.s

< Vhu(p,s) incoming antiparticle
pss \

’For every closed loop of Dirac particles a factor —1. ‘

’ For every interchange of external Dirac particles a factor —1. ‘

Feynman rules, version 5.4 (5.110)

Note that the interchange rule only determines the relative sign between two
Feynman diagrams. How the interchange sign can be determined is best illus-
trated by an example. Consider, for instance, a process with 6 external fermions.
Three of them must then be oriented outward from the diagram, carrying a u
of ¥, and the other three must be oriented inward and carry a u or a v. Let us
assume that there are three Feynman diagrams, schematically given by3®

diagram 1: ﬂlFlUQ 53F2’U,4 E5F31)6

38The process e"e~"et — e~e~et is an example.
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diagram 2 : u Tgus U356 usleug

diagram 3: E1F7’UJ4 @31—‘81}6 E5F9u2 s

Clearly, we have left out an enormous amount of detail here, and the I'’s can be
anything. Note that we have written the three diagrams in such a way that the
conjugate spinors Uy, U3 and Us are in the same order in each diagram : this is
always possible. Now, we see that to go from diagram 1 to diagram 2, the posi-
tions of u4 and vg must be interhanged, whereas one can go from diagram 1 to
diagram 3 by, say, interchanging first us and u4, and then uy and vg. Therefore,
diagram 1 and 3 have no relative minus sign, and diagram 2 has a minus sign
with respect to 1 and 3. In actual practice, the determination of the relative
signs can be made even easier ; simply decide on some preferred ordering of
all your u’s, v’s, w’s and v’s , and compare the ordering in your given diagram
with your preferred one. Note that, since spinor sandwiches always contain two
spinors, spinor sandwiches may be interchanged at will without destroying this
simple rule.

Before finishing this section we want to make an important observation.
The loop and interchange minus signs as we have discussed them depend on the
structure of the diagrams, and not on the type of the Dirac particles ; even if a
neutrino and a top quark were interchanged, the minus sign would crop up3®.
The minus signs depend only on the fact that they are Dirac particles, that is,
spin-1/2 fermions. No notion of ‘identical particles’ is relevant here.

5.4.4 The Pauli principle

Let us consider a possible experiment in which we attempt to produce two Dirac
particles of the same type (two electrons, say), with exactly the same momentum
and spin. Any such process is, in principle, described by Feynman diagrams.
We can say immediately that the number of diagrams must be even, since for
every diagram there must be a corresponding one in which the two electons
are interchanged. Now, if the momenta and the spins of the two electrons
are precisely the same, they will be described by identical conjugate spinors,
and in fact the two diagrams of the pair will have exactly the same value —
apart from the relative minus sign ! The total amplitude is therefore identically
zero. We conclude that it is not possible two produce two Dirac particles in
exactly the same state. By considering incoming electrons, we can also conclude
that it is not possible to observe two Dirac particles if they are in exactly the
same state, since the observation process is also describable (presumaby !) by
Feynman diagrams. This is the Pauli exclusion principle??.

390f course, the interactions in the theory may be such that no such interchange is possible :
but this is beside the point.

40Note that I do not comment on the possibility that electrons in identical states might sim-
ply exist : they would not be observable by any process describable by Feynman diagrams.
Their only influence could arise through some non-diagrammatic process, involving possibly
gravity since that appears not to be amenable to diagrammatics. Of course, classical quan-



150 March 27, 2014

5.5 The Dirac equation

5.5.1 The classical limit

So far we have not mentioned the Dirac equation, nor have we had need for it.
As an illustration, we shall show how it can be obtained. To this end, we need
to provide a few Feynman rules in position, rather than in momentum space.
The Dirac propagator, oriented from spacetime point x to spacetime point y, is

ih ik (u—p) KM
/-‘9\ < (271_)4/ d46 ke(y )h 5 (5111)
X y

where we have dropped the ie for simplicity. The Dirac particles are created
by a spinorial source J(x), and absorbed by a conjugate-spinorial source J(z),
with the rules

2

o —— < —ﬁJ(l“),
—< 9 <« —%J(x). (5.112)

If we forget about any other couplings, the Dirac field is free, and its SDe is
ezxactly its own classical limit. Now, consider the following form of it :

- —> . (5.113)

With the field function of the Dirac field denoted by ¥(x), this SDe reads

1

P(x) = (27r)4/ dy d*k e_ik'(m_y)HJ(y) , (5.114)

where matrix multiplication is implied as usual. We can now study the object

(19-m) vte) -

— ﬁ / dy d*k em @Y — m)HJ@)
- (2;)4 / dby d*k e7 @) g (y)
_ / Ay e —y) J(y) = J(z) | (5.115)

which is the classical Dirac equation :

(i@ - m) b(x) = J(z) . (5.116)

tum mechanics finds that the combined wave function for identical-state electrons vanishes
identically, but again quantum and gravity do not see completely eye to eye.
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We can also consider the ‘Dirac-conjugate’ SDe :

X = Xx—<—@ | (5.117)
which is written as
7y 1 T +m —ik-(y—=x
U(z) = @) /d4y d'k J(y)h e~ =) (5.118)

By the same simple manipulation as above, we can then show that the conjugate
Dirac equation reads

b(x) (—i (5 —m) =J(z) , (5.119)

where the leftward arrow indicates that the derivative must be taken towards
the leftt!.

5.5.2 The free Dirac action

We can cast the above in the form of the — possibly more familiar — Lagrangian
treatment. The action for the free Dirac field including sources is then given by

(v, 6.9.7) = [ e £ia) (5.120)

where the Dirac Lagrangian is given by
L(z) = P(z) (i) — m) P(x) — J(2)y(x) — (2)J (z) . (5.121)
This Lagrangian does not contain a derivative of ¢: the Euler-Lagrange equation

is therefore simply

0S oL
o _ /d4y Cy) _ g (5.122)
() ()

which is seen to be exactly Eq.(5.116). By partial integration we can see that
the same action can also be obtained from the Lagrangian

L) = 0a) (<19 -m) 0le) ~ T)ola) ~ S@I@) . (5123)
which is now independent of any derivative of ¥. The Euler-Lagrange equation
for v,

5S [ 4 0L) _
s =] Vs =0 (5.124)

41 A word of caution is in order here. The operator i@ is self-conjugate and does not change
under Hermitian conjugation. The minus sign in front of it comes from the fact that the
direction of the derivative is now also reversed.
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gives us precisely Eq.(5.119). Finally, it is easily seen that the dimensionality
of the field v is given by
B1/2

T (5.125)

dim {7#] =dim

5.6 The standard form for spinors

5.6.1 Definition of the standard form for massless parti-
cles

In the special case where the momentum is massless, a very handy form for the
spinors may be chosen, which we shall call the standard form. Let p* be the
momentum of the spinor, so that p> = 0. We now choose two basis vectors kf
and k', which satisfy

ko-ko=Fko k=0 , ki -k =—1. (5.126)

Furthermore we require that kg - p # 0 for any massless momentum p* encoun-
tered in the problem at hand ; this is usually not difficult to arrange. Since k°
is massless, it may serve to define the basis spinor

ug =u_(ko) = uolp=w_fo . (5.127)
The reversal of this object gives us
(uotlo)™ = (w_ ) = wifo = uy (ko)Ty (ko) = fu uoTlo fr - (5.128)
Using the basis spinor, we now define all other massless spinors by

1 1
uy(p) = \/ﬁﬁuo , U— (p) = \/ﬁ]é}éﬂm . (5.129)

We can immediately check that uy (p)us(p) = wip, so that these spinorial
objects are indeed admissible choices ; in fact, the standard form is nothing
more than a (very useful) phase convention of all occurring spinors. This choice
is at the basis of the so-called spinor techniques : the above definition will be
applied to good effect in what follows.

5.6.2 Some useful identities

At this point we prove a few results that often turn out to be useful. In the first
place, from the property Tr (I") = Tr (FR)7 we can see that

Ug(p1) Y uy(p2) = Ko p1 v pauo
= K Tr(uglo p1 v" p2)
= K Tr(p2 4" 1 (uotio)™)
= K Tr(p2 7" pr k1 wotio f1)
K g fy p2 7" P11 wo (5.130)
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with K = (4p1 - ko p2 - ko)~ /2, which leads to the useful spinor reversal :

Uy (p1)Y"uy (p2) = u—(p2)y"u—(p1) - (5.131)

In the second place, the standard form for the spinors allows us to relate + and
— helicities, for instance, for massless p and ¢, and with K=2 = 4(p - ko)(q - ko) :

Yo ux(p) U+(q) v = K Yo pwx Fo 4 7*
= 2K qwifop = —2uzx(q) ux(p) (5.132)

Since the standard form of spinors is just a phase convention, a relation like
Eq.(5.132) holds in other conventions as well ; only the factor -2 may pick up
a complex phase that is elegantly absent here. In the last place, the Chisholm
identity of Eq.(5.56) can be applied to simple spinor sandwiches so as to yield

(ui(pl)’y”’ui(p2)> Vo =2 {Ui(pQ)Ui (p1) +uz (pl)u:F(pg)} . (5.133)

5.6.3 Spinor products

We may compute an explicit expression for the product of two spinors for mass-
less momenta : we shall define

s+(p,q) = U (p) ux(q) - (5.134)

For standard spinors, this can be evaluated using the Casimir trick

si(pa) = (4(p-ko)(q ko))" o p d F1 uo
= (4(p-ko)(q- ko)) Tr (w—Fopdk:)

1
- (p-k;o)(q-ko)((p'ko)(q'kl)(p'k1)(q~ko)

- iew[gko#kl"paqﬁ> . (5.135)
This is antisymmetric in p <> ¢, and moreover

s—(p,q) = —s+(p,q)" . (5.136)

In addition, it is easily seen that

s1(p,q)s—(q,p) = s+ (. @))* =y (p) dus(p) =2(p-q) . (5.137)

Spinor products are therefore somewhat like ‘square roots’ of vector products.

Finally, we may consider an explicit choice for the vectors k(‘il :

kot =(1,1,0,0) , k" =(0,0,1,0) : (5.138)
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this gives the explicit form for the spinor product

pO_pl

@ —qt .
— (¢ +iq’) pro—

s+(p.q) = (p° +ip?) I~

, (5.139)

which is very useful for actual numerical applications. Note that this choice
presupposes that none of the light-like vectors in the problem is oriented exactly
along the z-axis. Since the ‘special’ direction in many problems is traditionally
chosen to be the z-axis, this is usually safe.

5.6.4 The Schouten identity

There exists a useful identity for massless-momentum spinors in the standard
representation. For massless pj 2 3.4, there is the truism

Uy (p1)papsu—(pa) + Ty (p1)pspau—(pa) —2(p2-p3) Ty (pr)u—(ps) =0 . (5.140)

Writing this out in terms of spinor products, we have

54+(p1,02)5— (P2, 03)5+(P3,Pa) + 54+ (P1,03)5— (P3, D2) 5+ (P2, Pa)
—54(p2,p3)s—(p3,p2)s+(p1,pa) = 0 . (5.141)

Using the antisymmetry property of s, and dividing out the factor s_(pa,ps),
we obtain the so-called Schouten identity :

54(p1,02)5+(P3,14) + 54 (P1,P3)54+ (P4, D2) + 54+ (D1, Pa)s4(p2,p3) =0 . (5.142)

Note the cyclicity in py 3.4. Obviously, the identity holds for s_ as well.

5.6.5 The standard form for massive particles

The standard form for Dirac spinors given in Eq.(5.129) can be simply expanded
to the case of massive particles. Let p* be the momentum of such a particle,
and let m be its mass. We then define

1
us(p) = m(¢+m)u¢(k0),

1

vi(p) = ﬁ(ﬁb—m)“ﬂ/‘%) : (5.143)

From Eqns.(5.67, 5.68) we can find out the spin vector for these two cases :
writing u4 (p) = u(p, £s¢) we obtain

1
solt = —%UJF(I?)VS’Y‘LUNP)
1

= oy T (Ko (B )y ()

kot (5.144)
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which is indeed the only vector built from p and kg that can have the right
properties s> = —1 and (psg) = 0. Note that for small(ish) m and generally
positioned kg, Sy points in the general direction of p. Therefore we call uy (p) a
right-handed spinor, and u_(p) a left-handed spinor. In addition, from the fact
that, for the antispinor v (p),

1

50+ (P) 7" vs (p) = —so” (5.145)

we see that vy (p) is a left-handed antispinor and v_(p) is a right-handed anti-
spinor.

The standard spinors suffice to build up other spinors as well. To see this,
consider a general superposition of u4(p) and u_(p) :

E=aus(p)+Bu_(p) , la2+[B2=1. (5.146)

Without loss of generality we may take

a = sin (g) e " | B =cos (g) . (5.147)

The spin vector hidden inside the general spinor £ is seen to be

1 - - . . .
7%57"7“5 = cos(0)so" + sin(0) cos(p)s, /M + sin(0) sin(p)s ",
(pk1)
P A k"
& b (ko)™
1
[T vk koD% . 5.148
S Gy R o1
Since
p-sg=p-S5/=p-5L=50-5,=58-5.=5/,-5.=0 (5.149)
and
s;)t=s"=-1, (5.150)

we see that every allowed spin vector is, in fact, accessible by taking a super-
position of two standard forms : the vectors p//m, so*, s,,* and s * form an
orthonormal basis.

5.7 Muon decay in the Fermi model

5.7.1 The amplitude

An example of an actually occurring process involving only Dirac particles is
provided by muon decay in the Fermi model. The process is*?

pe(p) = e (q) vu(kr) ve(ks)

42In this section, the vector k1 is a momentum, and has nothing to do with the auxiliary
vector of section 5.6.
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and is pictured by the single Feynman diagram

P k,

q
k,

Here, a muon at rest undergoes a three-particle decay into an electron, a muon
neutrino and an electron antineutrino. We shall assume the neutrinos to be
massless. The Fermi amplitude introduced to describe the phenomenology of
this process contains only a single pointlike vertex where four fermions meet
with a coupling constant called Gg/ V2, and is given by

G\jih u(q) (1 +fy5)’ya v(ke) (ki) (1 JF'YS)’YQ u(p) - (5.151)

The decision to ‘hook up’ the muon and the muon neutrino is in principle
arbitrary®3, but as we have seen in section 5.2.6 we may easily interchange the
muon neutrino and the electron, and end up with the matrix element in the
‘charge retention form’ :
Grph _ _
M= —i—75= ulg) (1+ Ve u(p) alk) (1+9°)7" v(ks)

The amplitude (5.151) implies that the neutrinos must have negative helicity** :
we can write

M=i

M= 2'4(7; T(g) Yo v (ko) T (k1) v ulp) - (5.152)

We can now apply the result (5.132) to arrive at the very compact form

8Gr h
V2
The transition rate can now easily computed with a few simple traces :

M2 = 5 Y mp
spins of u, e
= 16 Gp® h* Tr((¢ + me)wifr) Tr((d + my)wf2)
= 64GL K (q-k1) (p-ko) . (5.154)

M= —i

u(q) ut (k1) v (k2) ulp) . (5.153)

It is practical to evaluate this in the muon rest frame. We shall write £ 5
for k;1720 in this frame. Then (p - ko) is equal to m,, E», and by momentum
conservation we find

1 1
2 2
(q-k1) = 3 ((g+k1)* —me?) = 3
43Unless lepton flavour number is invoked.
44In the standard form of spinors, the helicity for antispinors is reversed. The antineutrino
therefore actually has positive handedness.

(P = k2)® —m.?) = m,(K—E>) , (5.155)
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where ) )
K= M~ Me” (5.156)
2my,
The transition rate then takes the form
(IM[*) =64 G¢* h* m,* Ex(K — Es) | (5.157)
and for the partial decay width we find
dT(p — ev,D.) = 32 Gp® h* m,Ey(K — Ey) dV (p; q, k1, k2) (5.158)
5.7.2 Three-body phase space
The phase space for the muon decay process reads
1
dV(pv q, k17 k2) (271_)5 d4q d4k1 d4k2 54(p —q—- kl - k?)
6(q%> — me?) 6(k1?) 6(ko?) . (5.159)

Since the rate depends only on Es, we shall implicitly integrate over all other
phase space variables. By cancelling the ¢ integration against the Dirac delta
for momentum conservation, we arrive at

dV(p;q, k1, k) = ﬁ % dEy dEy dQy dQ
5((p— k1 — k2)? —mc?) . (5.160)
The Dirac delta function can be written as
§ (mu? — me® — 2my By — 2m, By + 2B By — 2B By cos0)

where 6 is the angle between the neutrino momenta. Hence we can integrate
trivially over the other polar and the two azimuthal angles (leading to a factor
872), and the integral over 6 is resolved by the delta function. The result is

2
(2m)®
In terms of these variables, the phase space is perfectly flat*®. Since |cos6)|
cannot exceed unity, we also have the restrictions

dV(p;q, k1, k2) = dEy dEs . (5.161)

mu? —me? —2m, By —2m,Ey < 0,
mu? —me? —2m, By — 2m, By +4E By > 0, (5.162)
which we can work into bounds on FEj :
m,ﬂ —me? — 2my, Eoy
2(m,, — 2E5) ’

K —Ey < E < K(FE;) = (5.163)

while Fs is seen to run from 0 to K.

45This flatness does not depend on the masslessness of the neutrinos. For massive neutrinos
the same phase space density s found, only the boundaries of the phase space become (horriby)
complicated.
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5.7.3 The muon width

After the simple integration over F, we have the muon partial decay width

d X
T~ evme) = 72 Gp® W2 my, Ex(K — Ey)(K(Ey) + Ex — K) . (5.164)
2

The remaining integral over Fy can now be performed, and the final result is

_ Gr? h*m,’ 0, o
I'(p — ev,ve) BT P B F(m.*/m,”) ,
F(z) = 1—8z+8z% —a* —122%log(x) . (5.165)
097 The function F(z). It is strictly
08 decreasing since with increasing
074 me/m,, the available phase space de-

creases. For the realistic values of
me and my, F(z) is smaller than 1
057 by about 2 x 10~%*. The effects of
0.4 nonzero electron mass are therefore
completely negligible, certainly if we
realize that we have not included
any loop diagrams the contribution
011 of which is much larger than this.

0 T T T T 1

0 0.2 0.4 0.6 0.8 1
X

Before finishing, it is instructive to inspect the muon width formula

0.6 1

0.3

0.2

GF2 h2 77’LIL5

Ip — ev,ve) = 199 73

from the point of view of dimensional analysis. In the first place, the matrix
element M, being of 2 — 2 type, must be strictly dimensionless. Since every
spinor carries half a power of momentum®®, the Fermi coupling constant Gp
must carry dimension momentum~2. Since decay widths carry the dimension
of momentum, as do masses like m,, and the only mass scale in the problem
is m,, if we neglect the electron mass, the width is necessarily proportional to
Gr*m,5. The discussion at the end of section 4.5.4 shows that the factor 1/73
was also to be expected. It is a somewhat sobering thought that all the work of

this section amounts to no more than computing the number 1/192 !

46Since the spin sum of u& contains p.



Chapter 6

Vectors particles

6.1 Massive vector particles

6.1.1 The propagator

In the last chapter we have studied the consequences of embellishing the scalar
propagator by endowing it with a numerator linear in the momentum. The next
obvious generalization is to let 7 (p) depend on two powers of the momentum.
That is, we assume it to be of the form

T(p) = T(p)"" = Ag"” + Bp"'p” , B#0 ,

for some A and B that may depend on p?. The numerator now carries two
Lorentz indices, one of each to be contracted with a corresponding index in
the vertices between which the propagator runs. The discussion of the last
chapter leads us to require that for momenta on the mass shell 7 (p) must be
proportional to a projection operator :

T T(p)a” =kT ()" if p*=m?, (6.1)
for some k # 0, in other words
A*=kA | B*m*®+2AB=kB . (6.2)

We might choose the solution A = 0, but then the resulting form 7 (p)** ~
pFp¥ would be immediately absorbable into the vertices at either side, and a
scalar propagator would result again. It follows that A must equal —m?B, and
therefore we shall use

v v 1 v
T =—g"" + Wp”p . (6.3)
as before also (and mostly) using this form for off-shell momenta. The first

Feynman rule for these particles, that we call vector particles since they carry
a Lorentz index, is therefore established :

159



160 March 27, 2014

_____ 14 oV 2 . .
u-- D S~V & ik 92 +P2P /m internal lines
P —m= + 1€
Feynman rules, version 6.1 ‘ (6.4)

Note that this propagator is even in p and therefore has no orientation®.

6.1.2 The Feynman rules for external vector particles

From the form of 7 (p) we must be able to derive the form of the external-line
factors. Indeed, let us assume p* to be in its rest frame. There, we have

T(p) = —g" + g™ g™ = diag(0,1,1,1) , (6.5)

that is, the unit tensor in the spatial sector of Minkowski space. We see that
we can write

T(p) =— <Jc“x" + yry¥ + z“z") , (6.6)

which means that, for the objects U, W three mutually orthogonal choices can
be made, for instance UM = z, U =y, and U®) = z. Of course, complex
linear combinations of these are also possible : in general, we can say that there
can be found three polarization vectors €k, with A = —1,0,1, such that

1
—V

() (ex), = —0axn o TOM =D (ex)(er) - (6.7)
A=—1
We can now go once more through the truncation argument of chapter 4, with
the obvious result that the polarization vectors are to be assigned to the external
lines, and we immediately arrive at the full set of Feynman rules for massive
vector particles :

TPEEEERE “V o i —g" + php¥ /m? internal lines
p P2 —m2 + ie

incoming lines

- <~ h GAM
outgoing lines
“ h et
Feynman rules, version 6.2 (6.8)

IThat is, its spacetime part is unoriented. There may of course be other properties such
as charge that do impose a distinction between production and decay of the particle.
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Owing to the lack of orientation, the rules for the external lines are quite simple,
and fortunately no Dirac indices appear, nor do any curious and cumbersome
minus signs.

6.1.3 The spin of vector particles

To ascertain the spin of vector particles?, we need to establish the form of the
Lorentz transformation in the space of the polarization vectors, i.e. Minkowski
space. We can do this conveniently using the transform in Clifford space, as
follows. Let us denote by A(p;q)", the representation of the minimal Lorentz
transformation between p* and ¢ in Minkowski space : that is, if an arbitrary
vector a* is transformed into b, we have

Ap;q)*, a” =b" . (6.9)

Since ¢ and § encode exactly the same information as do a* and b, consistency
requires that - -

p=Alp;g)*, 0" vy =3¢ =Xa" v X, (6.10)
with ¥ as defined in section 5.3.5 ; since this must hold for arbitrary a, we have
the relation

A, =273, (6.11)
By multiplying with =y, on both sides and taking the trace, we immediately find
the form of A(p;¢q) in Minkowski space :

1 _
AW Qo = 7T (AP )", Y Vo) = 7T (27 T a)
- “(( w)e(5))
er q)
2
= Yav — 7p+q P+ Qv+ 50y - 6.12
o gE @t et (612
The requested matriz form of the minimal Lorentz transform is therefore
2 2

Ap;@)f, =" — ——5 W+ "+ v + 5d"pv - 6.13
(3 q) r q)Q( )(p+a) o (6.13)

Let us now specialize to the case of infinitesimal rotations, as in section 5.3.5:
again, we take p# = z# and ¢* = x* + Oy* (0 infinitesimal), and then find to
first order in 6 :

1
Alpg)t, =~ % + 522+ 0y)" (2 + 0y), — 2(z + 0y)'z,
~ o, — 0 (aty, —yta,) (6.14)
so that the generators of the rotation group must in this case have the form

()", =BW'z —2"y)  (Ty)*, =Bz, —xtz,)

2The fact that there are three polarization vectors of course suggests that the spin is 1.
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(T)*, = B(a"y, —y"z,) (6.15)
with the constant 5 again to be determined from the commutation algebra :
[T, T, = ()" (1), — (1) (T2)%,
B2 (aty, —ytz,) = B(TL)", . (6.16)
We conclude that 8 = ¢h in the Minkowski space. We find
(Tmz)"y = —p? (Y 'y, + 2"2,) (6.17)

etcetera, so that the total-spin operator takes the form
- 1
(LQ)“V = —2h? (atz, + y*y, + 2"2,) = 2h* <5”y + meMpu) . (6.18)

we conclude that the spin is indeed unity. The total spin operator contains, as
it must, the projection of all vectors on the spatial subspace. In words: to be a
good polarization vector, e* must satisfy the Lorenz condition® :

ep=0 . (6.19)

Any part of a polarization vector that is parallel to p* does, of course, not
transform under rotations in the space orthogonal to p* (in our case, the spatial
part of Minkowski space since p* is at rest). That part, therefore, corresponds
to a scalar degree of freedom. Returning to 7 (p) we may interpret the form

v LV 1 L, UV
TP)" = ="+ —5v"p (6.20)

as a propagator in which a priori four degrees of freedom propagate (the g’
part), and where the scalar part (the p#p” term) is carefully excised. The pHp”
term is sometimes loosely called the ‘longitudinal part’ of the propagator, but
this is wrong ; we should do better by calling it the ‘scalar part’.

6.1.4 Full rotations in vector space

In analogy with the rotations over 90 degrees that we studied in section 5.3.6,
we may cast a quick look at the behaviour of states under the transformation
(6.13) when applied to a 90-degree rotation in the x — y plane. The minimal
Lorentz transformation then reads

A(m/2), = 0", + 2tz + yH 'y + 2Py — yHa, . (6.21)

3Note the spelling ! This does not refer to the famous Dutchman Hendrik Antoon Lorentz
(1853-1928) of transformation fame, but to the Dane Ludvig Valentin Lorenz (1829-1891),
quite another person. A relation between the density and the refractive index of a medium
goes by the funky name of the Lorentz-Lorenz equation.
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Taking powers, we obtain
A(m)r, = o, + 2282, + 2y*y,
A@2m)t, = o, . (6.22)

In contrast to the Dirac case, it now only needs a rotation over 27 to restore any
state of a vector particle to its original form ; a conclusion which was already
reached in section 5.3.6. There are, of course, polarization vectors that are not
affected by the rotation at all, namely those that point in the z direction : the
point is that a rotation over 2w restores any polarization vector.

6.1.5 Polarization vectors for helicity states

As usual, the helicity of a state refers to its spin as measured along the direction
of its motion. For definitiveness, let us assume that our massive vector particle
moves along the z direction. If we boost carefully (and minimally !) back to
the rest frame, p of course vanishes, but we shall remember that to go back to
the original situation we must boost along the z direction. The operator for the
helicity is therefore T, in this case. Good polarization vectors for helicity 1,0
and -1 are then

1 1
et = —@" +iy") , et =2, et =——(a"—wyt) |, (6.23)

V2 V2
which is easily checked by verifying that
(T ex” =hep” , (T2)V,e”" =0 , (T e” = —he_t . (6.24)

The vectors €47 are said to describe transverse polarization, and the vector ¢
is called longitudinal. If we now perform the boost back to the original system
in which p* is moving along the z direction, the transverse polarizations remain
unaffected, while the longitudinal one takes the form*

o o (g}) it (;Z) o (6.25)

Very fast-moving particles, for which m < p° ~ |p], have longitudinal polariza-
tion vector

1
o = —ph+ O <"f)) . (6.26)
m p

6.1.6 The Proca equation

Massive vector particles have their own ‘classical’ equation, which we shall now
uncover. The coupling of a massive vector particle to a source is given by the
following Feynman rule for position space :

Hoiio o L (6.27)

4In a somewhat simpler notation, if p* = (p°,7), with p = || and &€ = p/p, then the
longitudinal polarization vector reads eg* = (p, pY€)/m.
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The SDe for a free vector particle’s field function V# is then again very simple :

______ 9 . (6.28)

or, more explicitly,

Vi(z) =

4 4 eiik.@iy) Qv 1 I R%

1
(2m)*

We can then form the following derivative operator acting on V# :

D0 VH(z) — 0M0y V¥ (x) + m2VH(z) =

! ity vk T 6.30
= (2r) / Yy T2 _m2 v (Y) (6.30)
where WH" can be evaluated as
v 2 2 v 1 IR 4 av 1 @1,V
W = (=k*+m7) ( —g"" + —5 k'K ) + Kk | =g + —5 K%k
m m
= (K* —m?)g" . (6.31)

The remaining integrals over y and k& now lead immediately to the so-called
Proca equation for V* :

D-OVF -9 -V4+m?VF =17 . (6.32)

This is the ‘Maxwell equation’ for massive vector fields. It is instructive to
examine this equation in empty space, that is, for J = 0. Multipying it by 9,,
we find that the first two terms cancel, and we are left the Lorenz condition
0-V =0 : all physical polarizations must be orthogonal to the momentum, as
we had already found. Reinserting this condition in Eq.(6.32), we are left with
the Klein-Gordon equation (9 -9 + m?)V* = 0, which essentially requires the
particles to be on the mass shell. Note that this nicely compact way of enforcing
the Lorenz condition only works for m # 0 : for massless vector particles, it
must be put in by hand.

We can also write down the Lagrangian corresponding to the Proca equation,
that is, that Lagrangian that has the Proca equation as its Euler-Lagrange
equation. It reads

1 1 1
L = i(auvu)(auvy) - 5(3;LVV)(8”V”) + imZV#VH
1 1
= ZFW pv T imQV“V# , (6.33)

where the field strength tensor is defined as

FW = ghyY — 9" VE (6.34)



March 27, 2014 165

6.2 The spin-statistics theorem

6.2.1 Spinorial form of vector polarizations

Although there is no special need for it, we can define the polarization vectors
for a massive vector particle using Dirac spinors. Let the momentum of the
vector particle be ¢ and its mass m. We can find two massless momenta pf
and py whose spatial parts are parallel (or antiparallel) to ¢ and that sum to

"

¢ =pl 4y, p2®=0, 2(p1-p)=m" . (6.35)
The helicity states can now be constructed by standard-form spinors as follows :
et = —— Ut (p1)7"us (p2)
mv/2
1 _
€ = om (U+(p1)7ﬂu+(p1) - U+(p2)7ﬂu+(p2)) )
1
et = ——a_ Pu_ . 6.36
o (p1)7"u—(p2) (6.36)

In fact, the longitudinal polarization ep* can (by the Casimir trick, as usual) be
seen to be nothing else than

1
b= —(py —p2) . 6.37
€0 m (p1 — p2) ( )
This polarization, then, is properly normalized and orthogonal to e+*. Further-
more, we have

1

er e = g Wr(p1)r ur(p2) U-(p2)vuu-(p1) - (6.38)

By virtue of the standard choice of the spinors, we can see that
Vg (p2) U—(p2)vu o< ¥ P2 fo K1 P2

—p2 7" Ko k1 b2
= 2o po k1 Fo=0 , (6.39)

where we have used twice that p? = 0. The vectors are therefore all orthogonal
to each other. To check the normalization of e, we write

1
€ € = ngﬂ+(P1)V“U+(P2)ﬂ+(P2)WU(P1)
1
= 27125(?1)7”162%%(?1)
1 _ 2(p1-p
= T2 Uy (p1)p2ut(p1) = — ( ,1712 d =-1. (6.40)

It remains to ascertain that these states are, indeed, pure helicity states. To
this end, let us assume that p; and po are aligned with the z axis. The helicity
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operator is then (7},)*
We have

, = th(zty, —y*x,), so that ¢ trivially has helicity zero.

T e = == (@ Talp s~ @ & ) - (64D

Again employing the properties of the standard form, we can show that this is
orthogonal to e_ :

A 1 — —
(T)F e ) e = 2 (s (p1)gur (p2) T—(p2)tu—(p1) — (z < y))
1 _
= 53 (Wt (p1)guy (p2) uy (p)fus(p2) — (< y)) =0 . (6.42)
Finally, we can examine
v\ = 1 — —
(L) e ) ey = o2 (@ (p1)gus (p2) Wy (p2)fus (p1) — (& < y)) . (6.43)
The first term in brackets can be evaluated by trace techniques :
Uy (pr)gus (p2) Uy (p2)tus (pr) = Tr (wy po g Po #) = 204 (6.44)
so that
n A 2h
(T2)Fes”)Eq = _WA ) (6.45)
where
A= e€uap PV Y DY z? (6.46)
which is real ; moreover,
A% = (py -p2)* =m?*/4 . (6.47)
We conclude that
((T.)",e4”) €y = —h sign(A) . (6.48)

The chosen form do therefore indeed represent correct helicity states®.

Before finishing this sector, we point out that also the (trivial) external-line
Feynman factor for scalar particles can be written in terms of spinors. For a
massive scalar with momentum ¢#, the same choice of py’ , is of course possible.
We simply note that

[Ty (p1)u—(p2)]* = Tr (ws P1 P2) = 2(p1 - p2) (6.49)

so that we can always find a complex phase e’ such that the external-line factor
V/h can be cast in a form containing two spinors :

ip
Vi = Vi ————— T (p)u(p2) (6.50)
V21 p2
It should not come as a surprise that an external integer-spin particle can con-
ventiently be represented by a spinor-antispinor pair. After all, this is precisely
the way in which particles like the W and Z are most often seen in experiment :
namely, through their decay into a fermion-antifermion pair.

5We have not established that ey is ey1; it is actually e_1 if A is negative. This is easily
remedied if necessary, by interchanging p; and pa.
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6.2.2 Proof of the spin-statistics theorem

The treatment of the previous section may appear somewhat academic, but it
has an interesting consequence. Integer-spin particles (scalars and vectors) can
be represented in their external lines with an even number of spinors, that is an
even number of Dirac particles. Particles with half-integer spin are represented
by an odd number of Dirac particles. This persists : spin-3/2 particles can
be formulated using 3 spinors, spin-2 particles by 4 spinors, and so on. This
implies that the interchange of two external half-integer-spin particles involves
the interchange of an odd number of Dirac particles, and will therefore lead to
a minus sign. The interchange of two external integer-spin particles involves
the interchange of an even number of Dirac particles, and hence no minus sign.
These particles, therefore, obey opposite statistics : integer-spin particles

are bosons, half-integer spin particles are fermions®.

6.3 Massless vector particles

6.3.1 Polarizations of massless vector particles

Let us reconsider the helicity states of Eq.(6.23). These are defined in the rest
frame of the particle, with the understanding that we have to boost back to the
frame in which the particle moves, in our case along the z axis. Under this boost
the longitudinal polarization takes the form of Eq.(6.25). Let us now imagine
that the particle approaches masslessness, that is, we let m/p® decrease towards
zero. The boost necessary to reach the original frame then becomes enormous,
and the longitudinal polarization will go to infinity when the particle becomes
massless. The only way to avoid matrix elements becoming arbitrarily large,
and hence violating unitarity sooner or later, is to arrange the interactions of the
theory in such a way that the effect of longitudinal polarization are suppressed
by a factor of order O (m/po) : we shall use this extensively later on. In
the strictly massless case, the longitudinal polarization vector must decouple
completely, and we arrive at the result that for massless particles, only the
two states of maximal helicity are physical’.

6.3.2 Current conservation from the polarization

A photon is a vector particle ; as far as we know it is massless. Its polarization
vectors must therefore be transverse. For a photon moving in the z direction,
any possible polarization vector must be a superposition of (z + iy)*/v/2 and
(x —iy)*/+/2. If k* is the photon momentum, and € its polarization, we must
therefore have not only k - € but also

=0, k-¢=0. (6.51)

6Traditionally, the spin-statistics theorem, like the CPT theorem, is considered to be very
deep and difficult. Make up your mind.
"This can also be proven for particles of higher spin, see Appendix 12.11.
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However, a problem immediately arises: for the above equations are not invari-
ant under Lorentz boosts. If we boost k* and €* to a generically other frame,
they no longer hold. Let us assume that we are in such a frame ; there we have
the Lorentz-invariant conditions

(K = , ()2 —|a?=-1 , kK =k-¢. (6.52)
We can decompose € into a parallel and a perpendicular part :

Inserting this into the last equation of Eq.(6.52), we find immediately that
€0 = |€], and the second equation then gives |€1| = 1. We see that, whatever
the value of €*, we can always write

0
€
et =e* + k—ok“ , (6.54)
where € # does satisfy Eq.(6.51). We can therefore have a consistent and unitary
theory of massless vector particles, provided that the k* term decouples from
the physics. Now, any matrix element involving an external massless vector
particle with momentum k* and polarization vector ¢ will be of the form

M=JE)"e, (6.55)

where J#(k) stands for the rest of the amplitude. Note that J* does not
carry any information about €,, but it does know what k is, by momentum
conservation. Our requirement then is that the interactions of the theory be
such that

TJH(k)k,=0 . (6.56)

That is, if we replace the polarization vector by the momentum, the amplitude
must vanish.

6.3.3 Handlebar condition for massless vector particles

Diagrammatically, we may indicate the replacing of polarization by momentum
by attaching a ‘handlebar’ to the external line, so that we may write

=M (6.57)

We shall use the convention that the momentum under the handlebar is counted
outgoing. The requirement for strictly massless external vector particles then
becomes

(6.58)
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What, finally, is the physical content of the requirement 7 This is simply an-
swered if we let our massless vector particle be a photon. The object J* is then
seen as a source of photons, that is, an electromagnetic current®. If we now
briefly return from a momentum-language formulation to a position-language
one, we see that the Fourier transform of the requirement (6.56) is written as

0, J(x)F =0 . (6.59)

We see that our requirement is nothing but current conservation in the case

of electromagnetism ! The fact that electric charge is conserved ensures that

longitudinally polarized photons are safely absent from our experience®.

6.3.4 Current conservation from the propagator

A message similar to that of the previous section can be gotten from the prop-
agator. After all, the massive-vector propagator
—gv + k“k“/mQ

k2 — m2

ih

clearly becomes horribly singular at m = 0. The solution, as before, is to require
that in our theory the k#k" term should drop out. There is a catch, however:
whereas external vector particles must be on the mass shell, the momentum of
internal lines is off the mass shell. We therefore arrive at the sharper require-
ment that Eq.(6.58) must hold even if the particle is off-shell.

6.3.5 Handlebar condition for massive vector particles

Let us examine the situation where a vector particle does have a mass, but
the mass m is very small compared to the vector particle’s energy E or its
momentum. Clearly, it would be unacceptable!® if the limit m — 0 would be
singular while the case m = 0 is not'!. We shall therefore require that, for
massive vector particles partaking in a process at high energy, the handlebar
condition (6.58) holds in a milder form :

(6.60)

The meaning of this condition is the following. The longitudinal polarization
vector of a massive vector boson has energy behaviour different from its two

80ne may for instance have the source J represent a charge whose momentum changes,
thereby emitting radiation.

9Whether they exist is another question ; at any rate we cannot produce them, not observe
them.

100r at least embarassing — after all, we do not know for certain if the mass of the photon
is strictly zero or just a measly 107137 kilograms. The most trustworthy current limit is
myc? < 107 18eV.

M Note that we do not even insist that m — 0 gives the same result as m = 0, only that
the limit is nonsingular.
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transverse ones : it grows at high energy E > m with an extra power of
E. If for transverse polarization the amplitude is well-behaved at high energy
it may not be so for longitudinal polarization. The requirement implied by
the handlebar condition is that the extra power E inserted into the expression
because of longitudinal polarization is softened, by cancellations over at least one
order of magnitude in terms of E/m. We shall presently see that this condtion
is sufficiently severe to determine, to a large extent, the possible couplings of a
theory containing such particles.

6.3.6 Helicity states for massless vectors

The spinor-based helicity states for massive vector particles of section 6.2.1 are
apparently not well suited to the massless case. Note, however, that we may
generalize the method of Eq.(6.35) as follows :

" =p1+aps , 191,22 =0 , m? = 2a (p1-p2) - (6.61)

Using the fact that the spinors of massless particles are homogeneous of degree
1/2 in the argument :

ug(aps2) = Vo us(p2) , (6.62)

we see that (for instance) the polarization vector e, can be written, in analogy
to Eq.(6.36), as
1
et = ———ui(p1) Y* us(p2) . 6.63
= g ) 7 e 2 (6.63)
Since a does not occur in the polarization vector, we may consider the limit
a — 0. In that case, ¢ = p; is massless, and the only condition on the massless
vector py is that (p; - p2) must not vanish. By a judicious choice of overall
complex phase, this leads us to propose, for a massless vector particle with
momentum k*, states of definite helicity as follows, where the spinors are again
in the standard form :
et = S S ax(k)yHux(r) , A==+ . (6.64)
S—A(ka T) \/i

Here, the vector r* is an arbitrarily chosen massless vector not parallel to k* ;
it is called the gauge vector. We can ascertain that

1
4k - r

e T =y (k)7 us () T () yu (k) = 0 (6.65)

in the same manner we employed in Eq.(6.39). Furthermore,
_ 1 _ " _ -1 _
e & = o U (k)Y us (r) Ui (r)yus (k) = o (k)fus (k) = —(16 66)

These, then, are acceptable helicity states.
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A few useful properties of these polarization vectors are

M2 2

soa(kr) ux(r)ua(k) , w-xfdr= PN u_x(r)a_x(k) (6.67)

W fa =

and

=X V2u_x(k)ur(k) (6.68)

and this object is explicitly gauge-invariant.

6.3.7 The massless propagator : the axial gauge

We can perform the sum over the physical polarization states of a massless
vector from the helicity states :

1
DL erE = 3 IR () T (k)
A=+ A=+

D DT N (RN
A==+

= o T )

= _g}LD+

e (KFrY 4+ riEY) . (6.69)

The form of the massless vector propagator in which only physical degrees of
freedom propagate is therefore given by the following Feynman rule :

k2 + ie

’Feynman rules, version 6.3‘

- Kk L =gt 4 (kHrY + kYY) (k) massless internal lines

(6.70)

Note the appearance of the arbitrary vector r. This way of writing the propa-
gator is called the azial gauge. The propagator is constructed to be orthogonal
to r* whatever the value of k. The vector r acts as an ‘axis’ with respect to
which the field is always orthogonal, hence the name. The fact that the vector
r is arbitrary is of course bothersome, in the same way that the arbitrariness of
the representation chosen for the Dirac matrices in the case of Dirac particles is
bothersome. We solve it in the same way, by insisting that we ought to be able
to remove r from the final expressions for matrix elements. This can of course
not be by virtue of any property of r itself, but must come from the handlebar
condition, since every term containing r also contains k. Two things are worthy
of remark here. In the first place, the propagator is homogeneous of degree zero
in 7, so any result cannot depend on the length of r anyway. In the second place,
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in contrast to the propagator proposed before, with ptp” /m?, the propagator in
the axial gauge does not diverge. We are therefore freed from the requirement
that the handlebar condition must also hold off-shell.

6.3.8 Gauge vector shift

Let us consider helicity states for massless vector particles as defined in sect.6.3.6.
We shall denote these by ex*(k,r). If we change the gauge vector r from one
value into another, another perfectly acceptable helicity state is obtained. What
is the relation between these states ? To answer this we simply compute the
difference between the states with different gauge vector :

i u _ A (w(B)y ua(r)  aa (k) ua(rs)
(ki) —ex(k,r2) = f( s—a(ky71) s—a(k,r2) >
_ Alr)yHu— A(k) U (k)yHux(r2)
B < s-_a(r1, k + s_x(k,r2) )

Uy (r) (M + }W‘)UA(M)
\@ s_a(k,m1) s_a(k,r2)

. S—a(ri,r2) M
= )\ﬁs,,\(k,rl)s,,\(k:,rg)k . (6.71)

we see that the two states differ only by the vector particle’s momentum. In
any current-conserving set of diagrams we may therfore choose the gauge vector
at will ; there is no risk of picking up a phase difference if two different gauge
vectors are used for two different current-conserving sets of diagrams.

As an illustration of how the gauge vector can disappear from a current-
conserving object, let us consider

¢ _r __a
AM\2kp 2k-q)

with p and ¢ two massless momenta. The form of section 6.3.6 turns this into

A (Sx(k’P)S—A(pv r) Sh(kaQ)S—A(Qar)>
V2 s_x(k,7) 2k - p 2k - q
_ A <s_,\(p,7“) 3 s_,\(q,r))
V2 s z(k,r) \s-a(p, k) s_a(q, k)

A soa(pyr)s—a(g, k) — s—a(q,7)s—a(p, k)

= Z 6.72
B sl r)s o R F) (6.72)

Now, the Schouten identity tells us that
s_x(p,7)s-x(q, k) + s_a(p, k)s_x(r,q) = —s_x(p,q)s_x(k,7) (6.73)

so that the gauge vector indeed drops out, and

P a \_ A s—x(p, q)
€N (2]{1 P ok - q) = - . (674)
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One can easily check that the same form is obtained without using the Schouten
identity if we choose either r = p or r = q.
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Chapter 7

Quantum Electrodynamics

7.1 Introduction

In this chapter we shall start to work our way to realistic theories about the
actual elementary particles encountered in nature'. All elementary particles
seen so far have nonzero spin, apart from the newly-discovered Higgs boson.
We shall defer the discussion of charged spin-1 particles to a later chapter ; at
this point we shall only discuss how to set up a consistent theory of spin-1/2
particles (charged leptons and/or quarks) and photons. This is the theory of
quantum electro-dynamics, or QED.

7.2 Setting up QED

7.2.1 The QED vertex

Since the propagators of spin-1/2 particles and of the massless spin-1 photon
have already been fixed, the only ingredient which we still have to determine is
the coupling between them ; and on this coupling rests the burden of ensuring
the current-conservation requirement as embodied in Eq.(6.58). The vertex
coupling Dirac particles must have one upper, and one lower Dirac index : and
since the photon is involved, it must also carry a Lorentz index. The simplest,
and — as we shall see — indeed the correct form of the vertex is that of a Dirac
matrix. We therefore propose the following Feynman rule :

11t may of course be possible that the elementary particles discussed in this text are not
truly elementary and that a yet deeper level of substructure will be discovered. In that case,
please insert in whatever follows the addendum (A.D. 2013).

175
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PN ig'y“ QED vertex

’Feynman rules, version 7.1 ‘ (7.1)

Here @ is the strength of the fermion-photon coupling : the charge of the
fermion?. By dimensional analysis, we see that is has dimension

dim[Q] = dim|n /7] . (7.2)

The Dirac delta function imposing momentum conservation is implied. As is
conventional, we shall employ wavy lines to indicate photons. As stressed in the
previous chapter, this choice of vertex can only been argued to be reasonable if
the photon current is conserved ; this we shall show in what follows.

7.2.2 Handlebars : a first look

Let us now start to investigate the requirements of current conservation for our
theory. One of the simplest possible processes is the decay of a photon into a
fermion-antifermion pair, shown below :

Of course the photon has to be off-shell here, but that is no problem since also
off-shell photons must obey current conservation. The part of the amplitude
depicted is given by

M = =Qu(p1)y"v(p2) , (7.3)

where the index p of the photon is coupled to a corresponding index somewhere
else in the larger Feynman diagram. Let us now attach the handlebar, so that
we get

p

1

q P,

With the convention, to which we shall try to adhere, that the momentum
assigned in the handlebar must be counted outgoing from the vertex, so in this
case should read —gq, the handlebarred M becomes

M] = Qu(p1) gv(p2) - (7.4)

20r, rather, it is related to the charge. The precise form of this relation must, of course,
be established by investigating the coupling in a well-defined physical situation.
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Note that we indicate the handlebar algebraically by the symbol |. Now we
apply momentum conservation that tells us that ¢ = p; + ps :

M| =Qu(py) (b1 + p2) v(p2) - (7.5)
To the expression in the middle we add zero in a clever way :
M] = Qu(p:) ( 1 —m+]$2+m) v(p2) (7.6)

where m is the mass of the fermion. Now, we know that the spinors @ and v
satisfy the Dirac equations

(1 —m)u(p1) =0 and (P2 +m)v(pz2) =0 (7.7)

for on-shell momenta, so that half of the expression 7.6 ‘cancels to the left’ and
the other half ‘cancels to the right’. We shall see that this is the general mech-
anism by which unitarity and current conservation are ensured.

The above is of course only the simplest example of current conservation in
QED, and in the following we shall in fact study all conceivable QED process at
once, but already we can learn a few useful things. In the first place, a possible
alternative coupling, with v®v* instead of v#, is ruled out since we cannot obtain
two Dirac equations :

VY =—p"" +7h = —(h £m)° +1°(ha £ m) (7.8)

so that either the cancellation to the left would be spoiled, or that to the right. In
the second place, it is necessary that both fermions have precisely the same mass.
Since all known different fermion types have different masses, this means that
the QED interaction must conserve fermion type, or ‘flavour’. Electromagnetic
muon decay, 4 — e, is therefore forbidden, not by conservation of the electric
charge (which is indeed the same for muons and electrons) but by conservation
of the whole electromagnetic current.

7.2.3 Handlebar diagrammatics

The argument for current conservation in the previous section went through
because both fermions were on their mass shell. Since fermions in internal lines
in Feynman diagrams are not on the mass shell, we have to extend our approach
to off-shell fermions. Consider an arbitrary diagram in which a fermion of mass
m propagates and couples to a photon, as depicted below.

k

The fermion momenta p and g are indicated and for the photon momentum k
we have k* = (p — ¢)*. The momenta p and ¢ may be on-shell (in which case
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the corresponding blob is left out), but any of them may be off-shell, and hence
leads into a further piece of Feynman diagram. In that case the black blobs
stand for the other vertices, where the fermion is created and absorbed3. The
part of the diagram between the blobs is of course given by

(3 m) (57) ()

where p is the index belonging to the photon line ; in an actual process, ;1 may
be coupled to the photon’s polarization vector if the photon is external, or to
the photon’s propagator if the photon happens to be an internal line. In case
p, say, is on-shell we have to write

(rm) (%) o8

Let us now put the handlebar on the photon leg :

K

Algebraically, we must multiply the above expression by k,, and then

(—iQh qgirm o p+m > by =

m2 | p? —m2
— —ion A5 g gy L1
= —ion A “m s ((h=m)— (@ —m) S

_ iQh(qum _ ﬁ+m> : (7.9)

¢ — m?2 P2 —m?

We see that under the handlebar the double propagator splits up into two single
ones. Note that, for this to be possible, it is essential that the mass of the

fermion does not change at the vertex®. We may write this operation

diagrammatically as

D q WM,(MO)

3 Actually, the p and ¢ lines are attached to a semi-connected graph rather than two separate
connected ones, but here the distinction is irrelevant.

4By ‘charge conservation’ we mean not simply the global electric charge of the particles,
but rather the whole electromagnetic current. For example, consider the possible vertex where
a muon emits a photon and turns into an electron. The electric charge of the muon and the
electron are identical, and so charge is conserved ; nevertheless the current is not conserved.
Fortunately, the decay i — ey has never been observed, and the branching ratio is smaller
than about 10711,
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where we have introduced two new diagrammatic ingredients: a slashed fermion
line, with a trivial Feynman rule :

/*7& & b, (7.11)

and a new vertex, also carrying a trivial rule :

//';\ <—> z% (7.12)

The handlebarred photon line is replaced by a dotted line which evaluates triv-
ially to unity, but we do not want to leave it out of the diagram since the dashed
propagator still carries an amount of momentum, so that without it momentum
conservation would not hold at the new vertex. Like the handlebar this rule is
not intended to represent some physical interaction, but serves only as a com-
putational device. For external Dirac lines we find even simpler rules, since the
external spinors satisfy the Dirac equation :

O/’“’\ =0, (7.13)

where the external line may belong to the initial or final state, and the arrow
orientation may be also reversed. An important result follows immediately from
the triviality of our new Feynman-rule tools :

7.2.4 Proof of current conservation in QED

We shall now prove that the Feynman rule (7.2.1) is a good one, in the sense
that a handlebar on any photon gives a zero result, both for on-shell (external)
and off-shell (internal) photon lines. We shall do this with the use of - what
else 7 - the SDe’s of the theory. These read :

W\n++w®,
—

»



180 March 27, 2014

The handlebar on a photon that takes part in any given process therefore has
the following form :

' (7.16)

One more iteration of the SDe for the fermions (judiciously chosen) allows us
to write this as

(7.17)

The application of Eqns.(7.13) and (7.14) shows that all terms on the right-hand
side either vanish or cancel in pairs ; and this proves that, indeed, the single
vertex (7.2.1) ensures current conservation in QED.

Before finishing this section it may be useful to point out how the diagram-
matics of this proof can be streamlined considerably by the use of semi-connected
graphs, introduced in chapter 1. We can then condense the proof as follows :
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ol

(7.18)

The two graphs with semi-connected blobs take on the role of 10 of the graphs
in Eq.(7.17) ; and to put the finishing touch on the proof we have even included
in the last line the single case where there was no further iteration of the SDe.

7.2.5 The charged Dirac equation

We still have to determine the precise relation between the coupling constant @
in the Feynman rule, and the classical electric charge g of the particle. We shall
do this by establishing a relation with classical electrodynamics. The classical
(i.e. non-loop) SDe for ¢ in the presence of a photon field A is given by

, (7.19)

in other words

_ a1 4y —ik-(z—y)
W) = /dy(Qﬁ)4/dke v

i #Qm—}-% (Zg) Y () A () (7.20)

whence
(ip —m + QA(x)) ¥(z) =0, (7.21)

which is the Dirac equation in the presence of an electromagnetic field. Let us
work this expression towards classical physics. In the first place, the derivative
is, by the standard assignment rules for quantum mechanics, related to the
momentum operator :

pt =1ih 0" | (7.22)

and the mass m to the mechanical mass M by (as we have seen)

m= 2 (7.23)
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The Dirac equation can therefore be written as
(0" +hQA(@)!") vy — Mc) ¥(x) =0, (7.24)

which is to be compared with the standard expression for the electromagnetic
momentum if a charged particle in classical electrodynamics:

Pen! = pH — %A" . (7.25)

where ¢ is the classical charge of the particle and A. the classical electromagnetic
field. In the Gaussian system of units, the charges have dimensionality dim [q2]
= kg m?/sec? and the Coulomb field strength E therefore obeys dim[E] =
dimlq] /m?. Since this is the gradient of the classical e.m. vector potential 4. we
have dim[A.] = dim[g] /m, and because the photon field A has dimensionality
dim [AQ] = kg/sec, it follows the correct relation between the photon field and
the classical e.m. field must read

Al =cA? . (7.26)
From this it follows that the coupling @ and the charge ¢ are related by

Q=—q/(hWe) (7.27)

which implies the correct dimensionality dim[Q] = dim [1 / \/ﬂ ; moreover, we

find immediately that, for particles with unit electric charge,
Q*=—"—a , (7.28)
where « stands for the electromagnetic fine structure constant :

o ~ 1/137.036 . (7.29)

Since in QED every next loop order contains two extra powers of () and one
(effective) power of 7, the loop expansion is in QED equivalent to an expansion
in powers of a.

7.2.6 Furry’s theorem

An interesting observation concerns closed fermion loops in QED. Let us con-
sider a fermion loop that is attached by three QED vertices to the rest of a
Feynman diagram:

Here, we have indicated the Lorentz indices on the photon lines, and the mo-
menta across the photon lines are considered incoming into the loop. In addition
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to this diagram, there is also a similar diagram in which the orientation of the
loop is reversed :

D_;'_EME

SN

Note that these graphs cannot be twisted into one another. For loops with only
one or two vertices they can be so twisted, and then do not count as separate
diagrams ; for three or more vertices, there are two distinct ones. Without
pretending to evaluate the whole loop, let us concentrate on the Dirac structure
of their numerators. The first diagram contains the trace®

D- = Tr((k+m) v (k—pr+m) ™ (F+p2+m)y") =T, (7.30)

whereas the corresponding trace for the other diagram reads

Dy = Tr((—k+m) 7" (—f—pa+m) P (—k+p1+m)3*) =T .
(7.31)
Note that the rest of the loops, and in particular the propagator denominators,
are identical for both graphs. By using the reversibility inside traces of Clifford
algebra elements, we can write

T, = —Te((k—m)y" (k+p2—m)y* (k—pr —m) ")
= —Tr((k—m)y" (k—pr—m) ¥ (+p2—m)~")
= —-T_ (7.32)

since no terms with an odd power of m survives the trace. We see that the
two loops cancel each other precisely ! This can obviously be extended to loops
with more vertices, and we find Furry’s theorem : fermion loops with an
odd number of vector vertices® and opposite orientation cancel each
other ; with an even number of vector vertices, they are identical’.
Furry’s theorem does not hold if one or more of the vertices are of axial-vector
type, and so it is not generally valid for the weak interactions. For QCD, in
which the quark-gluon couplings have the Dirac-matrix form as in QED, Furry’s
theorem holds in a more restricted form : the spacetime part of the two quark
loops with even(odd) number of vertices are equal(opposite), but the additional
colour structures of the diagrams are different. This implies, for instance, that
the two quark loops with three gluon vertices do not cancel completely. We
shall come back to that case later on.

5By the rules of Dirac particles, closed loops automatically evaluate to traces.

6That is, vertices consisting of a single Dirac matrix, such as in QED.

"Furry’s theorem is usually proved by invoking the charge-conjugation matrix, discussed
in section 12.9.2. However, this is not strictly necessary as we see.
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7.3 Some QED processes

7.3.1 Muon pair production

We are now in a position to compute, for the first time, a realistic cross secttion.
The simplest calculation is that of the cross section for muon pair production
in ete™ collisions:

e"(p) et(p2) — p(q) p(q) -

The single lowest-order Feynman diagram is given by

P, q

9

P,

Both the electron and muon are Dirac particles. We shall denote the electron
charge by @., and the muon charge by @),, and their masses by m. and m,,,
respectively. The total invariant mass squared is conventionally denoted by s,
and of course momentum is conserved :

PO+ pt =a®+ @, s=m+p)’=(n+e) . (7.33)

The amplitude corresponding to the Feynman diagram is

M= "0 00 3 uln) ) 7 0la) (7.34)

and is strictly dimensionless: dim[M] = dim{[1], as it ought to be for a 2 — 2
process at tree order. The amplitude, squared and averaged over the incoming
electron and positron spins®, can be evaluated using the Casimir trick :

M2 = 5 v

spins
2 2 2
= PO S ) Ty ()
spins
X Z (q1)7a0(g2) T(g2)v5u(qr1)
spins
Tr ((]62 —me)y* (P1 + me)'}’ﬁ)
Tr ((dr + mu)valde — mu)ys)

8Leading to a factor 1/4. This assumes the usual situation where the electron and positron
beams in a collider are unpolarized.

7;L2 QGQQ/_LZ
452
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4h2 2 2

= % (pzaplg +p1ap25 - (p1 'Pz)gaB - me29a5)
(1025 + 204925 — (01 - @2)9ap — M2 gas)

O 4AR%Q.2Q,7

= Sk

(2(171 “q1)(p2 - q2) +2(p1 - ¢2) (P2 - @)

—s(p1-p2) —s(q1-q2) + 52) (7.35)

We shall work in the centre-of-mass frame of the colliding electron-positron
pairs. In that frame, we have

p2’=q2"=E , |p2l=p , |Gi2l=q, (7.36)
where
s=4E* | p*=F*-m.2 |, ¢#=F"-m,* . (7.37)
The various vector products are therefore given by

(p1-p2) =s/2—m.> , (q1-q@)=s/2—-m,* ,

(p1-q1) = (P2 ¢2) = /4 — pq cos(0)
(p1-92) = (p2- 1) = /4 + pq cos(0) , (7.38)
where 6 is the polar scattering angle, that is, the angle between p; and ;. We

also use the fact that (), and (). are the negative of the unit charge, so that
QuQe = 4ma/h. This leads to

16 2.2
(IM]?) = Zza <52(1 + cos(0)?) + 4s(m.? +m,,?) sin(0)*

+ 16m.*m,,” 005(9)2) (7.39)

Using what we have already learned about the flux factor and the two-body
phase space, we can write the differential cross sction as

do

1 s — 4mu2
T 64m2s

1/2
M?) d2 . 7.40
e M) (7.40)
This cross section therefore only depends on s and the polar scattering angle:
there is, for unpolarized incoming beams, no azimuthal direction singled out
and there is therefore no azimuthal angle dependence®. The total cross section
is obtained by simple angular integration, and reads

4 o? me? m,> s —4m,? 1/2
= 1+2 14+ 2L b . 7.41
? 3s ( + s > < + s ) L - 4m82} (741)

9This could be different, e.g. in the case of transversely polarized beams.
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The cross section is only nonzero above the muon pair-production threshold,
s> 4mu2. Since the muon mass m,, is much larger than the electron mass m.,
we may accurately approximate by putting m. ~ 0 :

A o2 2 2\ 1/2
o~ 7; a (1 n 2m“) (1 - 4m“> . (7.42)
s s s
For large s, furthermore, we have
47 o my*
o~ 7;8 <168‘;+~.) . (7.43)

By accidental cancellation of the leading muz/s terms, the large-s limit is
reached quite rapidly.

7.3.2 Compton and Thomson scattering

We next consider the Compton scattering process, an elastic collision between
a photon and an elecron :

e (p) v(k1) — e (q) v(k2)

Now, there are two Feynman diagrams,

P qp k,

k, k, Kk q
The amplitude is given by
M = Mi+M;y |

. Ay
M, = —ih 62 —_
! ihQ 2(p - k1)
a2 A
My = —inQ it

A = a(g) f2 P+ K1 +m) dulp) ,
A = a(q) 1 (d— k1 +m) f2ulp) , (7.44)

where €; 2 are the polarization vectors of the respective photons. Taking into
account the averaging factor 1/4, we find'® (with m for m.)

gl

(AR = ST (@4 m) ™ G +m) o 54 m) s 5+ o) 3)
= 16m* — 8(pq)m” + 8(pk1)(qk1) + 16(pk1)m? — 8(qk1)m? |

10Both the incoming electron and the incoming photon have 2 degrees of freedom, hence

(1/2)(1/2)=1/4.
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(A=) = iTr((dﬂn)vﬁ (4 = Fr+m) v (P+m) Yo (f — k1 +m) 75)

= 16m* — 8(pg)m® + 8(pk1)(qk1) + 8(pk1)m? — 16(gk1)m?>
(ArAz) = <A2A*>
= fTr( d+m) ™ (P+ ko +m) 7° (zﬁ+m> Yo (= K1 +m) 75)
= 8(pq)(pk1) — (pq)(qkl) +16(pq)m* — 8(pqg)?
—4(pky)m? + 4(gky)m?* . (7.45)
We can most easily evaluate this in the photon-electron centre-of-mass frame'!.
In this frame, we have

0 0 s+m? > > K
== B=la =Rl =lkl=g0 . (149)

where K = s —m? : and the angle between ¢ and El is denoted by 6. Putting
everyhting together, we find

2 4 4 2

(IMP) = 1672 0? <8K+8K2+ (qfl)Q— (;nTl)
. m K (qk1)
Sk P TR ) . (7.47)

The phase space integration element is given by

11
(2m)2 8 s

AV (p+ki;q,k2) = aQ (7.48)

where 2 is the solid angle of the emitted electron. The flux factor is

1 1

_ = — 7.49
2X\(s,m?,0)1/2 2K (7.49)
The only nontrivial quantity in the computation is
o o K 2
(gk1) = Kk (q — |q] cos 9) =5 ((s +m*) — K cos 0) ) (7.50)
and we can find the angular averages
1 K(s+m?)
— [ dQ (qk = —
A / (q 1) 4s )
1 1 2s K
— [ dQ = —1 1+ —
ir (k1) 2% ( +m2> ’
1 1 4s
— [ dQ = . 7.51
47 / (qk1)? m2K? (751)

1n the actual experiment, the photon will of course be impingeing on the stationary
electron ; but since the cross section is invariant we may choose any frame we want.
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We therefore have for the transition rate, now also averaged over the scattering
angle :
2 2

m m=s
{(IMPP)) = 167r2a2{1+5+16K2
2 4

m-s m*s S K

1
0= 1o {(IM[*)) . (7.53)

It is interesting!? to note that the ‘static’ limit K — 0 is well-defined :

The total cross section

(7.54)

This is called the Thomson cross section. It may serve as the ‘measurement’
prediction by which the electric charge of the electron is defined.

7.3.3 Electron-positron annihilation

The process
et (p1) e (p2) — (k1) v(k2)

is related by crossing to Compton scattering, and is described at the tree level
by the two Feynman diagrams

pz kl pz k2
pl kz p] k]

We shall study it in the context of the way it is actually observed at high-energy
ete™ colliders, that is, in the centre-of-mass frame with the photons emerging
an nonnegligible angles with respect to the electron and positron beams. In that
case, no invariant vector products are small, and we may neglect the electron
mass. We then have an example of a process in which spinor techniques can be
usefully employed. The amplitude is given by

. 2 »Al A2
M= iha (2(p2/€1) * 2(P2k2))
Ai(Ae; A1, A2) = T (p1) as(k2) (P2 — K1) da, (R1) ua,(p2)
Az2(Ae, A1, A2) = T, (p1) fa, (k1) (P2 — K2) das(k2) un (p2) . (7.55)

Since m, = 0 we may as well employ the symbol u for both the positron and
the electron. Also, the helicity of the electron fixes that of the positron, and

12 And comforting.
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both are indicated by A.. The helicities of the two photons are denoted by A; ».
We shall use the following spinorial representation of the polarization vectors
given in Eq.(6.64), without bothering overmuch about the complex phase of the
polarization vector!3

e(ky)a" = (2) T (k) 7 us(ry) (7.56)

with 7;¢ the gauge vector as discussed before. It is important to note that
the choice of r; can be made for different photons, and for different helicity
configurations, independently'*. We shall usefully employ also Eq.(6.67) :

RN A RPN ()
wy ¢(k)y = G d(k)x = )

Let us first take the case where the two photon polarizations are equal. With

N =1/y/(kir1)(kars), we have

(7.57)

Ai(+,+,+) = Nagp(p)u-—(k2)u—(r2) (P2 — 1)u—(k1)u—(r1)us(p2) ,
Ao(+,+,4) = Nug(p)u—(k)u—(r) (P2 — k2)u—(k2)u—(r2)us(p2) ,
Ai(+,— =) = Nugp(p)u—(ra)u—(k2) (P2 — F1)u—(r1)a—(k1)ut(p2) ,
Az(+, = =) = Nug(pr)u—(r1)a—(k1) (P2 — f2)u—(r2)u—(k2)ui(p2) -
(7.58)

If, now, we choose 71 = r9 = py for the (+, +, +) configuration and 1 = ro = py
for the (+,—, —) configuration, the amplitude is seen to vanish identically in
either case'® | We also see that the same must happen for electron-positron
annihilation into any number of photons : if they all have the same helicity, the
amplitude vanishes. Next, we have the (4, +, —) configuration :

Ai(+,+,—) = Nay(pr)u—(r2)u— (ko) (P2 — F1)u—(k1)u—(r1)uy(p2) ,
Ao(+,+,—) = Nug(pr)u—(k1)u—(r1) (P2 — k2)u—(r2)u—(k2)us(p2) -
(7.59)

We can now choose, say, 71 = p2 and r9 = p1. Then A, is again zero, and

A2(+,+, =) = N ug(pr)u—(k1)u-(p2) (b2 — k2)u—(p1)u-(k2)u(p2)
= —s5,(p1,k1)s_(p2, k2)?s4 (ka, p1)// (k1p2) (kap1) , (7.60)

13Because the process is described by only one single current-conserving object. For more
complicated processes we do have to ensure the correct complex phase ; this is however
greatly helped by the observation of section 6.3.8, that the complex phase of the polarization
is independent of the choice of gauge vector.

14But of course we have better choose the same r for all diagrams in the amplitude, or at
least in each of its current-conserving subsets.

15This is of course independent of our using the standard-spinor techniques ; these just
make it simpler to see the vanishing.
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so that up to an irrelevant overall phase we have

(plkl):| e
M(H+,4+,—) =81« [ 7.61
( ) (p2k1) (r61)
By symmetry, the configuration (+,—,+) is obtained by replacing ki by ks.
The configurations with A, = — follow from complex conjugation. The final
result is, therefore,
ki) | (piks)
M[?) = 3272 o® <(p1 + . 7.62
{IMr) (p2k1) — (p2k2) (762)

The computation of the cross section is left as an excercise. We have discussed
this process, rather, to show how spinor techniques may be usefully employed
to compute amplitudes for massless-particle processes in a fast and efficient
manner ; moreover, we can gain results (such as the vanishing of the amplitude
when the photons helicities are equal) that are not so easily obtained by more
traditional approaches!S.

7.3.4 Bhabha scattering
Our final 2 — 2 QED process is that of Bhabha scattering:

e (p) e (p2) — ef(@m)e (g2) ,
described by the two following Feynman graphs:

b, q, P q,
p2 q, p2 q,

We shall use, in addition to s, the following conventional invariants :

t=(m—q)’=MP2—q)?* , u=P —@)’={pP—a) . (7.63)

For m, = 0 we have s+t+u = 0 by momentum conservation. As before, we shall
work in the high-energy limit so that m, is neglected. The helicity-dependent
amplitude is

MM, A2, p1,p2) = ihQe® A(M1, A2, p1,p2)
1_ _

A(A1, A2, p1,p2) = 3 Uy, (P1) 7 ur, (P2) Wp,(G2) Yy wpy (q1)
1

I Uy, (P1) Y up, (q1) Upy(g2) YV un, (p2) - (7.64)
16 A word of caution is in order here. The Minkowski products (p;k;) can become small
if the photons are emitted collinearly. In that case these products are of order m? rather
than of order s. It is therefore not adviseable to blindly put m = 0 in any process in which
photons are emitted, since then we might miss terms looking like mz/(pikj)2. As can be
seen from the matrix element for Compton scattering, in this case the double-pole term is
actually suppressed by m* rather than by m?, and therefore at high energies we do not have
to worry about double poles for this process. For other Bremsstrahlung processes such as
ete™ — pTu~r, the double poles are important : see section 7.3.5.
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Note the relative minus sign between the two diagrams ! By the Chisholm
identity, we can now evaluate the various helicity configurations :

2 2
A+, +,+,+) = 3 5+ (p1,q2)s—(qu,p2) — n 5+(p1,q2)5—(p2, q1)
1 1 u?
~ 2ul=-4=) ~ 2—
“ (s i t> st
2 t
A(+7+7 ™ _) = ; SJr(plaql)s*(qQ?pQ) ~ 2 ; 9
2 s
A(+7 _7+a _) = _2 3+(p1>p2)37((ha(11) ~ 2 g ) (765)

where the symbol ~ denotes our throwing away unimportant complex phases.
The other helicity configurations with A\; = + give zero, and those with \; = —
follow again trivially by conjugation. We find

sttt ot 3+ cos?0)’
<|M|2> = 2h2Qe4 T = 167T2 Oé2 (jl—cose) 5 (766)

where 6 is the angle between p; and ¢ in the centre-of-mass frame in which
most ete™ scattering experiments are performed. Note that, in this case, the
singularity is not due to our neglecting the electron mass ; indeed, for nonzero
mass we have

t = (pl — Q1)2 = 2m2 — 2(p10)2 + 2‘}?1‘2 cosf
= =2[p1|*(1 — cosb) . (7.67)

To this order in perturbation theory, the total cross section for Bhabha scatter-
ing is therefore indeed divergent!'”.

7.3.5 Bremsstrahlung in Mceller scattering
The nonradiative process

Meceller scattering is the mutual scattering of two electrons :

e (p1) e (p2) — e (q1)e (g2)

and is just a crossed version of Bhabha scattering. The relevant expression is
therefore, for negligible electron mass,

sttt
s2u?

(IMP?) = 20°Q. (7.68)

17The importance of the Fermi minus sign is very visible here. If inadvertently we would
forget it, the cross section would be overestimated by as much as 50 % for cos = —2 + /5,
i.e. a scattering angle 6 = 76.345 degrees.
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The radiative process
We shall now consider the so-called Bremsstrahlung!® process :

e (p1) e (p2) — e (q1)e (g2) (k)

At the tree level, it is described by the eight Feynman diagrams

q
b
b,
4,
q
P,
P
1 a;

which we may conveniently put in four groups of two diagrams each :

4
M = > M,

i=1

_ i 3 — q1+}é+m€ a a}él_}é+m€
My = i@/ al) | B e e bR )
1 _

X (2 — )2 u(g2)vau(p2) ,
My = MlJP1<—>ID2>Q1<—>Q2 ’
M3 = _M1JP1<—>;D2 ’ M4:_M2JP1<—>P2 (7'69)

Note the Fermi minus sign between M 2 and M3 4. The four pairs of diagrams
are separately current-conserving, i.e.

M|, ,=0,i=1,23.4. (7.70)

The soft-photon approximation

Since the emitted photon is a massless particle, its energy can be arbitrarily low.
A useful result can be obtained if we take this limit, that is, the photon energy
is taken to be negligible with respect to the other particle energies. Consider an
arbitrary process in which a fermion with momentum ¢ and mass m is produced
during a scattering :

(7.71)

18The term originated in studies of the motion of charged particles through a medium ; they
may lose energy by emitting photons, and slow down, or ‘brake’, or — in the language of early-
twentieth-century physics, which was German rather than American English — ‘Bremsen’.
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this amplitude can be written as
Mo =1(q) Alg) , (7.72)

where A denotes the rest of the diagram(s). The corresponding radiative process
will (amongst others) contain diagrams in which the photon is emitted by this
particular fermion :

(7.73)

which evaluates to
M, = —@V T g (774

Notice that the denominator ¢ - k goes to zero as the photon energy vanishes,
and hence the diagram diverges in the soft-photon limit. In the soft-photon
approximation ( and assuming that the object A does not depend on ¢ in too
drastic a manner!?) we have

g+m
2q -k
Anticommuting ¢ and ¢, and using the property of the Dirac spinor, which tells
us that u(q)¢ = mu(q), we then find

q-€_

M.~ =(QeVh) =@ Alg) (7.76)
that is, the diagrams factorizes into the nonradiative result and an ‘infrared
factor’?’. We can repeat this procedure for those diagrams in which the photon
is emitted by the other external particles. There are, of course, also (possibly)
diagrams in which the photon is emitted from internal lines ; but, as can easily
be checked, such diagrams do not diverge as k% — 0. In the soft-photon approx-
imation, they do therefore not contribute. For radiative Mceller scattering, we
therefore have the nicely factorized form

M= — \/ﬁ<q“€+q2'6p1'6p1'6)/\4, 777
(@ )fh'k? g2k p1-k p1-k 0 (7.77)

where M, is the amplitude for the nonradiative process ; and, using the polar-

M, ~ —(QcVh) u(q)f Alg) - (7.75)

ization sum rule Xe#e” = —g"¥, we find
sttt ot
<|M|2> = _QQeﬁhg 2z (VIR . VIR) s
Iz Iz Iz Iz
Vit = P1 + P2 0 q2 . (7.78)

kopr  kepe ket kogo
As has already been intimated, the double poles are indeed suppressed by a

factor m.2.

19This assumption fails, for instance, close to a resonance. However, since every resonance
has a finite width, the soft-photon approximation is formally correct for infinitesimal photon
energies.

20Gince infrared light has low energy compared to visible light.
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Hard Bremsstrahlung: massless case

Next, we consider ‘hard Bremsstrahlung’ (i.e. any photon emission which is not
soft) in the limit of vanishing electron mass. It is then most useful to assign
definite helicities to the electrons, so that the scattering process is

e (p1,m) € (p2,p2) — e (q1,v1) e (q2,2) v(k, A)

with g1 2,71 2, A = £. The amplitude is then a function of the helicities, and we
write M (1, po; V1, va; A). We first consider M (4, +; +, +; +). Using Eq.(6.67)
this can be written as

(Qevh)3V2
2(p2 - q2)s—(k,r)
g1+k a alslik
e = B (a7 s (o)

X Uy (g2)Vau+(p2) (7.79)

My(+,+5+,+54+) =i

X Uy (qr) |u—(k)a—(r)

and since M is current-conserving by itself we may choose r at will ; in this
case r = p; appears to be optimal since it kills the second term. Applying
standard (hopefully, by now) spinor techniques we arrive at

Mi(+,+i+,+5+) =
. 3 S+(q1>k)ﬂ*(p1)(¢1 +}é)u*(Q2)37(p27p1)
Z(Qe\/ﬁ) \/g (2p2 : Q2)(2k : Q1)3—(k,p1) . (7.80)

We may employ momentum conservation and masslessness for a further manip-
ulation :

U (p)(dh + Fu—(g2) = U-(p1)(dh +F+ d2)u—(g2)

—(
—(p1)(P1 + P2)u—(q2)
—(

= U_(p1) p2 u—(q2)
- 5—(291»]92)5-&-(]32,(]2) ) (781)

so that

S— (P17p2)2
5_(p2,q2)s—(k,p1)s—(k,q1)

M(+, 45+, +;4) = i(QcVh)*VB (7.82)

Note the fact that in this expression no s;’s occur, but only s_’s. This is a
quite general feature of such processes. Finally, we can make use of the identity
of Eq.(6.74) to arrive at the form

2
My (+, 45+, +) = —2i(Q.VR)? 5 (P, p2) <€+'P1_6+-q1>
1( ) (Q ) 5—(p17Q1)5—(p27Q2) kp1 kfh
(7.83)
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The infrared factor also appears in this case ! Performing the appropriate sub-
titutions we can write the complete amplitude as

M+, +5+,+5+) = =20(QcvVh)? s (p1,p2)” (VR - €4)

1 1
- <s_(pl’%)s—(p2"h) - 5—(]31,(]2)3—(192,(11)) . (7.84)

The minus sign in the last term is the Fermi sign ; it helps us to simplify our
expression even further using the Schouten identity, and the final form for the
amplitude is

s_(p1,p2)3s_(q1,q2) (VIR - €4)

s_(p1,q1)5—(p2,q2)5—(p1,q2)5— (P2, 1)

(7.85)
For the other helicity configurations, the above treatment can be repeated
straightforwardly. We simply list the final results :

M+, 45+, +i+) = 2i(Q.VR)?

M, posvi, v AN) =
2%(QuVR)? (VIR - ex) K(p1, po;vi,v2;A)
SfA(ph (J1)87,\(p27 Q2)87,\(p1, (12)87,\(}?2, Q1)

K(+, 45+, ++) = +s_(p1,p2)% s_(q1, ) ,
K(+,+;+,+;—) = +54(q1,42)% s4(p1,p2)
K(+,—+,—1+) = —s_(p1.q2)* s_(p2,q1) .
K(+, =4, —5—) = —s+(p2,q1)* s+(p1.q2)
K(+,— =, +;+) = +s_(p1,q1)* s_(p2. 2)
K(+,—;—,+;—) = +54(p2,¢2)° s+ (p1,q1)
K(— == —+4)=+s_(q1.42)" s—(p1.p2) ,
K(—, —;—,—;—) = +s:(p1,p2)% s:(q1,q2) ,
K(—,+;—+;+) = —s_(p2,q1)* s_(p1.q2) ,
K(—+;—,+;—) = —s4(p1, )" s4(p2,q1)
K(— +;+,—;+) = +s5-(p2,¢2)* s-(p1, 1)
K(— 45+, ——) = +s:(01,01)° 51 (P2, 02) (7.86)

No other helicity configurations contribute. The spin-averaged matrix element
squared therefore has the following form in the strictly massless case :

(M), g = —2Q.° 1% (Vir - ViR)
58’ (82 + 8"%) + un (u? + u'?) + tt' (12 + t'?)
X pwrer , (7.87)

with s = (p1+p2)®, ' = (@ +¢2)% t = (p1— @), t' = (p2—q2)?, u = (p1 — @2)?,
and u' = (p2 — ¢q1)%. The final result is surprisingly simple. It consists of the
‘soft-photon’ factor VIR2 (evaluated for non-soft photon momenta), multiplying
a ‘symmetrized’ form of the nonradiative cross section.
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Double-pole terms at high energy

We have already mentioned that putting m. = 0 strictly may be too strict since
there are invariant products of momenta that may become equally small. To
see how this works, let us again inspect the radiation emitted from a produced
fermion, as given in figure 7.73, that can be written as

M=~/ a4 k) (759

where, as before, A stands for the rest of the diagram(s). We shall not assume
the soft-photon limit, however. Let us assume that the photon is emitted as
small angle # with respect to the fermion momentum. We then find, assuming
the fermion energy to be large compared to its mass m :

(k-q) = K° (qo —|d cos@)

K ((¢° — |a) +1416°/2) =~ %koqo (02 + <7ZO> > . (7.89)

Q

where we have used the fact that ¢° — 7] = m.2/(¢° + |7]) =~ m.2/(2¢°). we
conclude that as soon as @ is of order m./q” or smaller, the product (k - q)
becomes of order m? ; and this means that is that case the ‘single pole’ (k-q)~*
and the ‘double pole’ m.2(k - ¢)~2 are of the same order?!. The squared matrix
element (summed over fermion and photon spins) contains of course

_QCh
4(k - q)?
x Alg+k)(d+F+mNn(d+m)vald+F+m)A(g+k)  (7.90)

<|Mc‘2> =

Using standard Dirac algebra we can write

(4 +F+m)y* (g +m)vald + £ +m)
= dm*(g+Fk+m)+4k-q)(m—}) . (7.91)

The second term in this expression enters into the ‘massless’ result since it
will give rise only to single-pole terms, whereas the first term tells us that the
double-pole term coming from this M, must read

m2

<|Mc|2> = _Q€2h (k - Q)2

Alg+E) g+ FAlg+k) (7.92)

where we have again discarded terms of order m. The nonradiative transition
rate was given by (A)¢A(q), and in this expression we have now substituted
q + k for g. We can, by momentum conservation, always express the invariants

s, t and u in Eq.(7.68) into a form that does not contain ¢, and this then gives

2lFor this reason we use the subscript ¢ which stands for ‘collinear’.
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us the double-pole terms : keeping all four collinear situations in sight, we can
write the transition rate including the double-pole terms as

(IMP) = Q. 1 (

58’ (82 + 8"2) + ' (12 + %) + uu' (v + u'?)

tt'uu’
{ 2(p1 - p2) _ 2(q1 - q2) + 2(p1 - 1)
(k-p)(k-p2)  (k-q)(k-q2) (k-p1)(k-q1)
2(p2 - ¢2) _ 2(p1 - q2) _ 2(p2 - q1) }
(k-pa)(k-g2)  (k-p1)(k-q2) (k-p2)(k-q)
me2 s+t + o me2 s+ tt + u
" (k-p1)? 124,72 (k- p2)? 1202
- me? s+t 4 u? - me? sttt + ulz) (799
(k . Q1)2 t/2u2 (k . q2)2 t2u/2 :

This is the final expression for unpolarized Mceller scattering ; it is accurate in
the limit of small m. even for collinear photon emission.

7.4 Scalar electrodynamics

7.4.1 The vertices

We can also consider the possibility of interactions between photons and charged
scalar particles??. The simplest vertex is then given by

q
p

u

where the charge flow is indicated by the arrow. The photon index is p. The
momenta p and g are counted along the arrow. Note that the propagator of scalar
particles may be unoriented, but the vertices do not have to, in particular if there
is a quantum number, such as charge, that distinguishes between particle and
antiparticle. In the absence of Dirac indices, the only quantities in this vertex
that carry a Lorentz index are the momenta p and ¢ (and of course the photon’s
own momentum, but that is fixed by p and ¢). We therefore propose a Feynman
rule of the form

q
Y

22 Blementary charged scalar particles have to date not been observed, although they are
predicted in extensions of the standard model. We here include threm since they will provide
indications on how to treat charged vector particles.

U VAN z% (c1p” + cagt)
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with constants cj 2 to be determined. This is simple, since we can study the
annihilation of the charged scalar-antiscalar pair into an off-shell photon : under
the handlebar operation, the amplitude becomes

P,
P, k

= iQVh (capo” — expr”) ky

= iQVh (cap2" — e1pr”) (p1, + p2,.)

= iQ;/ﬁ(CQ —c)s . (7.94)

We see that ¢; = ¢y is required, and therefore the first Feynman rule for scalar
electrodynamics (sQED) reads

q 0 sQED vertex
Ho i—(p+q)"
P h
’sQED Feynman rules, version 7.1 ‘ (7.95)

Let us now consider the more complicated process of annihilation into two on-
shell photons. With the above vertex two diagrams are involved :

P kK p K,
o k, D k,

The amplitude is then given, with m indicating the scalar’s mass, by

(pr+ (1 —k)-er ((p1—Fk)+(—p2)) - €

M = —ih@? + (k1 < k
© (p1 — k1)? —m? a 2)
—  _9%h0O2 <(P1 e1)(p2 - €2) + (p1 - €2)(p2 - 61)) 7.96
© (p1 - k1) (p2 - k1) (7.96)
The test of current conservation now fails, since
M|, g, = —2ihQ%((p2 - €2) + (p1 - €2)) = —2ihQ* (k1 - €2) . (7.97)

The solution is to introduce a four-point vertex into the Feynman rules?® :

23For reasons lost in the mists of time, such a vertex is called a sea-gull vertex, although to
me it does not look very gully nor even particularly birdy.
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q sQED 3-vertex
b Moo i g

47\{/\: sQED 4-vertex
> 21

SQED Feynman rules, version 7.2 ‘ (7.98)

Now we find immediately the desired current conservation :

e T )G

It might be supposed that annihiliation into three photons would necessitate a
five-point vertex, and so on. Fortunately, the above two vertices are sufficient
to guarantee current conservation in all sSQED processes, as we shall now show
using some more handlebar diagrammatics.

7.4.2 Proof of current conservation in sQED

Consider a charged scalar propagator somewhere in a Feynman diagram, and
assume a photon attached to it :

k’? u
ih Q ih
AT = o () o

As in our proof of regular QED, none of these lines is necessarily on-shell.
Momentum conservation again fixes the photon momentum to be k =p —g¢q. In
analogy to regular QED we can now invent some handlebar diagrammatics as

follows :
P e o) |
- (n(9)

- L 7100
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with the trivial auxilliary rules

—a = ih L (7.101)

Y

These rules are very similar to those we adopted in regular QED : however, in

general we have
E/*_\ " /’_éi (7.102)

since the scalar-scalar-photon vertex still depends on the various momenta. We
now turn to the second vertex, with two photon lines. Not denoting the two
scalar propagators, we have

2ZQ—2 (p—q—k)s*

— (@) (ih) <i§(2q+k)“) - ( §(2p k)* )(lh) (zif) ;

(7.103)

/Vz}i‘ = /fﬁj\ - j—i\ (7.104)

The proof of current conservation again relies on the SDe’s for this model :

«%:D,
+'\§ED,
D

=
)g
Il

p” (RN

in other words,

= —— +

— +

b

:’l/\f\f‘+

| bad

(7.105)

where again we have used semi-connected graphs. The handlebar operation is
now seen to lead to

X

=1+ =gD)
D - -GD
- D - D

(7.106)
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If we now iterate the SDe cleverly for the first two of these four diagrams, we

0+ @ 7 @) (7.107)

‘ - % , (7.108)

owing to the simple, momentum-independent structure of the seagull vertex.
Comparing the lines of the proof for sSQED with that of regular QED, the general
proof strategy becomes clear : if in a diagram a slashed propagator occurs as
one of the indicated lines of a (semi-)connected graph, we must iterate de SDe
for that line, and then we can collect the various canceling contributions.

since we do have

7.4.3 The Gordon decomposition

Consider a charged Dirac particle that scatters by emitting (or absorbing) a
single photon. The corresponding current reads

JH = —=7(q) v u(p) , (7.109)

where p is the incoming, and ¢ the outgoing momentum. By the properties of
the Dirac spinors we can write this as

. 1Q .
Tt = o= ula) (" +7"p) up) - (7.110)
Now,
1 .
n" = "+ iqah“,v“] =q" —iga o™ ,
1
o= P gt =P ipa o™ (7.111)

and the current takes the form

7= 22271 a(q) ((p+a)" +i(p — @)a0™) ulp) - (7.112)

This is called the Gordon decomposition : the vertex is split up into a piece that
we recognize as the sQED vertex, which is called the convection term, and a
tensorial part, called the spin term. Both terms vanish individually under the
handlebar operation.
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7.4.4 The charged Klein-Gordon equation

Just like the case of a Dirac particle in an e.m. field, that of a charged scalar in
such a field allows us to write down a tree-level SDe for the scalar field, based

Q Q&
= § + g (7.113)

or, by explicitly use of the Fourier transforms of the fields :

_ 4 1 / 4 —ik-(x—y) ih
o) = /dy(27r)4 dke k? —m? + ie

<<§) (2;8 [ dtpatae iy 1 0),40) olp)

- (2%) A )o) ) (7.114)

Note the occurence of the symmetry factor 1/2 in the last line. We can therefore
arrive at the following classical field equation, where we have used the Lorenz
condition 9- A =0:

(=9 —m?) 6(x) = —iQA"(2),6(x) - Q*A(2) A, (x)6(x) ,  (T115)

((ia + QA(z))? - m2) ¢(x) =0 . (7.116)

This is de Klein-Gordon equation for charged scalar fields. We see that the same
‘minimal substitution rule’ p* — p*+ QA" as in the Dirac case is employed to
account for the presence of the e.m. field ; and we see that the charge coupling
constant @ is defined in the same way for both scalar and Dirac particles.

7.5 The Landau-Yang theorem

7.5.1 The photon polarisation revisited

As stated above, any good amplitude for processes in which a photon is absorbed
or produced must vanish under the handlebar operation. That means that,
provided the amplitude is acceptable, we may add to any photon polarisation
a piece of photon momentum. Let us consider a process with several photons
present, with momenta ¢;* and polarisation vectors ¢;#*. We have, obviously,
(i - qi) = (¢; - €;) = 0 and (¢; - ¢;) = —1. From the above, we see that, if we
wish, we may employ instead of ¢; the more complicated object

m# = ei“ _ (p . ei-;qi# , (7_117)
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where p is any vector not proportional to ¢;. This has the properties

(mi-qi)=(mi-p)=0 , m>=-1. (7.118)

In numerous applications, n is actually more profitable to use than e. But we
should note that, in any amplitude described by more than one Feynman dia-
gram, the shift from € to n simply means that parts of some Feynman diagrams
are ‘transferred’ to other diagrams : the total result must, of course, be the
same. The most important difference between € and 7 is in the handlebar, since
71 then vanishes :

Tileg =0 5 (7.119)
therefore, any expression written in terms of n’s vanishes automatically under
the handlebar. On the one hand this is, of course, nice ; on the other hand,
it deprives us of a powerful check on the correctness of our diagrams, since

almost any mistake made in writing them out will show up as a failure under
the handlebar.

7.5.2 The Landau-Yang result

Although this may seem to fall somewhat outside the province of QED, we can
consider the decay of a spin-1 particle into photons. But even within QED this
can be envisaged, since we may have a bound state of electron and positron
(positronium) that may, of course, have some angular momentum. Such a
positronium state can, unless we look really closely, be considered a single par-
ticle. In its ground state, positronium comes in two varieties : para-positronium
in which the electron and positron’s spin are antiparallel and hence form total
spin zero, and ortho-positronium in which the spins are parallel, leading to a
total spin of one.

Without knowing anything much about the bound-state structure of positro-
nium, let us consider the amplitude for its decay into a pair of photons. Let us
denote by P* the positronium momentum (in its rest frame), and by ¢1,2 and
€1,2 the photon momenta and polarizations. We shall define ¢* = (¢}’ — ¢5)/2.
In addition, the positronium being a spin-1 particle, we need its polarisation
vector €. Any amplitude for the decay must necessarily be linear in €y, €; and
€2 ; and to have current conservation we can, rather, take 1, o instead of €; »,
where here 7; = ¢; — (P - €¢;)/(P - ¢;)gq;- Since also (P - ¢p) = 0, the three polar-
isations (as well as the vector ¢) have no timelike component. Noting that, in
this case, (¢-71,2) = 0 as well, we see that to build an amplitude M we actually
have but a very few structures that we can use?? :

M=A1(q-€)(m -n2)+ Ase(P, e, m,n2) + Az e(P,q,m,n2)(¢ - €0) . (7.120)

The coefficients A are of course undetermined, but they can only depend on P?,
q? and (P - q). This last product is zero, and P2 = —4¢%> = M? where M is the

24You might be tempted to write down a term like e(q, €0,m1,7n2) but since all these vectors
have vanishing zeroth component, this Levi-Civita product is simply zero.
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positronium mass, so the A’s are effectively just constants. We now come to the
main observation : under interchange of the two photons we have n; < 1y and
q — —q. It is immediately seen that all possible terms in M are antisymmetric
under this operation, and hence cannot occur if we are to have Bose statistics.
It is obvious that this results holds to all orders of perturbation theory, nor is
restricted to the case of positronium. We conclude that a spin-1 particle cannot
decay into two photons, which is the Landau-Yang theorem. And so it is : para-
positronium has a lifetime of 1.25 x 107! seconds, while ortho-positronium,
having to perform the much more cumbersome decay into three photons, lives
for as long as 1.39 x 10~7 seconds.

In the literature and most textbooks, the Landau-Yang theorem, especially
when applied to positronium, appears to be based on fairly complicated reason-
ings having to do with the charge-conjugation properties of the various states.
In our more simple-minded approach, we see that it is simply a consequence of
the relative paucity of building blocks available when you start to imagine what
a decay amplitude could look like. Indeed, as soon as you envisage three-photon
decay, a host of terms can be written down that respect Bose symmetry, so that
it is easily understood why three-photon decay is not forbidden?®.

25In the words of Feynman, ‘everything that is not explicitly forbidden is allowed’.



Chapter 8

Quantum Chromodynamics

8.1 Introduction: coloured quarks and gluons

In chapter 7 we have studied the behaviour of electrically charged particles and
the electromagnetic field embodied by photons. Notwithstanding the fact that
particles can have different charges, all these charges are of the same type in the
sense that they can be added. For instance, atoms are electrically neutral when
studied from the ‘outside’, since the positive charge of the nucleus is cancelled
out by the negative charge of the electron cloud. It is interesting to see what
happens if we enlarge our view to the possibility of ‘different types of charge’,
that cannot be meaningfully added in a simple way. In that case, a bound state
of particles with a different charge type might not look ‘neutral’ when seen from
the outside : the charges of the constituents would show through. To avoid
confusion with the electric charge we shall let the ‘new charges’ go by the name
of colours, and the dynamical theory of their interactions is called Quantum
Chromodynamics, or QCD.

We shall start our investigation with coloured fermions, called quarks'. The
number of colours is denoted by N, where of course N > 2. The quarks are
described by Dirac spinors for given momentum and spin, and also by a colour
label which we shall denote by a,b,c,.... All these labels (or indices) run from
1 to N. A conjugate fermion (@ or v) will carry an upper, a regular fermion (u
or v) a lower index.

In addition we expect vector particles to be present, that carry the colour
force. These we call gluons. In analogy to QED, we shall assume the gluons to
be massless, but since we have different colour types there must also be different
gluon types. The gluon type will be denoted by j, k,I,m, ..., and it is up to us
to determine? how many gluon type occur for given N.

1 Historically, the notion of quark predates that of colour, and the colouring of quarks was
invented to explain the possibility of the existence of curious particles such as the AT+ or
the Q7. In this chapter, we are less interested in describing the world of hadrons than in
constructing an internally consistent theory, hence the unhistorical line of reasoning.

2The usual approch is simply to postulate a local SU(N) gauge symmetry, from which the

205
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We now postulate a few properties that we want our world of colour to
possess:

1. Colour is conserved in interactions, just like electric charge. This must
hold for every type of colour charge separately.

2. All colours are equal and none are ‘more equal than others’, which means
that particles that only differ by their colours propagate through spacetime
in the same way.

8.2 Quark-gluon couplings

8.2.1 The T matrices

We start by defining the quark-gluon vertex, as a close analogue of the QED
fermion-photon vertex :

j ,

o 1oyt () | (8.1)
b

where we have explicitly indicated the quark and gluon colour types. Here, g
is the coupling constant, and (77)%, is recognized as an element of an N x N
matrix, the properties of which we still need to derive. Allowing for complex
matrices, we see that the number of different gluon colours cannot exceed 2N2.
It is clear that an overall factor in the matrices T can always be absorbed in a
redefinition of g, and we shall use this to normalize the T" matrices.

We require the structure of the colour part of the interactions to take care
of colour conservation and colour equality. Consider the following diagram :

C/q?bm/\\a
]

The colour part of this diagram reads
Do (1) (1),
Jb
and colour conservation/equality hence demands that

> (Tj2)ab = ko, (8.2)

J

number of gluons immediately follows ; but our (or rather my) interest is to see how we can
arrive at that result from simpler, or rather physical, requirements.
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for some constant k. Similarly, the diagram

j N

a

contains the colour factor
j k\b
> (1)1,
a,b
and, using the normalization freedom, we therefore find

1

Tr (T9T") = 3 7 (8.3)

Since colour must be conserved, a gluon cannot lose its colour charge and there-
fore gluons and photons cannot mix : all diagrams of the form

X a
J
photon
a
must vanish, and therefore we must have
Tr (T9) =0 for all gluon colours j . (8.4)

Finally, we consider the following two-loop self-energy diagram of the photon :

Here, the fermions are quarks and the internal line labelled j is a gluon of colour
type j (of course, we have to sum over all j values. If we compare this diagram
to the corresponding QED one, we see that apart from the overall charges (g°
instead of Q?) the only difference is the colour factor, in this case

> T (1977)

Now, if our theory is to be unitary, it must obey the Cutkoski rules, and therefore
we demand that

1]

++0 . (8.5)
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For the QED diagram, this indeeds holds. In the coloured case, however, the
colour structures of the diagram cut in the various ways are no longer the same
: respectively, they are

ZTI“(TjTj) ) ZTI“<TjTjT) , and ZTT<TjTTjT)
J i .

Unitarity can therefore only be safe if these three different traces are, in fact,
equal to one another. We may therefore write

Som(aa) =0, A =i(T -1 (8.6)
J
The matrices A7 are obviously Hermitean, so that Eq.(8.6) can also be written

as N
ZTr (AJ'AJ‘*) =33 @) =0, (8.7)

J a,b=1

hence all A7 are actually identically zero, and the matrices 79 must be Her-
mitean. The number of different gluon colours type is therefore N2 —1, and the
constant k of Eq.(8.2) is equal to (N? —1)/2N.

8.2.2 The Fierz identity for 7" matrices

We have now zoomed in quite efficiently on the matrices 77. On the other

hand, like in the case of Dirac particles we would prefer if predictions for cross

sections and the like dit not depend on the particular choice of the matrices®.

We can, in fact, derive a relation between the T’s that holds independently of
any representation : it goes under the name of the Fierz identity*. Any N x N
matrix M can be written® as

M =agl+Y a;T7 . (8.8)
J

By taking traces we can determine the coefficients :
Tr (M) =aoN , Tr(MT*) =ay/2 . (8.9)
Therefore we have

M =23 Tr(T9M) T’ + Tr (M) /N, (8.10)

3In the Dirac case this was indispensable since any dependence would destroy Lorentz
invariance. In the present case one might argue that the 7Y could, in principle, just be
measured. Nevertheless having a representation-independent theory just sound, you know,
kind of more comfy.

4Same guy, different identity.

5You might be tempted to think that this holds only for Hermitean matrices. But since
iTJ is antiHermitean we can accomodate any M provided the a’s can be complex.
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or, in terms of the matrix components,

c sa i\ c i\ a 1 c a
M?, 66 d:zZMdC(TJ) LT b+NMdC5 a0% (8.11)
J

whence the following, representation-independent identity :
(1) (T7)°y = L(seg50 — Som5ea ) (8.12)
b Sd T N

Since® the colour of quarks and gluons cannot be observed, any cross section
will involve a summation over all colours, and therefore every cross section is
expressed as (a product of) traces of strings of T' matrices, in which every matrix
T* occurs exactly twice, and the index k is summed over. The Fierz identity
comes in useful here, since we can write (with summation implied)

Tr (T7A) Tr (I'B) = ;<Ty(AB)—;[Tr(A)Tr(B)) ,
Tt (TVAT'B) = ;(Tr(A)Tr(B)—]bTr(AB)) . (8.13)

With these trace identities we can simplify and compute any set of colour
traces without recourse to any explicit representation, especially if we recall
that Tr(1) = N, Tr(7Y) = 0 and 7979 = (N? — 1)/2N times unity. For
instance,

Tr (T/T*T) Tr (T/T*T)

= % (Tr (T*T'TFRT) - %Tr (T*T") Tr (T"”'Tl))

_ i <Tr (1) v (11) — %Tr (T'T") + %Tr (7%) T (Tl)>

N2 -1
AN 7

-l (T'T") =

N (8.14)

and
Tr (T9T*T") Tx (TVT'TF)

= % (Tr (TFT'T'T*) — %T& (T*T") Tr (TlTk))

2 2
% ((NQN 1) Tr (1) — %Tr (T'T") + ﬁTr (T") T (Tl)>

(N2 — 1)(N? - 2)
8N

(8.15)

SEmpirically.



210 March 27, 2014

8.3 The three-gluon interaction

8.3.1 The need for three-gluon vertices

It is now time to investigate our theory using handlebars. In the first place, in
the process g — ¢g the current is conserved in the same way as in QED, since
there is only a single Feynman diagram and the colour structure is therefore
irrelevant to any cancellation. The situation becomes more delicate in the case
of more complicated interactions, so let’s consider qg — gg. Then, we have at
least the following two diagrams :

where we have indicate the colours explicitly. From these two graphs we form
the two expressions

M = —ithv(pl)ﬁmﬁu(pz) (1’1,
My = —ing oo R ) (T, L (50

Let us now put the handlebar on gluon 1, so that we replace €] by ¢}'. We find
that

o(p)dh (dh — b1 +m) = B(p1)d (—p1 +m)

= 0(p1) (—2(p1- @)+ P +m)) = —2(p1-q)v(p1) (8.17)
and
(¢2 —h + m) hu(p2) = (752 + m) u(p2)
= (22 @) = P2 —m))ulpa) = 2(p2-q)ulpz) ,  (8.18)
so that
Mi] = —ihg® B(p1)dou(ps) (TVTF), |
M| = +ihg® B(p1)dou(pz) (TFT9)%, . (8.19)

Combining, we may write

M| = —ihg® (p1)daulps) [TV, T, (8:20)

where the square brackets denote, of course, the commutator of the matrices 77
and T%. Because of the colour structure we have a non vanishing result, and
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current conservation is in trouble ! The remedy must be to introduce a third
diagram, with a nontrivial ggg vertex :

It is now our job to determine the form of the new three-gluon vertex. We shall
do this by investigating loop diagrams.

8.3.2 Furry’s failure

Consider the Feynman diagram de-
picted on the right, in which three glu-
ons are effectively coupled by a quark
loop. We have explicitly indicated the
momentum flows. Note especially that
the gluon momenta are all counted flow-
ing out of the vertex, so that we have

G+g2+g=0. (8.21)

Apart from overall coupling constants and the like, the loop diagram is given
by

= [ty DGy MG ) g
(p? =m?)((p+ @1)> = m?)((p — ¢2)* —m?)

(8.22)
There is also a loop diagram in which the quark runs counterclockwise instead
of clockwise. In our discussion of Furry’s theorem in sect. 7.2.6, we have seen
that the space-time part of the second diagram is exactly opposite to the one
of the first, so that in QED these two diagrams cancel. In QCD, however, they
do not since the second diagram contains the colour matrices in the opposite
order, that is to say it contains Tr (T9T*T") instead of Tr (TT'T*). The sum
of the two diagrams must, if we take into account the Lorentz-covariant nature
of the loop integral, and the fact that out of ¢1,¢s and g3 only two momenta
are independent, be of the form

T= Y(qlv 5492,V 43, p) Tr (Tj [Tkﬂ Tl]) )
Y(ar, 62, v a3, p) = {(a1q1 + a2g2)”g"" + (a3qz + adgs)" g*”
+(asq3 +asq1)" g™} (8.23)
for some numbers aq,...,ag. For large p, each of the three propagators goes

as 1/p, and the loop integral is therefore divergent. We see that indeed there
has to be a three-gluon coupling in the action, otherwise the theory would not
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be renormalizable ; and the form of the three-gluon vertex must be that of
Eq.(8.23).

Without evaluating the loop integral completely, we can glean all the infor-
mation we need. Consider the following transformation on T :

Q< —q2 5, g3 —q3 , BV (8.24)

This transformation leaves the momentum conservation law (8.21) intact, and
also preserves the value of T' (by the reversal property (5.28) of Dirac traces).
The same holds, of course, for the transformations

qr < —q3 , Q2 — —q2 , U = P,
q2 < —q3 , @1 ——q , V <= p. (8.25)
The function Y must therefore satisfy
Y (q1, 14592, v5 g3, p) = Y (—q2,v; —q1, 14, —q3, p) =
=Y (—q3,p—a2, Vs —q1, 1) = Y(~qu, 1t; —q3, 0 —q2,v) ;  (8.26)

and by inspection we then find that ¢; = ¢c3 = ¢5 = —co = —c4 = —cg. We shall
therefore from now on use the definition

Y (q1, 1 92, v5 43, p)
= (1 —@)¢" + (@2 — )"’ + (5 — @) 9™ . (8.27)

Note that this form is antisymmetric in the interchange of any two gluons, and
therefore invariant under a cyclic permutation.

A final remark is in order here. If one of the couplings were not of vector type
(with v#) but of axial-vector type (with 4°y*), then the integral would change
sign under the above transformations. In that case the function Y would read

(@1 +@2)"d" + (g2 +a3)"9"" + (g3 + 1)  g"™*
=—q5g"" — ¢i'g"’ — g5 g™

and hence be completely transverse to any external polarisation vector”.

8.3.3 Determination of the ggg vertex

On the basis of the previous section, we see that the only reasonable form of
the three-gluon vertex Feynman rule is

i .
© 205V (a1, 152,303, p) Rkt (8.28)

"This effect forbids, for example, the decay of a Z9 boson into two photons or two gluons.
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Note that the gluon momenta are counted outgoing from the vertex. The value
of g3 must be determined, as well as the colour factor A%, Since the Y function
is totally antisymmetric, we may take

hjk)l _ hkl] _ hl]k _ _hk]l _ _hlk:j _ _h]lk ) (829)

Before we start, it is useful to introduce the object

Al)* =q¢"¢" — 9", (8.30)
for which
A(g)*? =A@ . A(g)*Pqs =0 . (8.31)
Also,
A(q)o"g g =q%(q-¢€) — e =0 (8.32)

if € is the polarisation vector of an on-shell gluon with momentum gq.
For the propagator of a gluon we shall take the Feynman rule

TRAVASaVVa s UAVERES ih I(g)"” (8.33)
—
q
with
1 g¢'n” +ntq” nzq“q”>
()" = = (—g™ + - , 8.34
W= (- @ gy (8:34)

where n is an arbitrary vector, called the gauge vector. If n? = 0 we have the
axial gauge of section 6.3.7. The propagator is constructed to be orthogonal to
the gauge vector :

I(g)" =M(g)"" , T(g)"" n, =0 . (8.35)

We now come to an important result. Let us consider the vertex of Eq.(8.28),
and let us put a handlebar on gluon g3. We find, using momentum conservation
in the form g3 = —q1 — qo,

Y(QlaM? q2,V; g3, QS) = (Q1 —q2- Q3)9W + (CI2 - Q3)“(J3'/ + (CI3 - Q1)VCI3“
(@2 —q1- g2+ q1)g" — @" (@1 + )" + " (g1 + ¢2)*
= A(Ql)m/ *A(QQ)W . (8-36)

If gluons 1 and 2 are on-shell (and hence coupled to their polarisation vectors),
we thus find

= 0. (8.37)
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Also, in the annihilation of an on-shell quark-antiquark pair, we have seen that

= 0. (8.38)

Taking all this into account, we see that in the now newly available Feynman
diagram for g7 — gg :

the gluon propagator effectively reduces to just its ¢g* term, and the corre-
sponding expression reads
uv .

Y(q1, €150, €23 —q1 — g2, v) W7o (T™)",

(8.39)
with summation over the colour n implied. Note that the lowering of indices
in the h symbol does not have any significance, I do it simply to make the
typography looks nicer. Putting the handlebar on gluon 1 as before, we get

Ms = ihggﬁ(pl)wu(m)m

V(g quiq2. €2, —q1 — @2,v) = (A(g2)" — Alqr + ¢2)") €2,

= —(p1+p2)"(p1+ D2 €) + (01 +p2)°€” (8.40)

so that ,
M3J = 1hggs f(p1)¢2u(p2) h]kn(Tn)ab . (841)

The total handlebarred amplitude thus becomes
Mi243] = ihg T(p1)dou(p2) (gsh?*, T — g[T7, TH))", (8.42)

The colour current will therefore be conserved if we choose

93 =9 (8.43)

and _ ‘
(77, T% = hi%, T . (8.44)

Note that since the matrices T' are hermitean, the constants h must be purely
imaginary®. Moreover, we can compute them, using Eq.(8.3), as

WM = 2Ty (TVTHT! — T'THT7) . (8.45)

8Tt is customary to write [T7,TF] = ifjknT”. The f’s are then called the structure
constants, and the set of T' matrices are then the generators of the Lie algebra of the group
SU(N). The ¢ is then combined with the overall i of the vertex to give a Feynman rule without
any 4. This is of course a matter of taste.
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Since the h symbols are related to commutators, we can use the Jacobi
identity to find relations between them :

0 = [T9, 7%, T)+[T" 1,17+ [T, 77], T"]
_ hjkn[Tn,Tl] + hkln[Tn,Tj] + hljn[Tn,Tk]
W% B T 4 B R, T 4 B9 B, T (8.46)
which after a few interchanges of indices leads to
A LY L L L (8.47)

More information comes from colour conservation/equality in the diagram

J r{:j k
n
from which we find the requirement that

>R by = C ) (8.48)

m,n

with some constant C. Eq.(8.48) is the gluonic seequivalent of the property (8.2)
of the T' matrices. It does not follow from the Jacobi identity. But since we
have already defined the h symbols by Eq.(8.45), it is not an extra condition
bur rather has to be proven. To this end, we use Eq.(8.45)

R = ATy (T TTY — TIT"T™) Tx (T™T"T% — T*T"T™)

= 8 (Tr (T™T"T7) T (T T"T") = Tr (T™T"T7) Tr (TmT’“T”))

(8.49)
and the reduction formulee(8.13) then give us, for instance,
Te (T"T"T7) Tr (T T"T*) = %Tr (T"T'T"T*) — %Tr (T"77) Tr (T™T*)
1 1 , 1 ,
= (4 + 4NQ) Tr (T79) Tr (T*) — o (1T77%)
1 .
- _ = ik
= N oM (8.50)
and similarly we find
Te (T"T"T7) T (T™TFT™) = N LY g (8.51)
8 4N ' '

Thus we arrive at the desired property :

™ e = —N 87y, (8.52)
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8.4 Four-gluon interactions

We have now constructed a three-gluon vertex. From our discussion of sQED
we know, however, that there may be more than just three-particle vertices.
Therefore we consider the process g(¢q1) 9(¢2) — 9(g3) g(g4). With our three-
gluon vertex there are now three tree graphs, one of which we depict here:

We have also indicated the gluon polarizations and colours. Contrary to what
we are used to, we shall taken all momenta outgoing, so that

g1 +q2+qg3+q=0 . (8.53)

This allows us to write the other two diagrams by the simple transformations

ko k
M2:M1(2:3> ’ M3:M1< Q:T)

Applying the Feynman rules for the gluons, we come to

My = —ig?Y(qi, 1502, €2, —q1 — g2, 1) (g1 + g2)"”
X Y(Q3,63;Q436477Q3 7q47’/) hjkn hlmn . (854)

From the identity (8.37) we see that only the g"¥ part of the gluon propagator
survives here. Let us introduce the shorthand notation

[jklm] = w*,ni™, . (8.55)
This has the symmetries
[jkim] = —[kjim] = —[jkml] = [lm;k] (8.56)
and the Jacobi identity reads
[FkIm] + [jlmk] + [jmkl] =0 . (8.57)

We can thus write My as

92

ii
(1 + q2)?
X Y(Q3,63;(J47€4,—Q3 - CI4,M) [jklm} . (8-58)

My = Y((11,€1;Q27627—Q1—Q2»I$)
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Let us now place a handlebar on gluon 1. This gives us
Y(q1, 415 G2, €25 —q1 — g2, 1) = €2™ (A(g2)an — Algr + g2)an) (8.59)
and then Eqs.(8.32) and (8.37) then tell us that the only surviving term is
Y(q1, a3 g2, €25 =1 — a2, 1) ~ (g1 +42)% gan - (8.60)
The handlebarred diagram thus becomes
M| =ig® Y (g3, €33 qa, a5 —q3 — qa, €2) [jkIm]
= ig® [jkim] ((QB —qa-€2)(€3 - €4) +2(qa - €3)(€2 - €4) —2(q3 - €4)(e2 - 63))
(8.61)

The total amplitude will thus be
Mijays] = ig? {
bt (g = a1 a)lea )+ 20an-c)len ) =2 en)ez <o)
w D] (G~ s ea)(ea- ) + 200 x)(ea- ) — 2 a)(ea- )

T+ [mik] ((qgqg-e4)(e2~e3)+2<q2'eg><e2.e4>2(q3-e2)(e3~e4>) }
(8.62)

We can simplify this expression into something useful at the price of some al-
gebra. Of the expression inside the curly brackets, let us concentrate on those
terms that multiply (es - €4). These are

Aszs = (g3 — qa - €2)[jkIm] + 2(qq - €2)[jlkm] — 2(q3 - €2)[jmlk] . (8.63)
First, we apply the Jacobi identity to the first term. This gives

Azs = —(g3—qa-€2)[jlmk] — (g3 — qu - €2)[jmkl]
+  2(qa-e)[jlkm] —  2(g3 - €2)[jmlk] . (8.64)

The antisymmetry of the [ ] symbols allow us to write this as

Azg = —(q3 —qa-e)[jlmk] + (g3 — qa - €2)[jmlk]
= 2(ga-e)[jlmk] —  2(g3 - e2)[jmlK]
= —(g3+ qa-e2)[jlmk] — (g3 + qa - €2)[jmlk] . (8.65)

Now, the fact that ¢s - €2 = 0, and momentum conservation, allow us to write

(i3+aqs-€)=(@+a+q- e)=—(qe) , (8.66)
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so that As, takes on the ‘very simple’® form

AMZthﬁ(WmH+UmWD- (8.67)

Note the form of the colour structure : the colours that ‘belong together’, in
this case [ and m of gluons 3 and 4, occur in the middle of the [ ] symbols, and
in a symmetric way. The other terms of Eq.(8.62) can be treated in exactly the
same way, so that we find

Muszia] = ig* {(- c)(ea-co) (Lmk] + i)
- een-ea) (ko + L)
s enlen-ea) (Lol + L) b . (809

Unless something very peculiar is occurring!® with the [ ] symbols, this expres-
sion is not zero. We are therefore moved to introduce a compensating four-gluon
vertex :

with the corresponding Feynman rule
~5o{ a7 it + L)
+ 9”9”7 ([jkmi] + [jmkl])

+ g7 9" ([jlkm] + [jklm])} . (8.69)

9Like beauty, simplicity is in the eye of the beholder.
10Tt isn’t.



Chapter 9

Electroweak theory

In this chapter we shall introduce the electroweak interactions of the Minimal
Standard Model. We will not use the gauge principle to do this, but rather
build up the theory by introducing new particles and/or vertices as the need
arises. This is more or less the exact opposite of the usual exposition, but is
(hopefully) rather closer to physics than to mathematics.

9.1 Muon decay

9.1.1 The Fermi coupling constant

Let us return to the Fermi model of muon decay as discussed in chapter 5.
There, the (phenomenological) amplitude for this decay was proposed to be of
the form of Eq.(5.151). The resulting width was

Gr® h*m,°

q
19273 (9-1)

IFy=T(p —e Teyy) =
The measured values of the mechanical mass M, and the lifetime 7, of the muon
are

M

. ~ 18835310 kg , 7, ~ 2.19703 107 ° sec ; (9.2)

the muon mass may be more familiar under its appellation of M, c* ~ 0.106 GeV.
From these we can construct the more useful quantities

M 1
m, =~ ~ 535446104 m™! |, [, =— ~ 15182510 m~! . (9.3)
. h B ery,

From Eq.(9.1) we then find

Grph ~ 4.53167 107%" m? | (9.4)
or a
F — —
+3 ~ 11638310 > GeV? . (9.5)

219
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We can therefore derive the ‘energy scale’ of the interaction responsible for muon
decay! :
he?

Aw = 1/ 2~ 292.5 GeV . (9.6)
Gr

9.1.2 Failure of the Fermi model in p~ 7, — e~ 7,

If the phenomenologically motivated Fermi interaction is to have any claim on
global validity, it must also describe the process

o (p1) Tulpz) — e (1) Velge) (9.7)

which amounts to the previous process, only with the outgoing muon neutrino
moved to an incoming anti-muon neutrino. No matter that we cannot, at
present, build uv, colliders ; the very, very, very early universe did provide
such processes, and their description must be correct. By the rules of the Fermi
model, the amplitude is given by

M= G}; B(p2) (1 +7°)v#ulpr) 1) (1 + ) 10(a2)

% Gr h T (p2)y u_(p1) T (g1) 70— (a2)
= %% Gr hs—(p2,q1) 4+(q2,p1) (9-8)

Here, we have neglected both the muon and the electron mass since the scat-
tering takes place at high energy, and we have applied the Chisholm identity
in order to remove the contracted Lorentz index. Disregarding overall complex
phases and using momentum conservation, we then find

16 Gr h
M~ j———M— . . 9.9
¢ \@ (p1 - ¢2) (9.9)

Neutrinos? have only one helicity state, and therefore the averaged matrix ele-
ment square is given, in the centre-of-mass system, by

(IM*) =64 GF* 1* (1 - q2)> =4 Gr® 1* 8% (1 + cos)? (9.10)

where 6 is the angle between the muon and electron momenta. By taking also
the angular average we obtain

(M%) = 1:76 Gr?h?s® . (9.11)

IWhat precisely constitutes the scale is of course to some extent a matter of taste. If we
include a factor v/2 in G the scale is reduced by a factor (v/2)1/2 to 246 GeV, which is the
more commonly used number.

2We shall assume, in this section, that neutrinos are strictly massless.
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The total cross section is therefore given by

Gr? h?
—_— S

- (9.12)

op” v, —>e v =
As we have seen before, only the factor 1/3 cannot be established straightaway
in this expression, but has to be computed from the Feynman diagrams.

The scattering cross section rises linearly with s, and will therefore violate
the unitarity bound at sufficiently high energy. Since the the muon and its
antineutrino couple with a Dirac matrix, we may conclude that they must be
in a J =1 state. The unitarity bound on this cross section is therefore

116 24
o Ty = e T) < = —= (2T +1) = —— (9.13)
2 s S
which leads to a fundamental failure of the Fermi model (at least, at the tree
level) at a scattering energy of /s ~ 1.5 TeV.

9.2 The W particle

9.2.1 The IVB strategy

We are faced with the task of modifying the Fermi model in such a way that its
success in the low-energy description of muon decay is preserved, while at high
energies unitarity remains inviolate. One possible way out might be to simply
make G depend on the energy scale of the process so that it decreases at high
energies, making the u= 7,, — e~ U, cross section well-behaved. We see that
this would necessitate a modification that leads to a 1/s behaviour at high values
of s. Such energy-dependent couplings, called form factors, are employed in for
instance ‘low-energy’ hadronic physics ; in such cases, however, this approach is
generally viewed as an admission of ignorance of, and an attempt to cope with,
some underlying and simpler physics at a smaller distance scale?.

The more elegant, and (as it turns out) the correct way to go is to make the
Fermi model look more ‘QED-like’: instead of using a contact interaction be-
tween four fermions, we postulate the existence of a new particle, the so-called
W boson. This couples to fermion-antifermion pairs in a way reminiscent of the
photon. The four-fermion interaction then resolves into two ffW interactions,
with the W boson mediating between the two vertices ; the corresponding Feyn-
man diagram for the process p~(p) to e (q) vu(k1) De(k2) is therefore given

3This is particularly evident in some modifications of QED where the ‘dimensionless’ cou-
pling Q is replaced by an s-dependent form Q(s/A?) which equals @ at low s but deviates
from it at high s. With the commissioning of each higher-energy accelerator, such deviations
are always looked for (and have, so far, not been found). Note that in this case the quantity
A for which search limits are obtained establishes an energy scale (or 1/A establishes a length
scale) at which ‘new physics’ sets in. In the present case, Gr, being dimensionful, sets such
a scale by itself.
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by

At the time this model was first seriously discussed, it went under the name
of Intermediate Vector-Boson (IVB) hypothesis. We take the W to couple to
the fermion pairs ev. and pv,, so that (as we shall check!) the W must be
electrically charged, and assume that the coupling is in both cases of equal
strength? (for now). We therefore postulate the following Feynman rules :

i k vV & ih —g* + kMK fmy? internal W lines
................................ k2 _ mw2 + i€

................ o %gw ((1 + 75)) e ff'W vertices

’ EW Feynman rules, part 9.1 ‘ (9.14)

The W propagator is the standard one for a vector particle. Note that the
occurrence of the (1 + %) in the vertex is suggested by the form of the Fermi
interaction ; and, that the two fermions meeting in the vertex must be of different
type. The values of m,, and gy are to be determined. Another attractive
property of this model is that here the coupling constant, gy, has the same
dimensionality as the QED one, and does not formally contain a length scale.

With the above Feynman rules, the muon decay amplitude can now be writ-
ten as

M = erhg:;z (ky)(1+ )y u(p) alq)(1+7°)vav(ke)
- L A+ T )Rk (0.15)

where the momentum of the internal W is given by

Q"= (p—Fk)' = (qg+ k)" . (9.16)

4 At this point, these are of course just assumptions. Since 1983, when the W boson was
first freely produced, they have been tested with great accuracy. The alternative scenario
of the ‘charge-retention’ form in which an electrically neutral W couples to ey and vev, is
for instance completely ruled out by the fact that the decay W — et~ is never seen. The
equality of the couplings is verified by the fact that the branching ratios for W — eve and
W — uv,, are the same up to computable mass effects.
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The last term in Eq.(9.15) appears to deviate significantly from the spinorial
structure of the first term, which coincides with the Fermi model. Hoewever,
notice that

k) (1+ 7)) Qulp) = (k) (1+77)0b— F2)u(p)
= k) (~ F1(1 =) + (14 7°)p) ulp)
= my a(k)(1+77)u(p) (0.17)

upon application of the Dirac equation to the external spinors ; and since, in
the same way,

a(q) (1 +v°)Ru(k2) = me (q)(1 — v*)v(k2) , (9.18)

the second term in Eq.(9.15) is actually suppressed by a factor (m.m,,)/mw?,
which is small if m., is sufficiently large®. Neglecting this term, we see that the
Fermi-model amplitude is recovered with the single replacement of the coupling
constant Gr/v/2 by gw?/(Q% — mw?). Now, the mazimum value that Q* can
take in this process is m,,?, which is attained in the improbable case that the
muon neutrino emerges with zero momentum from the decay. If, therefore, we
assume that m.y is large compared to m,,, we see that the successes of the Fermi
model in describing muon decay will be completely reproduced provided®

gw® _Gr
My ? \/5 ’

which we may also write in purely dimensionless terms as

) () e

9.2.2 The cross section for /"7, — e" U, revisited

(9.19)

We can now study the modification that the IVB hypothesis makes in the cross
section for the process u~7, — e~ V., where the Fermi model fails. In this case
the total invariant mass is (assumed to be) much larger than the W mass, so
that the modified prediction can immediately be seen to be

2h° gt WG R §
op v, —>e T = Jw 5 — F S ( Mw

3m (s—mw?)?2 3w

)

§ — My

and this cross section does decrease as 1/s for large s.
Of course, the unitarity limit (9.13) still has to be observed, which puts an
upper limit” on the useful values of m.y :

mwc? < (1204 Ay o~ 1.5 TeV . (9.22)

5In fact, for the actual values of the masses the suppression factor is about 10~7.

6We disregard the overall sign difference between the two forms as Q2/mw?2 — 0.

"This value is close to the value of v/s at which unitairy breaks down in the unmodified
Fermi model, see Eq.(9.13). This is not a coincidence. Whatever we do to the electroweak
interactions, 1.5 TeV appears to be the energy régime where things get tricky.
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However, from Eq.(9.20) we see that for such large values the dimensionless
coupling constant is so large that the tree-level approximation for the cross
section is questionable.

One may wonder what happens at s = my?2. There, the cross section would
seem to diverge ! We must realize, however, that at that energy we are, in fact,
producing an on-shell W that decays into a fermion-antifermion pair : that is to
say, the W is an unstable particle, and has a decay width. We ought, therefore,
to include the decay width into the propagator, so that in the neighbourhood
of the resonance at s &~ my?2 the cross section reads

_ _ 2h% gyt S
o v, e Te)= B (5~ mu?)? 4 matTn? (9.23)

As excercise 77 shows, this is well below the unitarity limit. The IVB hypothesis
therefore indeed cures the unitarity problem in this process.

Because of these successes, we shall adopt the notion of an existing W par-
ticle of spin 1 (and hence obeying the lines laid out in chapter 6), coupling to
pairs of fermions separated by one unit of charge®.

9.2.3 The WW~ vertex
Minimal coupling

Since the W particle couples to fermion pairs of unequal charge, it must itself
also be charged?, which means that it must couple to the photon in (at least !)
a WW+ vertex. It is our aim now to find the form of such a vertex.

Both W’s and photons are characterised by the fact that, in addition to
their momentum, they carry also a polarization vector, i.e. a Lorentz index:
the WW+ vertex must therefore carry no fewer than 3 Lorentz indices. As a
first attempt, we can simply view the W particles as a kind of funny scalars,
and adopt the sSQED vertex dressed up with a metric tensor to take care of the
W indices. That is, the Feynman rule for the vertex

v
W),

W) .

;

p

is taken to be )
i
7 @w (P —p2)”" ™

where the coupling constant (the W charge) is to be determined, and the parti-
cles are considered to be outgoing from the vertex. To this end, let us examine
the process

D(q1) Ulgz) — y(k1,€) WH(ka,eq)

8Note that this automatically rules out couplings between a W, a lepton, and a quark.
9 At pain of charge nonconservation, i.e. at pain of pain.
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€ and ey denote the polarization vectors of the photon and the W, respectively,
and we have indicated the particle momenta. Here, and in the following, we
shall denote by U and D two fermions of which the U has an electric charge one
unit higher than the D: for instance, U = v, and D =e, or U = u and D = d.
Their respective charges are @y and QJp. At the tree level, we then have three
Feynman diagrams :

q, q
! ok
q . Y
The three diagrams correspond to the three partial matrix elements
_ . — kl — ﬁl + mp 5
M; = —ihgwQp U(Q1)¢(kl S (1+7) dwulgs) ,
. _ +m
My = —ihgwQu (a1) (1 +77)) ¢W< e k}f; . —fulg2)
Mz = +iligwQw 1(q1) (1 +7°)) vau(ge)
aff _ PaPﬂ W2
g [Ny (ks H) - €) (924
5 — My

where s = P2, P =q1 + q2 = k1 + ko.

Since this process involves a produced photon, the handlebar identity must
hold : if we replace € by ki* the amplitude must vanish. We shall investigate
this is some detail. In the first place, we perform some simple Dirac algebra to
note that

(qu)¢(fr — d1 + mD)JHkl

<

(q)fr(Fr — do + mo)
o(q1) (k1% = 2(q1 - k1) + (dh + mo) 1)
= (k1 —q)*—ms?) v(aq) , (9.25)

where in the second line we have used anticommutation between f; and ¢, and
in the third line the Dirac equation for ©(g;). This kind of operation will occuur
very frequently in what follows. We see that

My, = —ihgwQo (1) (1 +7°)dwulge) (9.26)
and similarly (see excercise 77)
M|y, = +tihgwQu v(q1)(1 + V) dwu(ge) (9.27)
For the third diagram we find
Ms] oy, = FihgwQuw B(@) (1 +19°)) dwulae)

—ihgwQw (k1 - €w)
X 0(q1) (mo (1+9°) =mo (1 =7°)) ulg2) - (9.28)
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If we were allowed to consider only the first of the two terms of the result (9.28),
we could obtain the desired cancellation :

3
ZMJ' =0 = Qw=0Qp—Qu : (9.29)
j=1

E—)k}l

but the second term in Eq.(9.28) spoils this idea by having a quite different
algebraic structure ; no tuning of coupling constants is going to ensure that a
WW~ vertex of the form (9.2.3) can do the job.

Yang-Mills coupling

Treating the W W+~ vertex as a prettified SQED vertex does not work. It means
that the photon-W interactions cannot be obtained by the minimal-substitution
rule. This should not come as a surprize since the vertex (9.2.3) is only designed
for graceful behaviour towards longitudinal photons, not towards longitudinal
W’s. We therefore propose to replace Eq.(9.2.3) by a vertex of the form

Q
Z?W ((a1p1 + agp2)’ 9" + (aspz2 + asp3)”g"" + (asps + a6p1)ugp”) . (9.30)
Note that because of momentum conservation each of the three terms need
contain only two of the momenta; the constants a; . ¢ are to be determined.
This we shall do by considering several situations.
First, we condier the process of decay of a photon in a WTW ™ pair :

.....

Yq) = WH(kp,ep) W(k—,e) .

Kinematically this is only possible if the photon is quite off-shell, and therefore
we do not give it a polarization vector but leave its Lorentz index p free. The
matrix element is given by

M = n'PQy A
A = (arky +agk_)!(eq - €o)
+((ask— — asq) - ex)e_* + ((—asq + aks) - € )ep
= (arky + azk_)"(e4 - e-)
+(as —aq)(q-ex)e_ " ++(ag —as)(q-e_)est (9.31)

where in the last line we have used ¢ = k4 + k_ and (ki - ex) = 0. Since even
for off-shell photons the current must be strictly conserved we require that

1
Atq, = §q2(a1 +az)(eq-e-)+ (a3 —as—as +as)(q-€1)(q-e-) =0, (9.32)
which leads to the following relations between the six constants :

a1+ax=0 , a3—a4=as—ag - (9.33)
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In the second place, we return to the process DU — yW ™ discussed in the
previous section. The third Feynman diagram now reads differently :

Ms = +ihgwQw ﬁ(ql) ((1 + 75)) ’YQU(qQ)mZQ 7

ZOL

(6% — P Pg/mw?)
{((a1ks — azP) - €)er” + ((—asP + agky) - €,)e’
+(ask1 + agk2)’ (4 - €)}
(6% — PQPB/mWQ)
{(a1 — a2) (k2 - €)e+? + (as — az) (k1 - €4 )’
+(ask1 + agk2) (e1 - €)} . (9.34)

The replacement ¢ — k; now leads, after some simple algebra (and use of
momentum conservation !) to the form

Zen, = (e —ag)(ky-ko)ey + T,
T* = (—as+as+as—ag)k”
ki-k
_(1722)(% —ag —asg +ag + as + ag) P . (9.35)
My

Now a complete cancellation of all diagrams in this case is only possible if only
the first term in Z“| survives. Using the assignment!? Q, = Qp — Qy, we then
come to the following additional relations between the a’s :

a1 —as=2 , ai—ay=az3—as—as—ag=20 . (9.36)

A third result is obtained by considering the process UD — yW ~. Because

of the symmetry between this amplitude and the previous one, we can establish
(see excercise 7?) that also

a1 — a2 =as —ag +az + ayg . (937)

For the last necessary piece of information we must turn to the handlebar
operation for the produced W rather than the photon. We can rewrite the three
Feynman diagrams as

My = i ) (o — Fo o) (1497) )

. higw Q- — 5
Mz = T g ) (7)) ¢+ (k2 =+ mo) fulge)
Mz = H.shgwrng o(q1) (1 +9°) Yaulqz) 2%, (9.38)

10 Any common factor in the a’s is always absorbed in the value of Qw so this is no loss of
generality.
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with Z% as in Eq.(9.34). The handlebar operation on e; now gives the slightly
more complicated result

U(qu)¢ (d2 = 2+ mo) (1 +9)) drulaz) |y, =
= — ((¢2 = k2)> = mp*) v(q1) (1 +7°)) fulge)
—0(q1) (mo (1 +7°) =mo (1 =7°)) ¢kaulgo)
+ (mo® —mp?) B(q1) (1+77)) dulga) - (9.39)

Of these three lines, the second is suppressed with respect to the first one by a
factor (mass/energy), and the third line even by (mass/energy)?. In the high-
energy limit, therefore, the second and third line will not contribute to any
unwanted high-energy behaviour of the amplitude : we shall call such terms
safe terms'!. We can therefore write

M., L, = +ihgwQo B(a) (L +7°)) fula) + -+, (9.40)

where the ellipsis denotes safe terms. For the second diagram, we find in a
similar way (see excercise ?7) :

Mol Ly, = —ihgwQu V(q1) (1+7°) dulg2) + -+ (9.41)
For the third graph we find, after some algebra,
ZQJ€+_)]€2 (CL4 — a3)(k1 . k2)€a — agmw26a

ko - €)(k1 -k
_%(m—az—ai%‘f“m"'afﬁ’_awpa
W

+ (kg . 6)(7(11 +az +as — aﬁ)kla . (942)

Requiring M3 to cancel against M; + M up to safe terms therefore leads to
yet more relations between the a’s :

0,3—&4:2 , Q1 —a2 = a5 — ag - (943)

Combining the requirements (9.33), (9.36), (9.37) and (9.43) we find the unique
solution
a1:a3:a5:1 5 a2:a4:a6:71 . (944)

This leads us to introduce the Yang-Mills form of the three-boson vertex :

Y (p1, p; p2, vi 3, p) =
(p1 — p2)" 9" + (p2 — p3)" 9" + (ps — p1)" ™" . (9.45)

Note that this is antisymmetric in the interchange of any two of its pairs of
arguments. It is therefore invariant under cyclic permutations of the argument
pairs'2.

We have thus established the WW~ vertex to be

11 Which is not to say that they are negligible ! The point here is that they do not contribute
to any condition on the coupling constants.

12] have adopted the notation ‘Y’ for this vertex since it reminds us both of the name
Yang(-Mills), and of the fact that in such a vertex three bosons meet.
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M
WE)s ve)

i WW~ vertex
':VV\N‘p th (p17/~1“7p2a1/1p37p)
W)
R4 V
All particles and momenta counted outgoing
’EW Feynman rules, part 9.2 ‘ (9.46)

A very important identity for the Yang-Mills vertex is the following :

Y (p1,p1:p2. vip3, p) = (p2"p2” — p229"") — (p3"ps” — p3g”") ,  (9.47)

and its cyclic permutations. This identity, which follows directly from momen-
tum conservation, is very important whenever we decide to put a handlebar on
any of the three boson lines.

9.3 The Z particle

9.3.1 W pair production
Unitarization from extra fermions

In the previous section we have investigated how the possible coupling between
W’s and photons are restricted by the requirements of the handlebar. We shall
now pursue the same strategy for different processes. Since we shall be interested
in the high-energy behaviour of amplitudes we shall allow ourselves to neglect
particle masses wherever possible.

Let us consider the process

Up) Ulpz) = W(qy,e4) W (g—,e)

With the vertices available so far, we have the following two Feynman diagrams

which contribute to the amplitude as follows :

M = —Qi@jfvi”)gv(p1)((1+75))¢—(ﬁ2—¢+)¢+U(p2)7
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. hQuQu
(¢+ +¢-)?

Here we have neglected the masses as announced. The high-energy behaviour
can be investigated by putting a handlebar on the W™, say ; we then obtain

My = D(p)vpu(p2) Y (g4 €459, €—, =G+ — g—, p) {9.48)

Mile, e = 2ihgw® 3(p1)(1+7°)-u(p2)
Moo, Ly, = hQuQw V(p1)f-u(p2) , (9.49)

and we see that these two diagrams cannot possibly cancel one another. We must
therefore introduce an additional ingredient in the model. A possible approach
is the following. In the analogous process UU — v the handlebar requirement
is satisfied because there are two diagrams, with the photons interchanged. We
might do the same for the W by postulating the existence of another fermion
type U’, with charge one unit higher than Qy, and the existence, in addition
to the UDW vertex, of a U'UW vertex with vector and axial-vector couplings.
We then have a third diagram at hand :

with its own contribution

Ms = —ﬁ (o1 )wds (e — Pr) wf-u(ps) |

w o= g+ . (9.50)
The mass of the U’ is also neglected, and gy 2 are to be determined. We have

M3J6+~>q+ = —ih E(pl)(“)2¢*ll’(p?) ) (951)
so that

3

2
S M =0 = (914+927°) =20 (1+7") +QuQw - (9.52)
=1 €+ a4+

We see that it is in principle possible to attain good high-energy behaviour in
the process UU — WTW ™, at the cost of introducing new fermion types ; and
the same is possible for DD — W*W~ (note, however, the problem raised
in excercise 7?). But a very serious conundrum immediately arises. Having
postulated the existence of the U’, we of course also have to consider high-
energy behaviour in the process UT — WHW—. Tt is easy to see that that
can only be cured by postulating also a fermion U”, of again one unit of charge
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higher ... An infinite tower of fermions with higher and higher charge becomes
unavoidable. Not only is this extremely unattractive'?, but as the charges grow
without bound perturbation theory is bound to break down since it is based on
the assumption that the interactions are not large.

The Z boson to the rescue

Since introducing additional Dirac particles does not seem a viable way to en-
sure good high-energy behaviour in UU — WHW ™, we shall investigate the
alternative of an additional boson. That is, we shall postulate the existence of
a neutral spin-1 particle, coupling to W W ™ pairs and to fermion-antifermion
pairs. This particle, denoted by Z (or Z°) is supposed to cure the high-energy
behaviour in both UU — WHW~ and DD — W+W ™~ simultaneously'*. For
the WW Z vertex it stands to reason to employ the useful Yang-Mills form
(9.45), with a coupling constant to be determined. Since the diagram with the
Z must cancel against a combination of the purely vectorial photon diagram
and the D-exchange diagram with its (1 + ~%) structure, the Z must couple
to the fermions with a mixture of vector and axial-vector terms. We therefore
arrive at the following putative Feynman rules :

+
W (p])‘\:---.z(p3 ) Z
Jaa P = 7 gwwz V(P 1p2,v5p3,0)
W)
%
U .
Z... = % (Uu+au’y5) A
U H
D i Ny
Fry = g (rar)y”
D u

where as before in the Yang-Mills vertex every participant is counted in the
outgoing manner. With these vertices a new Feynman diagram is available in

13Even leaving aside the fact that no higher-charge fermions have been found to date.

14T his is the simplest scenario. Other possibilities could be explored, in which there is more
than one type of Z, perhaps one type for the U fermions and one type for the D fermions.
Experiment, however, has taught us that the simplest option appears, as usual, to be the one
chosen by nature.
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the process UU — WHW— :

c
<

which evaluates to

. hyg _
Ms = Tt q_v)v2wi ngv(m) (vo +au7”) Yuu(p2)

Y(qr e45q- 65 —qy —q—,p) - (9.53)

Note that nothing has been neglected in this expression ; the second term in
the massive-boson propagator drops out when we multiply it into the Yang-
Mills vertex. Since this diagram is so similar to My it is easy to perform the
handlebar operation :

M3J€+*)q+ ~ il Gwwz E(pl) ('UU + aU')’S) ﬂu(pz) ) (9-54)

where we have assumed that s = (¢ + ¢_)? is also much larger than mz2, and
neglected safe terms. We now see that the high-energy behaviour is acceptable
provided that the non-safe terms cancel under the relations

0 = vyGwwz +29w2 + QuQw
0 = augwwz+2gw2 . (9.55)

We can perform precisely the same procedure for the process DD — WHW—
and obtain (see excercise 77?)

0 = UpGwwz — 29w2 + QpQw
0 = aDgwwz_2gw2 . (9.56)

A final piece of information is obtained if we realize that, the Z being a massive
spin-1 particle, it must obey its own handlebar relations ; we can therefore
investigate the process UD — W+ Z, which gives a single extra condition

0=1vp+ap — vy — Ay — Gwwz - (9.57)

9.3.2 The weak mixing angle for couplings

We can handle (if not completely solve) the system of constraints as follows.
Let us subtract Egs.(9.55) from Eqgs.(9.56). We then obtain

(UD +ap — vy — aU)gwwz + (QD - QU)QW = 89W2 . (9-58)

Using Eq.(9.57) and the definition of Q., we find a relation between three
couplings :
gWW22 + Qw2 = 89w2 . (9.59)



March 27, 2014 233

There must, therefore, exist an angle 8y, such that
Qw = \/g gw sinfw |, Gwwz = \/g gw cosfy . (9-6())

In the following we shall use the notation sy = sinfy, and ¢y = cosfy,. This
angle is called the weak mizing angle, and it parametrizes essentially all of the
minimal model of electroweak interactions we are constructing here. In the first
place, we know that the charge of the W must be equal to the charge of the
electron (since neutrinos are neutral) and therefore we might prefer to write

Qw

= 9.61
which leads to a parametrization of the W mass itself!® :
™ 1

hcm 227—(}&/2, 9.62
( w) V21161075 sw? (962)

o 37.3
hecmy =— GeV . (9.63)

Sw

As we see, the assumption of the existence of a single, neutral Z boson imme-
diately implies that the W has a mass of at least 37.3 GeV. Notice that no
prediction for the mass of the Z is obtained, however.

The other unknowns in our treatment can now be expressed in terms of Gy .
Adopting the usual convention of denoting by e the positive unit charge, we find
by straightforward algebra

C
Qw = —e , gWWZ:_eiwa
Sw
e
a = —Q =
v L 4SwCw
vy = ay (1—45W2QU> ,
e
Up = ap <1+43W2QD> . (9.64)
e

We note here that 0y is defined at this stage as a relation between coupling
constants ; later on we shall encounter it in another guise !

9.3.3 W, Z and v four-point interactions

The 2 — 2 processes involving either four fermions or two fermions and two
bosons have led us to postulate W and Z particles and their interactions with
fermions, as well as their mutual three-point vertices. Since as excercise 7?7 shows

15To arrive at this experession we have used the definition (9.5) for Gf, and the result
(7.28) of a.
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we have pretty much quarried all possible information'® about this sector, we
now turn to the 2 — 2 processes involving four bosons. First we consider the
process

WH(p1,e1) ¥(p2,€2) — W (ps,e3) ¥(pas €a)
With the available vertices we have two Feynman diagrams for this process :

W + o M ’Y W+ N W+

"

e w YA‘,\;" """" *%MY

with the respective contributions

, hQw’ : :
My = P mwzy(p37€3,p2 — D3, Vi —P2, €2)
X (9" + (p1 — pa)*(p2 — p3)” /mw?)

X Y (p1 — pa, 14; —P1, €13 P4, €4)

 hQyw” 5
= — = (—m €9 - €3) €1 - €4
2(p2 - p3) (= mu ) )
+Y (p3, €302 — P3, 14 —p2, €2)Y (D1 — Pa, J1; —P1, €15 Pas €a))
hQw”

My =

Z(p‘3 +p4)2 — mwzy(p37 €3; —P3 — P4, V; P4, 64)

x (g™ + (p1 + p2)*(—ps — pa)”/my”)
X Y (p1 + p2, s —p1, €1; —P2, €2)

QW 2
= i—————(—mw-(€3-€4)(€1 - €2
T pr) M (el 2)
+Y (3, €35 —P3 — Da, 13 P4, €4)Y (D1 + D2, j1; —D1, €1; —P27€2)) ;

(9.65)

where we have already used Eq.(9.47) in the internal W lines, as well as the fact
that (pj-€;) =0, 5 =1,2,3,4. Let us now proceed to check current conservation
for the outgoing photon. The following algebra applies to M; :

Y (ps, €392 — p3, 1t; —p2, €2)Y (p1 — pa, 5 —P1, €13 Pas €4) ],y =

Y (ps, €35p2 — 3, 11; —p2, €2) (P4 - €1)(p2 — p3)" + 2(p2 - p3)er’)
2(p2 - p3)Y (p3, €3: 02 — P3, €15 —D2, €2)
+ mw?(ps - €1)(ea - €3) (9.66)

so that
M, py = —ihQW" Y (p3, €3:02 — p3, €1; —p2, €2) (9.67)

16 As long as the fermion masses are neglected, see later.
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In the same manner we arrive at

Mo,y = ihQW* Y (p1 + 2, €35 —p1, €1; —pa, €2) (9.68)

Adding these last two results we obtain

M, =

2
=1

J €4—P4

= ihQw” (2(e1 - es)(e2 - pa) — (€1 - €2)(es - pa) — (€2 - €3) (€1 - pa))
(9.69)

We might also have chosen choose to put the handlebar on €, instead ; the result
would then have been

M, =
€2—P2

= ihQWQ (2(61 : 63)(]92 : 64) - (61 'p2)(€3 : 64) - (p2 : 63)(61 '64))

s

j=1

(9.70)

Going to the limit of large energies, we can also envisage putting a handlebar
on €1 or e€3. Neglecting safe terms leads to

2

> M =
= ith2 (2(p1 - €3)(€2 - €a) — (p1 - €2)(€3 - €a) — (€2 - €3)(p1 - €4))
(9.71)

and

M; =

2
=1

= ihQw> (2(e1 - p3)(ea - €a) — (€1 €2)(p3 - €4) — (€2 - p3)(e1 - €4))
(9.72)

We can repair the high-energy behaviour of the amplitude, for all these cases at
once, by introducing a four-boson vertex :

U

O - 71 2 vaf
P TR
Y Y
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where
X;u/oz,@ — 2g,ul/ga,3 _ guaglfﬁ _ gﬂﬁg”"‘ . (973)

The occurrence of such a four-point vertex should not surprise us, with our
experience of a similar vertex in sQED. Its precise algebraic structure can, of
course, not be inferref from that example!”.

From the similarity between the WW+~ and WW Z vertices we can also
immediately conclude that the analogous processes WZ — Wy and WZ —
W Z will necessitate the existence of the following four-point vertices :

S
\\% ,. ____,.«‘ \W% o 7%szc—w XMVCVB
Z: \'/L\l,y Sw
‘o B
By
W+ *.u\ "'. W_ 'L 9 CW2
P G
.a . B

fFinally, we consider the process
WH(pr,e1); W (p2,e2) — WH(ps,es) W™ (pa,ea)

for which we have, so far, the four diagrams

It will turn out to be useful to take the v and Z exchanges together so that we
have two contributions :

My = ihQw” Y(p3, €3, —p1,€1,P1 — D3, )
< g ew” 9" = (L —p3)*(m p3)”/m22>
(p1 —p3)?  sw? (p1 — p3)? —mz>
Y (—p2, €2, D4, €4,p2 — D1, V)
My = ihQyw* Y (—p2, €2, —p1, €1, p1 + 2, 1)
( 9" cw” g — (p1+ p2) (P +p2)“/mz2>
(p1 —p3)?  sw? (p1 + p2)? — mzg?
Y (p3, €3, P4, €4, P2 — P4, V) . (9.74)

17Except, perhaps, the idea that it contains only the metric tensor, and not any of the
momenta.
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Because the masses of the external particles are all equal, the second term in the
Z propagator can be seen to drop out exactly. We can therefore afford to take
the limit s > mz? without more ado, and combine the v and Z propagators to
arrive at the following high-energy form of the contributions :

hQw> 1
2

Ml = 3 )2 Y(p37637_p17617p1 _p3vu)

(p1 —ps3
Y (=p2,€2,p4,€4,02 — Pas 1)
hQw? 1

! sw? (p1+p2)?
Y (ps, €3, pa, €4, D2 — Pa, h) - (9.75)

Sw

My = Y (—p2, €2, —p1, €1, p1 + D2, 11)

Let us now take the outgoing W~ longitudinal, i.e apply the handlebar on €4,
and drop safe terms :

Y (ps, €3, —p1, 1,01 — p3, 11)Y (P2, €2, P4, €4, 02 — Pas 1) s,
= Y(p?ne?n_plaelapl _p3a:u>
X ((p1 — p3)"((p1 — p3) - €2) — ((p1 — p3)? — my*)ea”)

~ —(m —p3)2 Y (p3, €3, —p1, €1, p1 — P3, €2) (9.76)
so that
Q"
Ml = 71872}/(])3,63, —P1,€1,P1 — D3, €2) ; (9.77)
w
and the exactly analogous treatment gives
1Qw?
M2J64A)p4 =1 s V;, Y(_p27€27 —P1,€1,P1 +p2763) . (978>
W

The total result of the handlebar operation is given by
Ml + MQJ €4—P4 =

—ihQi\Z (2(pa - €1)(€2 - €3) — (pa - €2)(€1 - €3) — (pa - €3)(€1 - €2))

Sw

(9.79)

we arrive at precisely the same algebraical structure as before, and we can
immediately conclude that, in addition to the WW~y, WW Z~y and WWZZ
couplings there must also be a WWWW coupling :

- Vo4
W ”‘. “: w . Q 2
.::’;'"" o 1 w X“yaﬂ
VA _ B 5y2
Wi W
o ‘B

Note, however, a slight difference of this vertex as compared to the previous
ones. There, the term that couples the two W Lorentz indices carries the factor
2 : here, it is the term that couples the two W*’s that is ‘special’.
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9.4 The Higgs sector

9.4.1 The Higgs hypothesis
Fully longitudinal scattering

Having pursued the consequences of unitarity in processes where a single exter-
nal spin-1 particle is longitudinally polarized, we must of course also face the
more taxing case in which, perhaps, all external spin-1 particles are longitudi-
nally polarized : surely this is the most dangerous case from the point of view
of unitarity. In doing so, we must however take into account the fact that the
notion of longitudinal polarization is not strictly a Lorentz-invariant one since a
generic Lorentz boost will mix longitudinal and transverse degrees of freedom.
It therefore behooves us to specify in which particular Lorentz frame the par-
ticles are assumed to be longitudinally polarized. To this end we introduce a
vector ¢ with

c-c=1;

the frame in which ¢ = 0 is defines the appropriate Lorentz frame. In these
notes we shall take ¢ to be proportional to the total momentum involved in the
scattering process, that is, the external vector particles are assumed to be purely
longitudinal in the centre-of-mass frame of the scattering'®. The longitudinal
polarization of an on-shell vector particle with momentum p* and mass m is
then given by

2

p N, 2=1-_" 9.80
(P C.pc y VL cp) (9.80)

T om

“w

€L

which expression is well-defined as long as p # 0. We see that, as before,
e, =p/m+0O (m/po). In the cases studied so far, the subleading terms in €y,
have only led to safe terms so that they could be neglected!? ; now, this is no
longer automatically the case.

WW — ZZ

The first Gedanken process2° is

WH(p1,er) W (p2,€2) — Z°(ps,e3)Z° (pa, €1)

18 That this is not a trivial point becomes clear when we realize that in ‘W W scattering’ at
the LHC, say, the centre-of-mass frame of the scattering does not coincide with the laboratory
frame, in which the detector is at rest, and in which the polarization analysis of the produced
bosons is presumably performed.

19From the point of view of restoring unitarity, not that of actually getting the cross section
right!

20 As T write these notes, this is still a true Gedanken process. As usual, with improving tech-
nology and the commissioning of higher-energy machines, Gedanken processes are gradually
turned into actual ones...
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So far, we have the following three Feynman graphs available at the tree level :

Wz 3 bWz 4 W Z.y
i Z A L W.
9. W 4 W ™3 o) AR 7
and the following contributions :
N.
M] = 7’thWWZ27J ’ j:152 )
A
N1 = Y(p1— p3, s —P1,€1:D3,€3)
v 1 v
X (—g“ + ——(p1 — p3)"(p1 — p3) )
My

X Y (—p2,€2;p2 — Da, Vi sy €4)
A1 = (p1—p3)?—mw®=m,>—2(p1-p3) ,
Ny = Y(p1 — pa, jt; —D1, €15 P4 €4)

v 1 v
X (—g“ + 5 (p1 — pa)"(p1 — pa) >
My

X Y (=p2,€2;p2 — p3,V;p3,€3)
Ay = (p1—pa)?—mw?=m,>—2(p1-ps) ,
MS = 7ihgww22N3 )
N3 = X(61,€2,€3,€4) . (981)

Owing to the work we have done so far, we may already anticipate some can-
cellations between the diagrams when we make all bosons longitudinal and the
safe terms are therefore not the subleading ones, but rather the sub-subleading
ones. We have to proceed carefully?!. Denoting by the subscript L the ‘“fully
longitudinal’ case, it appears best to write the result as

3
N
Mj = _ihgwwz2 123
j=1 A12
L
6 Ms> . o
N123 = N1A2+N2A1+A12N3:—4E m 1 (smG) + - 5
w
Ay = A1Ay =4F* (sinf)* +--- | (9.82)

where E = p1% = po° = p3° = p,° and 6 = /(p1, p3), all evaluated in the centre-
of-mass frame. As before, the ellipses denote contributions that can only give
rise to safe terms, and that therefore do not interest us here. Note that we have
disregarded also the normalization factors Ny, ; since the polarization vectors
are overall factors in the scattering amplitude, the Ny can never play a role

21This is most safely done using computer algebra, using e.g. FORM.
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in any dynamical cancellation, and their subleading terms are therefore always
safe. The non-safe contribution from our three Feynman graphs is therefore

4
W

3 m 2
M| =ih gww,® E? mz +o (9.83)
Jj=1 I

and it violates unitarity at sufficiently large E. Note that each individual M;
will go as E* at high energy so, as already anticipated, some cancellation has
already taken place, but not enough ; and since the vertices have already been
fixed before, we have to introduce a new ingredient into the theory.

The Minimal Higgs approach

We shall assume that, in addition to the three graphs used so far, there is a
fourth one available, mediated by a new particle type. We assume this to be
a neutral, scalar particle, denoted by H, that couples to WTW ™ and ZZ as
follows:

He W
i v
:- P N ﬁ Gwwu g
v W
L. Z .
i y
H o % Gzzn 9"
v Z
A fourth Feynman diagram is now possible :
1o, 3
L
2. 4.
given by
. 1
M = —ih Jwwnu9zzu (61 . 62) (63 . 64) m . (984)
Its contribution to the fully longitudinal scattering reads
My, = —ih E? gywwug ! (9.85)
L WWHJYZZH mw2 ng .

and good high-energy behaviour will be restored in the process WW — ZZ

provided that
o Myt
Iwwu Jzza = Jwwz m . (986)

w

Before we proceed to the next Gedanken process, a few remarks are in order. In
the first place, the choice for a scalar Higgs particle is almost unavoidable. It
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certainly cannot be a fermion ; if it were a vector particle, its propagator would
contain unwanted higher powers of the energy F, the WW H and ZZH would
presumably be of Yang-Mills type hence also E-dependent. The vertices given
above are essentially the only ones possible for the interactions between two
vectors and a scalar if we want them to be energy-independent. Note that gwwu
and ¢,,; may both be expected to contain a mass, that is, they are of dimension
L=t/ Vh. The assumption that there is just one type of neutral scalar involved
is, of course, based on nothing but a prejudice in favour of simplicity. Finally,
at high energy all contributions from my end up in safe terms, and we do not
expect to glean any information on the Higgs mass from our considerations.

WW — WW scattering

Another four-boson scattering process of interest is
WH(pr,e))W(p2,e2) — W (ps, e3)W* (pa, ea)

for which we have five purely vector-boson diagrams :

whose contributions can be conviently written as

My = —ih Y (p3,€3;—p1,€1;p1 — P3, 14)
o —Yuw o —g" + (p1 — p3)"(pr — p3)” /M
X QW 72+gwwz P} P}
(p1 —p3) (p1 —p3)? —my
X Y(p47€4;_p2a62;p2 _p47’/) )
M2 = MlJpa,Ga < paseq )
Q 2
Ms = ih sW2 X (€3, €4,€1,€2) . (9.87)
w

By the same methods as used in the previous section we arrive at

Mw? S

3
h E? Qy”
S M| = (LE” Qw” (—4my? +3m,” c®) + -+ (9.88)
j=1 L

The Higgs hypothesis now provides for two additional diagrams :
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with the contributions

o (€1-¢€3)(e2 - €4)
(p1 —p3)? — My
o (€1-€q)(e2-€3)

My = 7ithWH 2

My = —ih , 9.89
Py~ pa)® — my? (.89)
so that
5 g 9
D M| =ik B (9.90)
; My
Jj=4 I
In this process, then, good high-energy behaviour is obtained under the condi-
tion
2 Qw’ 2 2 2
Jwwna = 572 (4mw —3m;° cw ) . (991)
w

Again, no restrictions on my occur.

HZ — WW scattering

We have now run out of four-vector Gedanken processes. ZZ — ZZ scattering
has no Yang-Mills contributions??, and any four-vector process involving pho-
tons will have vanishing amplitudes under a handlebar on any photon. However,
in the same spirit by which we boldly proposed the process UD — W Z as soon
as the Z was hypothesized, we can consider the process

H(p1)Z°(p2,€2) — W (p3,e3)W ™ (pa, )

Since only three out of four particles can become longitudinal here, the unitarity
violations are not so bad, and the safe terms are of sub- rather than of sub-sub-
leading type. We have three diagrams,

that contribute as

Mi = —ih gwwzGwwa Y (D3, €3; P2 — D3, [t —D2, €2)
—g"" + (p2 — p3)"(p2 — p3)”
y ( ) ) ( . ) (1) |
(p2 — p3)? —mw
My = —ih gwwaGwwa Y (D2 — Pa, 14 Da, €45 —D2, €2)

22Under the Higgs hypothesis ZZ — ZZ scattering is described by three diagrams con-
taining Higgs exchange. Their sum, however, is safe by itself and hence does not lead to any
constraints.
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—g"" + (p2 — pa)"(p2 — pa)”
" ( L )#( : ) (es)y
(p2 7p4) — My
Mz = —ih gwwzGzzn Y(pS» €3; P4, €45 —P3 — p4vﬂ)
gl 3 v
> g + (pl +p22) (p12+Z72) (62)1, ) (992)
(p1 +p2)? —my

The kinematics of this process is a little different from that of the two pervious
ones, since my and my cannot be assumed to be equal. Still, at high energy we
may apply massless kinematics since we only have to cancel the leading non-safe
terms. Neglecting, therefore, my, m, and my in the kinematics®® we find

3

. m 1
ZMj = ih E? cos0 gwws (gWWH —Z4 - gZZH2> +--- (9.93)
=1 Mw Mz My

and find the final requirement

my, 1

Gwwn ——7 = Gzzu 5
My Mz My

(9.94)

if good high-energy behaviour is to emerge.

9.4.2 Predictions from the Higgs hypothesis

The Higgs hypothesis has given us the three conditions of Eqgs.(9.86), (9.91) and
(9.94). If we consider gwwn and g;zu as the two unknowns, this system is over-
constrained, and we obtain additional information. The system of conditions
can easily be solved and we find the two couplings

Gwwa = —————— 5 YGzzm = ————— , (995)

and, in addition, the interesting relation
My = My Cy - (9.96)

It is apposite to dwell on this last result. The weak mixing angle 6y was
introduced to parametrize the system of coupling constants, as discussed in
section 9.3.2 : we now see it come back here as a relation between masses
instead ! From the treatment of the Electroweak Standard Model presented
in these notes, it also becomes clear that the mixing angle as a description of
coupling constants is, in a logical sense, prior to that as a description of masses.
The assumption of a single Z° particle determines the couplings as described
in section 9.3.2 : but it takes the supposition of a single, neutral Higgs particle
to obtain Eq.(9.96). If the Higgs sector of the Standard Model turns out to
be different, with more Higgs-like particles, say, the W and Z mass become
uncorrelated ; but the couplings of W and Z with the fermions and each other

23But not, of course, in the longitudinal polarizations!
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remain unaffected. In the usual textbook derivation of the model this distinction
tends to be obscured by the simultaneous obtention of all couplings at once after
symmetry breaking.

As a final comment we remark that, if unitarity is restored bywhatever Higgs-
like phenomenon, the weak mixing angle must always obey the bound

2
9 4 my

Z 9.97
Cw 3 mz2 ( )

as can be seen from Eq.(9.91)%4.

9.4.3 W,Z and H four-point interactions

The class of bosonic four-particle scattering amplitudes is not yet completely
exhausted. We can consider the process

Z°(p1.€1)Z°(p2,€2) — H(p3)H (ps)

given by two diagrams so far,

1™, 3 1™, 4
24 23
and the following amplitude :

Mija = —ih gZZH2 (61)u (62)1/
(—g"” + (p1 — p3)*(p1 — p3)” /ms>
(p1 — p3)? —my?

— gV _ 1 _ v 2
L9 + (p1 p4)2(p1 1;’4) /mz ) (9.98)
(p1 — pa)® —my
In the fully longitudinal case the non-safe terms are
Miys), = —ih B? gomn” . (9.99)
L A

and the remedy ought to be straightforward by now. We introduce yet another
vertex, involving two Z’s and two H’s :

-z M

)
& % 9zzum g
H H
v~ Z

24For the actually observed values of W and Z mass this bound is itself somewhat larger
than unity, and therefore not so significant; but it is nice to have it even so.
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upon which we have a third diagram, whose nonsafe part is trivial :

Ms)|, = 2ih E? g;f:; T (9.100)

We see that the four-point coupling constant must be given by

2 2
9zzn QW
9zzun = 2m,2 = 2su2en? (9.101)

As in the case of SQED and YM, this four-point coupling does not contain a
length scale, in contrast to the ZZH coupling. For the case of WW — HH
scattering, exactly the same treatment holds. It suffices to replace m, by m,
and ¢,zn by gwwu. We find that also a WW HH vertex is required :

. H
R <~ ﬁ Jwwan J )
0': H
v \"%
with ) )
JwwHH = Jwwa__ Qw . (9.102)

QM2 28w 2

9.4.4 Higgs-fermion couplings

Let us return to the process
U(pl)U(pQ) — W+(q+7 €+)W7 (q,7 6*)

which was used in section 9.3.1 to argue the existence of the Z boson. This time,
however, we shall not neglect the fermion masses ; and we shall take both W's
longitudinal. It can be seen that each individual diagram will go as £? when the
energy E of the W’s in their centre-of-mass frame becomes large. This means
that, in the longitudinal polarization of Eq.(9.80), the second term will only
contribute to the safe terms, and we may simply write (e+)r = g+ /M, so that

Y(qr, €459 65 —q4 — q-#)J ~ —2%(% —q )+ (9.103)
L Mw
where once more the ellipsis denotes safe terms. In fact, the restriction to
nonsafe terms in our treatment means that we may neglect the boson masses
in the kinematics : every occurrence of boson masses from the kinematics is
quadratic and hence gives safe terms. For the fermions this is not the case as
we shall see.
Let us revisit the diagrams of our process. The first one now reads

(4_ _]51 + mp
(¢- —p1)? —mp?

M1 = —ihgw” (p1) (1 +7°)¢- (14+7°)dqulpz) - (9.104)
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Note that the my, in the numerator drops out by virtue of the (1 +~°)’s. We
can now perform some Diracology, using the Dirac equation and dropping safe
contributions wherever opportune :

2
My = i e T A ()
A = Q+9)d- (- —h) A +7°) d+

= 2004+9°) d- (d- — 1) (d+ — P2 + mo)

= 204" d- (d- — #1) (b1 — d— +my)

= 2(1+7%) (~(g- —p1)?d— + (d- — P1 — mo)(d— — pr)mo)

S 21497) (me— ) (g —p1)? (9.105)
so that the fully longitudinal case gives for this diagram

M|y, = 2iligy” B(p1) (1 +7°)(d- — mo)u(pz) + - - (9.106)

For the third diagram we can perform a similar analysis :

Ml = i S a) Bulp)
B = (vo+avy’)(d+ —4-)
= (v +au?’)(ds — d- — P2+ mu — p1) = mu(vy — apy’)
= —2(vy + aU,yS)q_ + QmUaU’Y{) ; (9.107)
and up to safe terms, we therefore have
Ms]; = zhiwvgz o(p1) ((vo + ay’) - — muavy®) u(ps) + -+ (9.108)

To obtain the contribution from the second diagram, we simply put gwwz — Qw,
vy — Qu, and ay — 0 in the third diagram :

JQw Qu

My T2

Ma|p, = v(p1) 4 u(p2) + -+ (9.109)

If we add the three diagrams, the contributions with Tg_u cancel precisely, as
they should since that was what we imposed in section 9.3.1. We are left with
terms proportional to my :

hmy
Mitors], = i 5 (1) (20w (1 +7°) — gwwzau’) u(p2) + - -
W

2
h QW my _
mw?  4sy?

= —i v(p1)u(pa) + - (9.110)
so that an energy behaviour of E' at high energy is still uncompensated. The
Higgs boson is usefully applied here as well. We simply assume the UU H vertex

UN H i
A % guon 1

U
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where we must realize that the Dirac unit matrix is involved?®. For the process

UU — WW we then have a fourth available diagram :

which contributes to the amplitude the amount

1

My = —ih guonGwwn 5(291)”(192) Y (€+-€—) .

S — my
In the fully longitudinal case we therefore have

h _
Ma)_ = i =2 (py u(pa) + -
My

and the following requirement on gyyy is obtained :

szmu I goonGwwa

=0
4542 + 2y 2 ’
or
_ Qw my
Juun = —
28w My

(9.111)

(9.112)

(9.113)

(9.114)

This discussion can of course be applied to any fermion type?®, and we find the

general Feynman rule

anr)

H

-t
STpS
&
s‘“’
2|2

—

9.4.5 Higgs self-interactions
The triple H coupling

There remains the issue of possible self-interactions of the Higgs particle. To

this end we examine not a 2 — 2 but a 2 — 3 process, namely

Z(p1,€1) Z(p2.€2) — Z(ps,€3) Z(pa,ea) H(ps) .

At the tree level, this process is described by 21 Feynman diagrams provided we
allow for three-point couplings between H’s. These belong to one of the three

25In fact, the observation that the nonsafe part in this process is proportional to Tu is the

strongest argument in favour of a scalar Higgs.

26Note that for D-type fermions, ap has opposite sign ; but also the W+ and W~ are

interchanged in the first diagram.
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following types :

where as usual the dotted lines denotes Z’s and the solid lines stand for H
particles, and we have to take into account the appropriate permutations of
the external Z particles. The amplitude is given by the three corresponding
contributions :

My = A(1,2,3,4,5) + A1 (2,1,3,4,5) + A (3,4,1,2,5)
boA(4,3,1,2,5) + Ai(1,3,2,4,5) + A1 (3,1,2,4,5)
b oAL(2,4,1,3,5) + A1(4,2,1,3,5) + A1 (1,4,3,2,5)
o OA4,1,3,2,5) + A1(3,2,1,4,5) + A1 (2,3,1,4,5) |
Ai(in, iz, igyiayis) = B2 gun® e, " 0 (piy + pis) €i,” (€is - €3y)
X Az(pi, + pis) Au(pis +piy)
My = A3(1,2,3,4,5) + A2(3,4,1,2,5) + Ax(1,3,2,4,5)
+ Ax(2,4,1,3,5) + A2(1,4,3,2,5) + A2(3,2,1,4,5) .
Ag(in,iayis,iayis) = —ih>? Guon Gomm (€5, - €iy)(€iy - €iy)
X Ap(pis +pis) »
Ms = As(1,2,3,4,5) + As(1,3,2,4,5) + As(1,4,2,3,5)
As(in, iz, iz,iayis) = B guun® Gumn (€5, - €5,) (i, - €iy)
X An(pis + piy) Au(pis + Pis)
(e = —guy+m%2quqy ;
Azle) = (@-m?) ", Aulg) = (¢ —ma?) " . (9.115)

Here we have, for once, taken all momenta outgoing, which means that the
momenta of the incoming Z’s have negative zero!” component. In view of the
more complicated phase space structure, this amplitude is best studied numeri-
cally?”. Although naively each diagram A; and A grow quadratically with the
energy in the fully longitudinal case, both M; and My actualy become energy-
independent at sufficiently high energy E. But this is not safe : a 2 — 3 ampli-
tude must go at most as E~1, and therefore cancellations between (M; + My)

27 A short description of how this is done follows. We first define an energy scale E. The
1,2, and 3-components of the momenta p34 are chosen as random values, uniformly dis-
tributed between —E and E, and the corresponding momentum components of p5 are given
by p5 = —p3 — p4. We then compute the energy components p3,4750 from the mass-shell
condition. The energy components p1,2° are then given by p1 2% = —(ps + pa + p5)°/2, and
their momenta are computed from their mass-shell condition. We take these to be along the
z axis, say, and oppositely pointed. This is a crude but efficient way of obtaining momentum
configurations satisfying all kinematical conditions, and the various polarization vectors are
then easily obtained using Eq.(9.80). Repeating this procedure a number of times, we can
map out the phase space for a given energy scale.
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and M3 are still necessary. We find that the required HH H coupling is given
by

2 2
Z-gHHH _ 3 Qw” my

A ) gHHH - a
h 2 My Sw

if the necessary cancellations are to arise. In the figure below we have, some-
what arbitrarily, chosen myc? = 80 GeV, m,c? = 90 GeV, myc? = 250 GeV.

We plot — M3], / Miis|, for
various energy scales E. The

8] sampling is performed as de-
16 scribed inthe footnote. The two
1o contributions to the amplitude
1o are seen to balance one another

o] o w0 o precisely, and the combined am-
A ° ° plitude goes as E~2, provided

& the right choice of gyyy is made.
] Note that the amplitudes are
heavily dependent on the various
02— scattering angles: but their ratio

[ S S B S S N S S N B B 18 not.
0 2,500 5,000 7,500 10,000

A word of caution is in order on the interpretation of this picture. The high-
energy limit is, strictly speaking, only obtained if all products of momenta
grow large with respect to all masses involved. In a sampling over phase space
it can always happen that some momentum products are comparable to squared
masses ; these cases are responsible for the ‘outlying’ dots in the plot at large
values of the energy scale.

The quartic H coupling

The last Gedanken process needed is

Z(p1,€1) Z(p2,€2) — H(ps) H(ps) H(ps)

which is described by 25 Feynman diagrams in six types:

.—-/ ’/.< C .
where we have already anticipated a quartic Higgs coupling in the last diagram.
The contributions to the amplitude are

My = Bi(1,2,3,4,5) + B1(1,2,4,5,3) + By(1,2,5,3,4)
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Bi1(1,2,5,4,3) + B1(1,2,3,5,4) + B1(1,2,4,3,5) ,
Bl(l, 2,7;3,1’4, 715) == Zh3/2 gZZHS 61“ H’u,)\(pl +p23) HAV(pQ +p15) 62”
X Az(pr+pis) Az(p2 +pis)

Mo = Bs(1,2,3,4,5) + Bo(1,2,4,5,3) + Ba(1,2,5,3, 4)
+ 82(27 ]-7 33 4, 5) + 82(13 2, 47 57 3) =+ 82(17 27 53 37 4) )
Ba(i,ia,13,14,15) = ih3/? Gzzw® Grmn €y " I (i, + Dis) €i5”
X Agz(pi, +pis) Au(piy + i)
Ms = By(1,2,3,4,5) + Bs(1,2,4,5,3) + Bs(1,2,5,3,4) |,
B3(1,2,i3,44,15) = ih®? Y9zzu QHHH2 (€1-€2) Au(pr+p2) Au(piy +is) >
My = 84(1,2,3,4,5)+B4(1,2,4,5,3)+B4(1,2,5,3,4)
+ B4(2,1,3,4,5) 4+ B4(1,2,4,5,3) + B4(1,2,5,3,4) ,
B4(i1,i2,i3,i4, Z‘5) = 7ih3/2 9zzun Yzznu Eilﬂ H;w(pig +p1'5) EiQV
x Az(pi, +pis)
Ms = Bs5(1,2,3,4,5) + B5(1,2,4,5,3) + Bs(1,2,5,3,4) ,
85(1a 2’1'371.4; Z‘5) = _ih3/2 9zzunu Junnu (51 : 62) AH(pis +pi4) y
MG = _ih?)/z 9zzn Junnn (61 : 62) AH(pl +p2) . (9116)

A treatment analogous to that of the previous paragraph leads to the following,
final Feynman rule :

( 3 QW2 WLH2
e % Guunn 5 YuHHH — 1 m

as indicated by the picture below.

18 We plot the ratio

1.6—

o ° - Msl, ) Miyis]y

1o obtained in the same manner

o] as in the previous paragraph.
' A o e oom @O °© Again, the choice of the factor

05|85 3/4 in guuun is justified by the

06 ° fact that the ratio geos to 1 with

0ol great accuracy as the scale in-
i creases.

O T T 1T T T T T T T T T T [ T T T 7]
0 2,500 5,000 7,500 10,000
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9.5 Conclusions and remarks

We have now derived all vertices of the electroweak Standard Model. That is to
say, the more usual textbook derivations arrive at precisely the set of Feynman
rules that we have also obtained. There are, however, a number of differences
between the treatment given here and the usual one.

e We have not invoked any symmetry principle, but rather the (underlying)
SU(2) x U(1) symmetry has spontaneously emerged from our choices for
the ‘minimal’ solution, for instance by insisting on only a single Z particle
while we could have opted for more.

e Since we have not invoked any symmetry, there is also no need to explain
its ‘breaking’ in order to arrive at massive W’s and Z’s. Instead, we have
simply faced the observed fact of their massiveness and come to grips with
it with the help of a Higgs sector.

e There is, as we have already discussed, a logical distinction between the
two uses of the weak mixing angle, in which the ratio of coupling constants
is logically ‘prior’ to the ratio myy /m.

e We have not needed to introduce any Higgs doublet, but rather only a sin-
gle, physically observable H particle. This approach elegantly sidesteps
the question whether, and if so how the Higgs field configuration is ‘spon-
taneously broken’. This would indicate that the Higgs particle is also, in
a sense, logically prior to a complete Higgs doublet.
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Chapter 10

Some serious computations

In this section we shall go through the actual computation of a number of loop
diagrams. The theory lives in four Minkoski dimensions ; but we shall use
dimensional regularization throughout.

10.1 Self-energy graph in ¢©° theory
The first nontrivial example is the one-loop self-energy diagram from (> theory :

<k
p p
9

p+k—=

The momentum flowing through the external propagators is p*. The diagram
(excluding the external propagators) is given by
i2(iN)? / 2 1
(2m)* (k2 —m?2 +ie)((k +p)2 — m2 +ie)

5 (p?) = (10.1)

Performing the Feynman trick, and replacing the number of dimensions (orig-
inally 4) by 2w, where w will approach 2 at the end, we write the diagram
as

Y(p?) = W/dx/dzwze ! s . (10.2)

(2m)2 J (k% 4 2z(k - p) + xp? — m? + ie)

where p is the dimensionful quantity needed to keep the overall dimensionality
of the diagram consistent. We now shift the loop momentum k* to k* — zp* so

253
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as to make the linear term disappear :

1 00

2(,,2\2-w

sp?) = 20 /dw / dKOd> 1 dk ! -
(2m) A ((kO)Q — K2+ 2(l —2)p2 —m2 + ie)

(10.3)

where we have already singled out the timelike component of k* for special

treatment : by the Wick rotation, we see that we may rotate! the k° integration

contour

+i00

from /dko to /dzko

—100

so that we arrive at

A2 (1 1
S(p?) = - 2w / d / d2“’k: . (10.4)
(2) k? —z(1 — z)p?2 + m? — )

where k2 now refers to the Euclidean square (k°)2 + |k|2. Writing k2 = u the
diagram then becomes

1 [e%s}
)\2 2 w w—1
S(p?) = ( /dx/du 4 - . (105)
0 0

w) (u—z(1 — z)p* + m? — ie)

We can now do the u integral using the standard formula

o0

u* T+ 1I'(B—-a-1)
O/du T3 af = T(3) (10.6)
so that
1
S(p?) = i (p ) F 2—w /dx P _L)p —26)2_w . (10.7)

0

The factor I'(2 — w) indicates that this diagram is logarithmically divergent?.
At this point we may carefully take the limit w — 2. Writing w = 2 — € (where
this € has nothing to do with the ie in the propagators ! This should not lead
to confusion) we have the following expansion :

I'l1+e¢)

r@-w) = I(=——

INote that the direction of the Wick rotation does not depend on |E|2, p? or m? : the poles
are always in the lower-right-hand and the upper-left-hand parts of the complex k° plane.

2In four spacetime dimensions. A factor I'(1 — w) implies a quadratic divergence in four
dimensions. For higher dimensions the divergences become more severe, as is only to be
expected fos such multidimensional integrals.
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1
- (F(l) +T/(De+T"(1)e?/2 + - )
€
1 ve w2
- JE 4 7 10.
c ’YE+(2+12 €+ ) (10.8)
where vg ~ 0.5772156649 is Euler’s constant®. Similarly,
A° = exp(elog(A)) = 1 + elog(A) + €2 log(A)?/2 + - - - (10.9)

Where we should truncate the e expansion depends on the loop order we are
considering. For two-loop computations, the terms with e! must be retained,
but for the present one-loop calculation we can restrict ourselves to the divergent
and constant terms :

%) = (;’AT)Q (1 — e + log(4m) +log(p?) — R(S)) ,
R(s) = dz log(m? — x(1 — x)s — ie) . (10.10)
/

In the evaluation of the x integral, it of course becomes important to keep careful
track of the logarithm’s singularity structure. We can distinguish three cases,

depending on the value of s = p?.

1. s < 0. In this case the logarithm’s argument is always positive. Writ-

ing x = (1 4+ y)/2 we have, with b = /1 + 4m?2/|s|, and using partial
integration :

1
R(s) /dm log(m? + |s|z — |s|z?)
0
1

— [y tog(m® +[sl/4 - |sls?/9)
0
1
= log(s]) + / dy log(¥® — )
0

1 1 2y2
— log(ls]) + |ylog(®® — y?)| + / dy2
o v b* -y

1
log(|s]) + log(b* — 1) + blog (zi_l) -2

1
= log(m?) — 2+ blog (Z—’—1> . (10.11)

3Lots and lots of mathematical things are called after Euler. To spread the credit somewhat,
it is also called the Euler-Mascheroni constant.
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2.0 < s < 4m?. Proceeding in a similar way as above, but now with

n=+/4m2/s — 1, we can write

1
R(s) log(s/4) +/dylog (v* 4+ n?)
0

2 / 292
= log(s/4) + 1o +1—/d7
g(s/4) +log(n” +1) J Vo

= log(m?) — 2+ 2narctan(1/n) . (10.12)

3. s > 4m?. This is the more tricky case since the argument crosses zero
twice as x moves between 0 and 1. The two roots are given as g 1, where

=(1+8+i€)/2 , zo=1—z1=(1—-L—4i€e) , f=+/1—4m?/s .
(10.13)
Since 8 > 0 we shall have occasion to use

log(—x1) =log(x1) —im , log(—mo) = log(xo) +im . (10.14)

We evaluate the integral as follows :

1
R(s) = log(s —l—/dx log(z — z¢) + log(z — 1))
1

0
= log(s) + 1 (log(z1) +log(—z1)) + xo (log(xo) + log(—x0)) — 2
= log(s) + 2z log(z1) + 2z log(zo) + im(zo — 1)

= log(m?) —2+8 (log (%) - Z"iT) . (10.15)
The function R(s) for m = 3.14. Tt is
continuous both at s = 0 and s = 4m?.
The real part of R is positive (since
log(3.14%) > 2), its imaginary part is
negative. At s = 4m? the imaginary
part ‘switches on’ suddenly. This in-
dicates that R(s) has a cut along the
real axis starting at that value ; and of
-0 0 <20 ol a0 e o a0 ik course the ‘kink’ in the real part tells
us the same. We also see that the real
part of ¥(p?) only develops above the
‘threshold’ value p? = 4m?, and is pos-
itive there, as required by the unitarity
arguments of chapter 4.

0
= log(s) + {(m — x9) log(z — zg) + (z — 1) log(x — x1) — 22
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10.2 The gluon-gluon-Higgs vertex

Although the gluon is massless and therefore has no direct coupling to the Higgs,
such a coupling is effectively realized by quark loops. Since the top quark, being
the heaviest, has the strongest interaction with the Higgs, we shall concentrate
on this. At one-loop order, we then have two contributing diagrams :

O - o

which differ in the orientation of the top quark line. If our theory is to be
consistent, this amplitude must be ultraviolet-finite (since otherwise we would
have to introduce a counterterm which would mean a direct gluon-Higgs coupling
after all) and it must obey current conservation. We shall verify this point first,
by putting a handlebar on one of the gluons :

- -
D =all Sal ey

(10.16)

By using the identities

we see that the third and fourth diagram are actually equal to the first and
second one (flipped over), so that the sum vanishes and current conservation
(gauge invariance) is assured.

The process we investigate is, more explicitly, given as

Q(thhj) + g(q2a627€> — H

where we have explicitly given the momenta, polarizations, and colours of the
gluons. We denote the Higgs mass by m and the top quark mass by M, and
shall make extensive use of

(gi-qi) = (gi-e)=0 , 2(q-q)=m". (10.18)

Although we do not expect (or hope to see) divergences, we shall still work in 2w
dimensions for reasons that will be come clear later on. One of our diagrams*

4In fact, the second one.



258 March 27, 2014

is given by
_ 2'6 2 o 4—2w ) o N
My = (=1) (927r9)2wﬂ Tr(TJTe)/d Py
D = (@*—M+ie)((p—q)® - M*+ie)(p+q)* — M +ie) |
N = T (G4 M- e MG+ D) (10.19)

The other diagram, Ms, is obtained by interchange of the two gluons. Using
the shorthand
dx = dxy dag drs §(x1 + 22 + 23 — 1) (10.20)

we can write, using the Feynman trick,

2

1
== /636 — (10.21)
D (P +221(p- q1) — 222(p - g2) — M? + i)
which, by the redefinition
p =k — 11" + w2g0" (10.22)
becomes 5
(10.23)

1
7_>/61. 3
D (k2 — M? + z129m2 + ie)

Since the maximum value® of 1z is 1/4, we see that the ie can be expected to
become relevant whenever m? > 4M?2, i.e. when the Higgs is sufficiently heavy
to decay into two top quarks®.

We now turn to N. Since the whole amplitude is current-conserving, we are
allowed to replace the polarizations by explicitly current-conserving combina-
tions :

et = mt=a" - (g2- 1) ML et = ot =t — (91 - €2) o
(q1-q2) (01 - g2)
(10.24)
with the nice properties that
m-q2=mn2-q2=0. (10.25)

This simplifies the trace in NV :

N%ﬂ(@+me—m+Mw+m+Mm)

= 4M {4(29 m) (- n2) — p2(m - M) + M2 (1 - m2) — m2(m -772)/2}

(10.26)

5Reached when x1 = 22 = 1/2, 23 = 0.
6Since we now know that M > m this is not in order here, but for lighter quarks it may
be.
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Performing the same shift (10.22) as before, we have
N — 4AM {4(k “m) (k- m2) = K2 (1 - 1) + M2 (1 m2) +mP (- 1p2) (2122 — 1/2)

20k ) - ma) — 20k - 42)(mn ~n2)} . (10.27)

Since D is even in k, the integral of the last two terms in (10.27) will vanish, and
we discard them. Considering the first term, we notice that Lorentz invariance
requires that

/d%k KRR f(R?) = —

5o Hy /d2“k k2 f(K%) (10.28)

where the proportionality factor can be checked by multiplying both sides with
9uv- The effective form of NV is therefore, finally,

2
N — 4M(ny - 12) ( < - 1) E* 4+ M? + m?(x129 — 1/2)) , (10.29)
w
and the diagram is therefore

Ml = 49 Gitn _]ZM m - 772) 4 QWQ )
0 = /5 o 771)k2+M2+m (x120 — 1/2)

2w 3
— M2 4+ z1z9m? + ze)

(10.30)

We see that in fact My = My, owing to our use of the n’s rather than the €’s.
Performing the Wick rotation, the by-now familiar” techniques allow us to write

_ ) Mz—m (.’1,‘15132—1/2)
Q = @) ""P /5m/dss 3

s 4+ M? —ziz9m? — ze)

= e [(2 2) T

RIGNCERD) M2+ m2(z139 — 1/32_)w ' (10.31)
I'(3) (M? — zyxom? — ie)
From the identities
Nw+1)/w=T(w) , 2-wl2-w)=TB-w), (10.32)
we see that
. 2 _ _
Q- im?T(3 —w) /5x 1 —4xi29 N (10.33)
4(47T)w (M2 — x1x2m2 — ZE)

"Hopefully.
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Now we can afford to let w — 2, and find for the amplitude

M = Mi+ My =2M;
o 2i929ttHM 2
= W 8j.0 (- m2) F(M /m )

Ty

1 —
Foult) = / dz: / _Lodne (10.34)
0 0

t—x1290 — 1€

A number of remarks are in order here. Since

eM

28 wMw

oo = (10.35)

the amplitude becomes independent of M as M becomes very large®. That this
happens is due to the fact that in Eq.(10.31) the M? terms in the numerator
cancels if we combine the two terms. But for that to happen, the first term
has to be present. Were we to set d = 4 from the outset, it would be absent.
Of course, the fact that the numerator would contain a k% term and the loop
integral would be divergent if d would differ ever so slightly from 4 should give
us pause. This is the reason why we have to stick to variable dimension in this
calculation : if we don’t, then the amplitude will be proportional to M? !
For very large values of ¢t we have

Fou(t) = 1/(3t) . (10.36)
Furthermore we can introduce the ‘field strength tensors’
Fjwj = ejqu'y — quEjV s ] = 1,2 5 (1037)

and realize that
(m -m2) =m® By Fy,, . (10.38)

With the additional definition
as = g*/(4n) (10.39)

we see that the amplitude takes on the form

leq
li =—2 RmMFE o 10.4
MinooM 20 mysw  © M 05 (10.40)
For finite values of M we have
M2
M = < lim M) 3— Fou(M?/m?) . (10.41)
M — o0 m

8This further implies that very heavy fermions from a possible fourth generation will con-
tribute appreciably to de decay H — gg or H — ~~ !
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We now turn to the calculation of F'(t) for finite ¢, and first rewrite

F(t) = 2+(1—4)H() ,

1 1—111 1
H(t) = d drg——
() / o / th_mle_iG
0 0
1 . )
- / dr "L og (@w+$>
T t— 1€
0
— e g (= e )
T t— 1€
0
i 1
1
= /da: (—log (1 - x) ~ log (1 - x)) . (10.42)
x T_ x Ty
0
where
zil—xy+t—ie=0 (10.43)
so that
xpta_=1 | zyx_=t—ie (10.44)
We now distinguish two cases. In the first place, let ¢ > 1/4. Then
1
mi:§(1:|:’y) , y=+V4t—1 . (10.45)

We can then use the definition of the dilogarithm function Lis, further described
in Appendix 12.14, to arrive at

1 1
t>1/4 : H(t)=Li () + Lis () . (10.46)
Ty X _
Since x_ = (x4 )*, this expression has no imaginary part, as expected. Further-
more, the expansion
: z"
Liy(z) = ; — (10.47)

valid for |z] < 1, leads to the correct form for F'(t) for large ¢ (hence large ).
The other case of interest? is 0 < ¢ < 1/4. We can write

1
Ty = ug £ie | ui:§(1iﬂi) . B=V1—4t . (10.48)

1
H_ = /dx -1 log <1 - 1) . (10.49)
x x_
0

9Since t = M?/m?2, the case t < 0 is irrelevant.

We now first consider
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Cleverly, we first take a derivative :

1

0 0 1

au,H_ B ax,H_ _/dxm,(x—x,)
0

= /dmé (log(1 —z_) —log(—z-)) . (10.50)
0

By carefully taking the limit t¢ — 0 we see that this can be written as

0 1
&L—_H, == (log(l —u_) —log(u_) — i) . (10.51)
Also realizing that H_ = Liy(1) when u_ = 1, we arrive at
772 . 1 2 .
H_= 3 Lig(u_) — 3 log(u—)* —imlog(u_) . (10.52)

We can replace u_ by u4 so as to comupte the analogous H ; the only difference
is in the different sign of ie so that we find

2

1
Hp = 5 —Lio(us) — 5 log(uy)? + imlog(uy) ; (10.53)

The final result is, therefore,

H(t) — H_ +H+
272 1 1
= T (Lig(u_) + Lig(uy)) — = log(uy)? — = log(u_)?* + i log <u+)
3 2 2 U_
_ T “—+2+'1 ke (10.54)
= 5 —glog{ =~ imlog { =) . .

Throughout, we have here used the properties of Lis as discussed in Appendix
12.14.



Chapter 11

Ghosts and gauges

11.1 Ghostly matters

11.1.1 Dangerous terms at one loop

The minimal electroweak standard model that we have derived so far respects
unitarity for all tree-level processes. Things do not look so good, however, if we
move to the one-loop level. The problems arise, unsurprisingly, from the vector
propagators. Consider, for instance, the following diagram, which contributes
to the propagator of the Higgs particle by a loop of W's :

(11.1)

For Higgs momentum p, this diagram is given by!

(f:?)g@ /d4qﬂ“”(fJ) W (p+4q)

where e = |Q+w| and II is the W propagator :

ih
I (q) — v
(9) pER— ( 9"+

Bgv ) . 11.2
e > (11.2)
For large values of ¢ (and of ¢?), the integrand does not go to zero ; instead we

have
72

lim II"(q) I, (p—q) = (11.3)

q—00 mw4

The integral over ¢ will therefore diverge badly : keeping in mind that we still
have to perform the Wick rotation even if ¢ is absent from the integrand? we

1We neglect the refinements due to dimensional regularization for now.
2Since for the other, nondangerous terms in the integrand we have to do it anyway.

263
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find
1 4 1 4 eiQ'fE = Z 4
w/d TR /d a L,‘,_O o0 (1L4)

This is a (quartically) divergent result which is totally unacceptable from the
point of perturbation theory, and we will need to get rid of it by introducing
a compensating effect into the theory. Obviously, diagrams with 1,3,4,5....
external Higgses suffer from the same problem, as do the diagrams with a Z
running around the loop. Note, however that we will not be able to get rid of
the diagram 11.1 completely, nor do we need to : the other terms coming from
the diagram feel perfectly at home in perturbation theory. We will therefore
concentrate on the constant part of integrands, that is, the part surviving as
q — oo. In studying this part we can therefore just put the external Higgs
momentum to zero, which simplifies the calculations considerably.

11.1.2 General structure of the dangerous terms

We start by studying the propagator of the W in the presence of Higgses with

zero momentum. Let
/
A (Q) = e Y (11.5)

denote the set of all (tree) diagrams where a W of momentum ¢ propagates,
shedding n Higgses of zero momentum. We can form the object

A (q) = ... Q -------- =y A, Z—T , (11.6)
n>0

which stands for a W that radiates any number of H’s. It obeys the SDe

in other words

em e’ z
=201 0 (q) A% (q) +

Ap,y — H[Lll J—

The solution is quite simple? :

oy ih o
A (q) q2—m(z)2< g+

q”q”) . m(z) =mw+-— . (11.9)

m(z)? 28w

The net effect of allowing any number of Higgses is to change the effective W
mass from m. to m(z). Note that it needs both WW H and WW HH vertices
to achieve this.

3There is no problem with dimensionalities here, since z must have the same dimension as
mw .-
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Next, we turn to a W loop dressed with external (zero-momentum) H’s. We
define such a loop diagram with n + 1 external Higgses by

L) = , (11.10)
- n
and consider the object

n
LV) = =S (11.11)
n>0 n!

for which the SDe reads

\Q - — 0 + (11.12)
We can wiite this s folows -
LW (2i)4/d4q <l§:;lf‘;v +Z2;j22h) A,(q)
- (2717)4/614(1 35% (4+ m?Z)Q) C(1113)
(W)

The dangerous part of this, L; ’, is again isolated by inspection of the ¢ — oo
limit :

L = (271r)4 / a'a ;f(z)
_ _2-54(0)%7;1(2):—21'54(0) mw(j/j(?/;sw) (11.14)

One might wonder why we did not simply glue the W propagators together in
AP to arrive at this result. The answer is that in doing so we essentially lose
control over the symmetry structure of the loop : it is very hard to figure out
which permutations of external Higgses would lead to diagrams that are, in fact,
identical and to correct for these overcounting factors®. By assigning a ‘special’
role to one external Higgs this is avoided.

Now, the object LSJ’V ) acts as an effective H" ! vertex. Keeping in mind
that a term go¥ in the potential leads to a Feynman rule for a k-point vertex
with coupling constant —ig/h, we see that Eq.(11.14) can by integration be
turned into a result for an effective dangerous action, generated by the W, for
H’s quantum field® :

F&w)(H) = Lzh /dz LgW)J = 2h§4(0) log (1 + 2mesH) . (11.15)
z=H WOW

4For instance, in Ag there are two graphs with two WW H vertices. Upon closing the loop
these will give diagrams that are actually identical. On the other hand, the single graph with
the WW HH vertex leads to, of course, the other single correct diagram. It follows that there
is no simple factor that can be assigned to avoid overcounting of diagrams.

5The constant of integration is chosen such that the effective action vanishes for H = 0.
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There are also contributions coming from the Z. Inspection of the Feynman
rules tells us that it suffices to replace, in the above result, my by m, and sy
by swew. Not forgetting that, in contrast to the W loops, the Z loops carry a
symmetry factor 1/2 (since reversing the order of the H’s in A,, will lead to the
same L) we find

1'% (H) = 16%(0) log <1 + €H> — Iry (11.16)

2MySwCw 2

The total result for the quartically divergent part of the H effective action is
therefore

T4(H) = 3164(0) log <1+ 5 ¢ H) . (11.17)

My Sw

11.1.3 Ghost contributions

We shall try to compensate the dangerous effective interaction by introducing
new particles into the theory. We choose them to be charged scalar particles u
of mass p,, coupling to H via a uuH vertex with coupling constant ig(W)/ h.
Things must be arranged such that loops containing these particles, coupled to

external zero-momentum H'’s, precisely cancel F&W)(H ) : the Z contribution

will be treated later on. It is of course sufficient if we can simply cancel LEZW)
before integrating. These particles, called ghost particles, have their own SDe,
in complete analogy to the W :

D = ey ( D . (11.18)
Algebraically, this reads
; w
AW = zm I 29( )2A<“> , (11.19)
q° — My q° — Ky
with the solution ”
AW ! (11.20)

g+ 2g™W)
In its turn, this leads to the closed-loop expression

W
[ A (11.21)
(2m)? ¢ — pi3, + 29" '

In order to turn this into dangerous terms, we need to get rid of the ¢? in the
denominator. We do this by the following trick : we replace u? by p2¢ and g3
by g€, and let ¢ approach infinity. We then obtain®

1 g
LW = /d4 4 11.22
¢ =ami ) T (11.22)

6This is a formal and dangerous manipulation, since the interchange of limit and integral
is only allowed if the limit is approached uniformly.
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It is now our task to arrange things such that Eq.(11.14) and Eq.(11.21) give
compensating contributions. To this end we need
(emy/28w) _ g

= 11.23
mw? + z(emy/2sw) 2 — z2gW) ( )

This will not work ! by taking z — oo we see that the left-hand side of Eq.(11.23)
is -2 times the right hand side. We therefore adopt the following modifications:

e There is not one species of ghost, but two (we could say that the W and
the W~ each have their own ghost particles) ;

e Each closed loop of ghost particles carries a minus sign, even though they
are not Dirac particles but scalars. In fact this ‘wrong’ kind of statistics
is why they are called ghost particles in the first place.

e We can now make the two sides of Eq.(11.23) equal by choosing

W2 =my? g™ = E (11.24)
28w

Note that there is some arbitrariness here since we might have chosen a different
value for p2, which would simply mean a different value for ¢ which goes to
infinity anyway. The ratio

g _° (11.25)

28wMw

is fixed, however.

Since the Z loops have a symmetry factor 1/2, we need to compensate them
with only a single type of (neutral) ghost. We again simply replace my, — m,
Sw — Swew and find that we can get rid of the dangerous terms from the Z
loop by choosing

2=m,2 , ¢&»=_T2 (11.26)
25w Cw
so that o -
e (11.27)
Mz 28wewmy Hw

11.1.4 An alternative ghost scenario

We may consider a more complicated pattern of ghost-H interactions, by al-
lowing not only a uuH vertex but also a uuH H one. Denoting their respective
coupling constants by g:(,,W) and giW), respectively, the SDe (11.18) is now mod-

ified to

D = e 4Ly g VQ S (11.28)
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This gives us

. 2
ih 93w _F 94 4w (11.29)

Al — —z
s e 2 ¢* — p3,

so that ]

ih
q* — p3, + 293 + 2294/2
Again inserting a factor £ into p,, g3 and g4, we now find for the dangerous
integral

AW —

(11.30)

u 1 gs + g4
L _ / e . 11.31
¢ (2m)* un 293 — 2%g4 ( )

w
The cancellation between the bosons’ and the ghosts’ dangerous terms necessi-
tates
(emy /25w) _ g3 + 294

mw? + z(emy /28w) 2 — 293 — 2294/2
A solution is only possible if the denominator of the right-hand side of Eq.(11.32)
actually contains the numerator as a factor, that is it vanishes at the same time
as the numerator. This happens for z = —g3/g4, and the vanishing of the
denominator then tells us that

(11.32)

g93°
== 11.33
94 202, ( )
The right-hand side now simplifies and we are left with
2
o (omw/2sw) g (11.34)

mw? + z(emw/2sw) 2, — 2g3/2

This gives us a different solution : in this case we need only a single type of
ghost, still carrying a minus sign for every loop, with

5 My e?
2 g3 = — g4 = —
wo Sw 25w 2

(11.35)

Note that g3 is now twice as large as in the previous scenario. We remark that

a uuHHH (or higher) interaction would lead to an Lfiu) that does not vanish

for z — oo, and we can therefore safely discard such even more outrageous
scenarios.

11.2 Towards the R¢ gauge

11.2.1 The problem with high momenta

The propagator for the massive vector bosons W and Z that we have constructed
can be written as

ih 1
Ry(q)** = A (—ga5+ mzq”‘qﬁ)
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ih ih
= — Taﬁ 7LO‘B
Alg) (@) +—5L%(q)
Alg) = ¢—-m?,
T°%(q) = ¢*"-L*(q) , L*"(¢) = ¢"¢"/¢* .  (11.36)

where m is the boson mass and ¢ its momentum. The subscript U stands for
‘unitary’, which means that the various degrees of freedom of the particle have
been correctly accounted for. The operators 7' and L are projection operators :

TN\T =1 | LI =L 1790 =0, (11.37)

and will be used to good effect in what follows. Despite its correctness and
simplicity, such a propagator has a drawback : it does not vanish as the mo-
mentum goes to infinity”. This makes calculations difficult, especially if loop
momenta are involved. On the other hand, the ‘difficult’ terms, containing L,
are in fact just handlebar operations acting on the vertices where the boson is
produced and absorbed, and we know that we may expect cancellations so that
the amplitudes are, after all, better behaved than it would seem at the first
glance. Can it be possible to rewrite the propagator in such a way that the
cancellations are, in a sense, prearranged 7 We shall see that this is, indeed, the
case : such a modification of the propagators is called a change of gauge. A quite
general class of gauge choices is the so-called R¢ gauge, which we shall discuss
in detail below. Obviously, once we modify the propagator the various degrees
of freedom are not correctly accounted for any longer, and we may expect to
have to introduce correction terms to conserve the correct value for amplitudes.
The ‘original’ propagator is given in the so-called unitary gauge.

11.2.2 Gauge change by Dyson summation

Consider a propagating massive vector boson, and introduce into the theory a
two-point interaction as follows® :

— i 2 _af 1&5 i 2maf3 2 q2 af3
T TB=o W -2t | = (T () L

q h 3 h 3
(11.38)
Here, € is an arbitrary parameter. On its way through spacetime, the vector
boson can encounter this vertex one, two, three, ... times, and we have to
evaluate this Dyson sum. Calling the result R (q)*#, we have the SDe
Re(q)*? = AT*P + BLYP
— — 4+ ——> (11.39)

"This is of course also at the root of the necessity of introducing the ‘Lee-Yang’ terms.

8To make reading the diagrams somewhat easier, we here denote massive vector propagators
by solid rather than dashed lines. Confusion between them and Higgs propagators, say, will
not readily occur.
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so that
ih ih
AT + BLoF = — L _oB 4 % B
+ IO
b (e e it Thg + i ,ﬂ—f Ly, | | ATP + BL?P
A(q) m?2 7 3 7
ih w2 ih q> 1
= (- L A) T8 2 (2= B L™ . 11.4
(A@)*A(q)) +<m2 w2 Mg (11.40)

We can now simply read off the solutions for A and B :

ih 12 —ih
A=— + A= , 11.41
Alg)  Alg) ¢ — (m?+p?) (11-41)
and . ) "
i 1 q i
B=— - — (- )B= . 11.42
m?  m? <u 3 ) (m? + 1) = ¢*/¢ (1142)
The resulting Dyson-summed propagator is, therefore,
ap_ M ap, 17E as ME e (114
Re(q) q2_M2<g ta ) m” +p” . (11.43)

We see that the presence of the two-point interaction causes the mass of the
vector particle to shift from m to M, and the behavior for large ¢ is improved.
Since we are not very interested in changing the mass, we may take u = 0. For
¢ — oo the two-point vertex vanishes, and indeed

lim Re(q)*® = Ry(q)*? . (11.44)
£—o00
Since in loops the momentum has to be integrated over all possible values, it is
easy to see how the interchange of momentum integration and the limit £ — oo
has to be treated very carefully. Finally, it is usually handier to write the
propagator in the form

1
A(g)

§
A'(q)

Re(q)*” = —ih ( T(q)*" + L(q)aﬁ) . A =¢"—m*¢ .

(11.45)
Since we now have two distinct propagators, we shall adopt the convention that
a propagator in the unitary gauge will be denoted explicitly by a ‘U’, while
a propagator without such an indicator is understood to be in the R¢ gauge.

Finally, since
1-— 1
¢ _ (11.46)

m — =
q%>—m? q2 — m2£ m2

both propagators have exactly the same residue on the mass shell®.

9There is one exception : if the choice ¢ = 1 (the so-called Feynman-’t Hooft gauge) is
made before the limit g2 — m? is taken, then the propagators are different on the mass shell.



March 27, 2014 271

11.2.3 Doing it carefully : the Goldstone bosons

In the above section we have seen how another form for the propagator can be
obtained by introducing a new (two-point) vertex into the theory. But, doing
so we of course change the physical content of the theory. In order to avoid this
we shall introduce not one but two new vertices, that are each other’s opposite :

) )
— = —— % -4
o /q_} B hfq qe OCT%/B +h§

“gbe . (11.47)

The net effect of these introductions is of course precisely nothing. However
we shall treat the two vertices differently, by Dyson-summing the first one, the
‘dot’, but keeping (for the moment) the second one, the ‘cross’, explicit. As we
have seen the Dyson summation implies that we replace Ry by Re¢. If we now
also do a Dyson summation for the cross vertex, we must recover the original
Ry propagator :

Y o b AR — L (11.48)

By either Dyson summation or explicit subtraction we see that
e R R —

- m” R0 = g (D) (L) 0w

The factor ifi/ A’ we shall now interpret as a new (artificial) particle, a Gold-
stone boson. The Goldtone particle associated with the Z, W+ and W~ will
be designated by Gg, G4 and G_, respectively : the photon does not have an
associated Goldstone since handlebars on external photon lines have to vanish
identically by current conservation!?. The two factors ¢/m can now be assigned
to the vertices where the Goldstone is created and absorbed : they are handle-
bars. It now becomes important to define precisely what the handlebar means ;
we adopt the convention that the handlebar means multiplying the vertex
with the momentum going out from that vertex. Also the particle
type is counted as going out from the vertex. Since a particle coming out
of one vertex with momentum ¢ will be coming out (as its own antiparticle) of
the other vertex with momentum —g, we must write the result of Eq.(11.49) as

s () (2cwr) =

The complex numbers \; o for a particle and its antiparticle must be chosen
once and for all. Strictly speaking only their product matters as long as every
Goldstone is an internal line ; but since the parameter £ is totally arbitrary it is

10 Alternatively, you might say that there might be a Goldstone particle but it decouples
completely from the theory : therefore we may as well forget about it.
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hard to see how a Goldstone particle could reside in an external line anyway!!.
For particles that are their own antiparticle (such as the Z) we must have
A1 = A2 so that we may choose, for instance Az = Ao = —i ; for the W’s we
could adopt, say, A+ = Ay = —1 and Ayy- = A_ = +1. We shall denote the
operation of taking a handlebar and multiplying by A/m by a special symbol :

_ QD’) (11.50)

The Goldstone propagator is denoted by a dashed line. The Goldstone is a
scalar particle :

—— ——

(11.51)

we therefore arrive at the diagrammatic identity

D U _ < ) = D,_\< ) + Dz@ (11.52)

It is our task, now, to see how this can be translated into Feynman rules valid
in the R¢ gauge.

11.3 Goldstone vertices

We shall now see how the split-up of the unitary-gauge propagator discussed
above yields the vertices involving Goldstone particles.

11.3.1 ffG vertices

As a first step, we investigate how to assign vertices for the coupling between
Goldstone scalars and fermions. The starting point is, of course, the ffV

vertex :
w4

2N v = Lo 11.53
LR (11.53)
| A7

where we have allowed for the two fermions to have different flavour and mass,

indicated by the labels 1,2, have indiacetd the momenta, and used
Q=gw(1+7°); , V=W=* : Q=g, 497" , V=2 . (11.54)
Let us now insert this verex between two diagram blobs (so that both p and ¢

may be off-shell), and apply the handlebar operation!? :
ih ih
m

Oﬁ’/@ e e

HSince then it would have to be on its mass shell.
121n this formula, © standds for Q with the v° replaced by —®. As long as the various
couplings are real this is of course sequivalent to the Dirac conjugate of €.
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_ gh [Q0p — m1) + Qmy — (df — m2)C — Cimy]

n
B ﬂ m2 ( ) ~ h) (ZQ) P Z.hml

) — ih
+¢j—m2h(m19 mQQ)yﬂ—ml

Multiplying with A/m we find the folowing diagrammatic relation :

M—M—MﬂLM

(11.56)

ih
p—m

(11.55)

with the following rules:

iAoy
/7L\ j , BY " = ! , (11.57)

hme,

and

\ B
P = O (- mal) (11.58)
4

1

This last is the ‘real’ fermion-fermion-Goldstone vertex ; the other contribution
will have to vanish either by cancelling against similar contributions from other
Feynman diagrams or by the fact that a slashed external line evaluates to zero.

For the three specific types of vector boson going out from the fermion vertex,
we find

G
f > 2m s ga°
- —
hm,
f
G, _
D . v
T e =B (1 +97) = mp(1—17)
U
N '
2
e —%(WU(l—W) mp(1++°))
D

(11.59)

A quick look at purely fermionic 2 — 2 processes shows that, indeed, these are
the vertices that survive'®. Note that the ffGg vertex does not carry the usual
factor ¢ (no conflict with unitarity arises from this, since Gy will only occur in
any diagram with two such vertices).

13Since all slashed fermion lines vanish.
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11.3.2 V HG vertices

Next, we consider what happens if we treat the V'V H vertex. Let us consider a
general V1 Vo H vertex inside a diagram :

(11.60)

The source of the Higgs does not play any role in our gauge game, and we shall
not write it. The diagram 11.60 can then be written as

Dyvi = igyvu 9w Ru(01)"* Ru(q2)"” Aa(—a1) Bs(—a2) | (11.61)

where the momenta ¢; 2 are, again, counted coming out of the V'V H vertex, and
hence the momenta coming out of the V; 5 blobs are —¢; and —¢3, respectively.
The Higgs momentum flowing out of the vertex will be denoted by p. Doing the
Goldstone splitup we may write

Dy = Dyvau( RU — Re)
—q1)*A(— ihA y
Dy = gy (P2ELACE I ) TR ), () B o)
Ar( 5B 1hA
Dy = igyvu < 1(Za2) B) A,Q (@2)uRe ()" Aa(—q1)
Ao "‘A
Dy = igywn ( 2 (J1 ) ( CI2),6>
ih ih /\1/\2
11.62
A{q) Dlga) 2 D) (1162
We may usefully employ the identity
po _ thé 11
qp Re(q) NP (11.63)
and the fact that ¢12 = —p — g2,1 to rewrite Dy and D5 as follows :
) A2(—q1)*A(—q1)a ihAq
D =
L= (M) S

(‘h 7p)1/ v Zhé
{2R5(q ) - 2A,(q2)(fh)ﬁ} Bs(—q2) ,

2
, Ai(=42)" B(—g2)5 ihAs
D, = ZQV\/H( Y meA (2)

R




March 27, 2014 275

To rewrite D3 we use the identity

201 q2) = P2 - Q12 - 6122
Au(p) — A(q) — A(g2) + mu® —2m%¢ , (11.65)

so that
= /\2(_(]1)%4(—(11)(1 /\1(—Q2)BB(—Q2)5 ih ih
Ds = gVVH( Ty ) ( My ) A/(ql) A/(QZ)
(2;&12> [Au(p) = A(@1) — A(g2) +mu® = 2my%¢] . (11.66)

The terms with the explicit £ in D1, Do and D3 cancel against one another, and
we are left with the diagrammatic identity

oyt
e

+ QSH
N

+ + -
_ , (11.67)
with the vertices

G

\ g AV g

NS q o VVVH(q—p)# ,

2h
H l,p
G G

- -7 ; 2
T —1GvvaMu
& v
2hm2
H
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- . 11.
YRS S (11.68)
H




Chapter 12

Appendices

12.1 Convergence issues in perturbation theory

Let us reinspect Eq.(1.25), taking x4 = 1 for simplicity :

G2n = HQ’IL/HO 5
H2n - Z 25k+n 3k (Qk. < n)| k (7>‘4) 5
k>0
(4k)! k
Hy = —_ (— . 12.1
0 ];2% 3k (2k)! (M) (12.1)

Although we have treated the expressions for the H’s as if they were well-defined
objects, in fact these series do not converge ! For large k& and fixed n the k™
term in H,,, contains the numerical coefficient

(4k + 2n)!
25k+n 3k (2k 4 n)! k!

which increases superexponentially’ with k : which implies that the series has a
radius of convergence equal to zero. The procedure of taking the ratio Ha,,/Ho,
while it mixes terms of different order in A4, does not help to repair this ; a
simple numerical study shows that

Ga= ow(-M)F  ox~ Kk (2/3)" (12.2)

k>0

so that also G (and, it can be checked, the higher G’s) are described by series
with vanishing radius of convergence. This should not come as a surprise. For,
in the discussion of the perturbation expansion we have assumed the coupling

IThis means that the coefficient increases with k faster than AF for any A : roughly
speaking, it grows like (k!) .

277
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constant A4 to be small, but positive. If, on the other hand, it was small but
negative, perturbation theory would look very different ; in fact it would look
like nothing at all since for negative \4 the path integral is completely undefined.
Therefore, the perturbative expansion is not regular around Ay = 0, and in the
set of all p* theories the point Ay = 0 constitutes an essential singularity.

All may not be lost, however. The method of Borel summation sometimes
enables us to assign a value to a sum with vanishing radius of convergence.
Suppose that a function of a positive variable x is given by the sum

fl@)=>"cpa* | (12.3)

k>0

2

where the coefficients ¢ grow superexponentially. Clearly it is difficult to make
sense of such a sum ; but it may be possible to make sense of a related sum :

g(x) = %x’“ : (12.4)
k>0

simply because the coefficients do not grow as rapidly. Let us suppose that this
is indeed the case. We then may employ the formula

/ dy exp(—y) (zy)" =nlz"” , n=0,1,2,... (12.5)
0

to arrive at the rule
oo

f@)= [ dy e glaw) . (12.6)
0
Notice that here, we have again interchanged summation and integration, thus
in a sense repairing the damage done when we arrived at the perturbation
expansion in the first place. This approach is called Borel summation. We can
illustrate this in a simple example. Let us take ¢, = 1, that is

fla)y=>" a*= LI (12.7)

1—x
k>0
we immediately find that
k
g(x) = % =e" (12.8)
k>0
and indeed
Vi 1
dy e ¥ e = . 12.9
[averer - (12,9

2In zero dimensions this will work. In four-dimensional Minkowski space things are not
nearly as simple. ..
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However, an important observation is to be made here. The sum for f(z) con-
verges (conditionally) for the region |z| < 1, whereas the sum for g(x) converges
everywhere, and the Borel integral converges in this case as long as R(x) < 1,
thus immeasurably enlarging the region of x values where the Borel-summed
version makes sense.

We now turn to a more challenging example : the sum

F(z) =Y n!(-2)" (12.10)

k>0

with x positive. In that case we find

G(z) =) (-a)f= (12.11)

and the Borel sum reads

Vi 1 e 1
F(x):/ dy e —— El( ) (12.12)
X
0

1+zy z

where the function Ey, the exponential integral, given by
—t
Ei(z) = / dt % : (12.13)

z

is a little-known but perfectly well-defined function. F(x) is a function that
starts (obviously) at F'(0) = 1 and then gently decreases. Borel summation
works ! But how do we actually compute the series F(z) ? The theory of
asymptotic functions provides an answer. Let us consider not the infinite sum
F(z) as given in Eq.(12.10) but its truncated version

K-1

Fr(z) =Y k! (-2) (12.14)

k=0

It can be shown that the difference between f(x) and fx (z) is of the order® of
the first neglected term :

|F(z) — Fi(z)| = O (K! (—2)) . (12.15)

Taking ‘order’ to mean ‘roughly equal in magnitude, barring accidents™® we
might therefore conclude that the optimal value of K is that for which the error

3 Also this statement needs interpretation. In the theory of asymptotic series it means that
the difference will go to zero at least as fast as the first neglected term goes to zero, not that
these two numbers must be necessarily comparable in magnitude. As an example, the object
102 /22 is formally of the order of 1/x as  — oo, but z has to be really large for them to be
of equal size. Fortunately, it often happens that the difference and the necglected term are of
similar magnitude.

40nly to be justified by its succes.
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term is minimal, that is, we truncate around K = 1/z. In that case

|[Kla®| =K KX xmeXK=et/" (12.16)

=1/
so that the numerical error can be very small indeed for small z. As an illus-
tration we give here the actual and asymptotically-inspired-truncated result for
the function (12.10).

1

The exact and truncated results
for the function F(z) of (12.10).
The smooth curve is the exact, the
281 zigzagging one the truncated re-
sult. The approximate value oscil-
lates around the true one ; but for
277 small z the difference is negligible.
This shows that, even if a sum is di-
vergent, it may still be possible to
make sense out of it by Borel sum-
mation.

2.91

2.6

2.51

0 01 02 073 04 05
Note that in our example we have required = to be positive, so that (—x)
oscillates in sign. That this is essential becomes clear when we try to Borel-sum

Fla)=> nl(x)" , >0 : (12.17)

n>0

n

the Borel integral reads

1
1—2xy

F(x) z/ dy e ) (12.18)
0

and this integral runs into problems around y = 1/z. One may of course extend
the integral to complex y values, and then skirt around the singularity ; but
it is not clear whether we should pass the point y = 1/x above, or below, the
real axis. The ambiguity, that is, the difference between the results from the
alternative contours, is of course given by the number

—y —1/z
7{ dy S —om &
1—2y T

y~1/z

and, since during the integration we might decide to circle around the singularity
any number of times, arbitrary multiples of the ambiguity may be added. We
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see that the Borel integral becomes ambiguous : it may be some consolation
that the ambiguity is nonperturbative in nature, i.e. it has no series expansion
for infinitesimal but real and positive . We conclude that the function F(z) is
given by

Fz) = et (Ez (i) +(@2n+ 1)m> , (12.19)

xT

where n is an undetermined integer®.

5For the functions E; and Ei, see e.g. M. Abramowitz and I.A. Stegun, Handbook of
Mathematical Functions, ch.5.
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12.2 More on symmetry factors

12.2.1 The origin of symmetry factors

In this section we shall return to the ‘simple’ world of zero dimensions, since
symmetry factors do not depend on the dimensionality of the theory. Let us
consider again the ¢34 theory, with a path integrand

N 5 A
P (5(e) +J¢) = exp <_5' e T JS”)

3\ " N
I DR - R ("L I A
713! 3! n4' 4! n1!

M1,3,4>0

(12.20)

We see that a diagram with ng three-vertices, ny four-vertices and n; source
vertices carries an a priori factor of

1
ni! ng! ng! (31)7s (41)n4

12.2.2 Explicit computation of symmetry factors
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12.3 Completely solvable models in zero dimen-
sions

12.3.1 A logarithmic action

The free theory is of course one in which we can calculate all Green’s functions
exactly to all orders — but that is because they are trivial. Are there less trivial
actions for which we can compute everything? Consider, for example, the action
given by

7 7
S = —Llog(1- -z
(¥) 2 og(1 — ayp) .Y
2
H oo Qi 3 GH 4
_ K cee 12.21
5% + T + 17 + ( )

Here, a is some dimensionful constant, and the field is supposed to take values
only on (—o0,1/a). Since

/ _H 1 _ — 2 2.3 ...
S(@)—a<1_w 1>—M(<p+a<p +a?o® + ) (12.22)

The SDe for the path integral reads
p(hZ' +ah®Z2" + 02" + ) = JZ . (12.23)
Differentiating this once more and multiplying with ah gives
p(ah®z" +a*h* 2" + ) =ah(Z + JZ') . (12.24)
By subtraction we therefore find
whz' = JZ —ahZ — ahJZ' | (12.25)

The solution to this differential equation is the path integral

a N\ —(1+p/dh) J
Z(J) = (1 + ﬁJ) exp (m) , (12.26)
but, more importantly, we can simply read off ¢(J) from Eq.(12.25) :
zZ'  J—ah
J)=h— = . 12.27
(b( ) A n+ aJ ( )

We have now completely solved the SDe. It appears that all loop corrections
beyond one loop vanish identically ! Moreover we can write Eq.(12.27) also as

J:u¢>+ah

e (12.28)

so that the effective action is

I(¢) = _aﬂ? log(1 — a¢) — g(b —hlog(l —ag) . (12.29)
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The effective action, also, is free of corrections beyond one loop. Results such
as this one can provide a powerful check on other calculations. For instance,
the results of Eq.(1.100) and Eq.(1.105) for the effective action can be applied
for this action, and indeed we find that, at one loop, I'1(¢) = —hlog(1l — ag),
and at two loops, I's(¢) = 0. Furthermore, the fact that if we (a) allow for all
possible vertices, (b) assign the Feynman rule —(n — 1)!/h to an n-point vertex,
and % to each propagator, then all connected Green’s functions (or their 1PI
parts only) must vanish beyond one loop, is very helpful in determining whether
we have forgotten some diagrams in a nontrivial calculation.

12.3.2 An exponential action

Next, we consider the action

S(p) = % (e —1—ap) . (12.30)
From
S'(p) = H (" —1) = H ap + l(12902 + lUL?’L,D?’ +--- (12.31)
a a 2! 3!

we obtain the SDe in the form

2n2 37;L3
g <anz' + GTZ” + GTZ ¥ ) = g (Z(J +ah) — 2(J)) = JZ(J) .

In other words,

Z(J + ah) = (1 + (;;) Z(J) , (12.33)

which functional equation has the solution®

Z(J)=T (ﬁ)fl <“Zh) " r (agh + a‘]h) . (12.34)

The corresponding field function reads

o) = ~ [log <a;h> +1 (’Ha‘]ﬂ : (12.35)

~ ah a2h

where 9(z) = I'(z)/T'(z). This function has an asymptotic expansion for large

z

1 B, _
~1 - — = —2z " . 12.36
V) ~log(s) = 5o = ST L 2o (12.36)

SHere, T' does of course not denote any effective action, but rather the ‘factorial’ Gamma
function.
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Here, the B,, are the Bernoulli numbers, defined by their generating function as
follows :

e’ "
Flo)=—— = > B, — (12.37)
n>0

It is easily seen that By = 1 and By = 1/2 ; but more significantly, from the fact
that F(x) —x/2 is actually” even in x, we see that all B,, vanish for odd n > 3 ;
which again means that all odd loop corrections beyond the first order vanish
for all Green’s functions ! The receipe is even simpler than in the previous
case : replacing each vertex by —1 and each propagator by 1, all odd-loop
Green’s functions must be identically zero ; yet another powerful check on our
computations.

"From the way it is written, this seems unlikely — but it is true.
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12.4 Alternative solutions to the Schwinger-Dyson
equation

12.4.1 Alternative contours in the complex plane
Alternative contours for general theories

In section 1.2.5, it was mentioned that ¢3 theory is not well-defined for real
fields since the action will go to infinity whenever ¢ — +o00 or p — —o0.
It is instructive to lift the requirement that ¢ be real. In that case, we see
that different integration contours become available for which the path integral
is well-defined (albeit not necessarily real). Let us consider a zero-diensional
theory with general action

Se)=> %w” - (12.38)

p=1

The requirement for the path integral to be defined is that at both endpoints
(still assumed to be at infinity in some complex direction) the real part of the
action goes to positive infinity. That is,

R(e™) = +o0 =
2 2
D 2Tk < argly) < —+ 2k, k=1,2,...,m . (12.39)
2m = m 2m  m
The argument of the endpoints are restricted to certain intervals. Inside each
interval the precise value of the argument is irrelevant since the path integral
will be precisely the same: we may therefore say that for a theory with highest

interaction term ™ the admissible endpoints are oo;m), withn =0,1,2,...,m—
1, where
, 27 1, 27 1
(m) _ i in Zn—2) = - . 12.40
o0y = lim re'™ ¢, € (m(n 4),m(n+4)> (12.40)

Since the path integrand is analytic, the theory is completely determined by the
endpoints. We see that for a theory with highest interaction of the form ¢™
there are precisely m — 1 independent solutions to the SDe, as necessary since
the SDe is a linear differential equation of order m — 1. We may take these as
given by a contour running between ooém) and any of the m — 1 other co!™.
By suitably combining several integrals we can of course also obtain a theory

based on a contour running between any two distinct ooslm).

An interesting observation can be made on the limit of vanishing coupling.
Consider an action in which the highest coupling is A, /m!, and the next
highest is A\z¢*/k!. We can immediately see that the theory will remain well-
defined in the limit \,, — 0, provided that its endpoints co("™) are chosen such
as to overlap with two distinct endpoints of the subleading coupling, co®). If
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this is not the case the path integral will not be defined in the limit of vanishing
leading coupling constant.

Alternative contours for ©® theory

As an example, let us look again at ¢? theory. There are three endpoints oo((f’ig.

Since the point —oo is not inside one of the admissible edpoints, the real axis
is not a valid contour as we have remarked. An interesting well-defined choice
is the contour between oog?’) and oog?’) : by symmetry we see that, as long as
the action’s parameters and the source are real, the path integral and ¢(J) are
well-defined and real. On the other hand, both endpoints overlap with the same
endpoint 0052), which means that in the limit A3 the theory must become ill-
defined. A quick look at the tree-level form of the theory bears this out : for

the action

A
Slp) = 50" + %sﬁ (12.41)

the classical solution is given by

S (pe()=Jd = ¢(J)= % (—1 +4/1+ 2:;) . (12.42)

Choosing the — sign we obtain a clasical tadpole ¢.(0) = —2u/\, which corre-
sponds to the contour discussed above® ; and indeed it becomes ill-defined as
A — 0. The choice of the + sign gives a classical solution that has a Taylor
series expansion around A = 0. It corresponds to the contours running from
oo(()?’) to either oo™ or co® ; it is not possible to tell which of the two contours
is intended. In fact the situation appears to be even worse. If A\, y and J are all
real, the SDe can be iteratively solved starting from the classical solution, and
the perturbation series is completeley fixed as well as real ; whereas the fact
that the two integration contours are really distinct from the real axis tells us
that the path integral (and hence ¢(J)) ought to be complex, with the results
from the two contours related by complex conjugation. We conclude that the
difference between the two alternative path integral must be non-perturbative
in nature.

Alternative contours for ¢* theory

For ¢* theory, with action

1 1
S(p) = —Ap* + - pp?
() 41 ¥ 2/%0 )

81t should be observed that the classical SDe allows us to construct the full classical solution
from the tadpole ¢.(0), and that from the classical solution we can construct the full quantum
solution — all perturbatively, and some care has to be taken if the tadpole is nonzero.
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there are three independent contours. Since oo§4% do not overlap with any co(®,

we see that only the real axis gives a theory in which the limit Ay — 0 is well-
defined. Another interesting contour is that running between oog4) and 00(14) :
we may take this contour to be the imaginary axis. By the simple variable
transformation ¢ — i@’ we see that the theory we are actually investigating

here is that with real field ¢’ but action

1. 4 1
S(@’):Ekw’ *imp’ ,

that is, a theory with the ‘wrong’ sign for the quadratic term. Such models are
regularly studied in connection with the phenomenon of spontaneous symme-
try breaking®. As we see, this theory does not have a standard perturbative
expansion around Ay = 0 even though the tadpole vanishes.

12.4.2 Alternative endpoints
Fixed non-infinite endpoints

Those theories of ¢? or ¢* kind that show a regular behaviour as A — 0 have in
common that their contour may be drawn so as to include a part that crosses
the point ¢ = 0 along the real axis!’. We can therefore envisage theories where
the contour crosses the origin (assumed to be where the minimum of the action
is) along the real axis, but where we keep the path integral wel-defined simply
by letting the contour end at finite distance from the origin. The value of the
path integral will then, of course, depend on where the endpoints are — but is
that a problem 7 As an example, consider the free theory with for the contour
the real axis between, say, ¢_ < 0 and ¢4 > 0. This contour includes ¢ = 0,
and we may trust perturbation theory insofar as it can be trusted at all. The
difference between this ‘restricted’ path integral and the one where the whole
real axis is included is given by the error function with arguments ¢, that is,
terms that are of order exp(—.2/(2hu)). This will lead to a theory that differs
from the standard free one on a nonperturbative level only, as long as ¢4 is not
of order h. It is easy to see that this phenomenon will persist for interacting
theories as well. Our upshot is that finite endpoints are acceptable as long as
we are doing perturbation theory, and as long as the origin can be crossed along
the real axis in an unambiguous manner.

Moving endpoints

Finitely positioned endpoints of the integration contour will in general lead to
nonperturbative inhomogeneous terms in the SDe, as we have seen. There is,
however, another possibility : that of letting the contour endpoints depend on

9In zero dimensions, spontaneous symmetry breaking does not occur.
10The 3 theory with endpoints 00(13) and oo<3)2 can also be deformed to go over the origin
along the real axis — but then it has to go ‘forth’ and ‘back’ over that point, which rather

spoils the idea since the contributions will cancel one another.
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the source. To see how this is possible, let us consider the path integral over
the real axis, assuming that the action diverges acceptably at ¢ = —oo, and
that the upper limit of the path integral resides at the source-dependent value
© = ¢(J). Denoting!! by A(p, J) the integrand exp(—S () + J¢), we then have
the (unnormalized) path integral

c(J)
Z(J)=/ de Ap, J) (12.43)

for which we can deduce the derivatives

c(J)
Z(7) = DAlT). )+ / do o Alp,J) |
27 (J) [QCl(J)C(J) +c'(J)+ c’(J)Q(J — S/(C(J)) A(e(J), J)
c(J)
+/ do o A(p,J) (12.44)

and so on. By suitably choosing ¢(J) we can make sure that Z(J) obeys the
exact, homogeneous SDe. For the free theory, the SDe reads

0 = JZ(J)—pZ'(J)
c(J)
- —pd(J)A(c(J),J)-i—/ do (J — pp) A, J)

(1—,w'(J)> A(e(d), J) - (12.45)

and we conclude that the theory with a restricted but J-dependent endpoint
will be completely indistinguishable from the standard free theory if

co(J)=¢c0)+J/p . (12.46)

By some poetic justice, the endpoint must move uniformly for the free theory
(in the sense in which J stands for ‘time’). We can of course also introduce a
moving lower endpoint, and in fact, for any theory, we can let the two endpoints
satisfy their own differential equation independently of one another. For the free
theory, we find that a contour over any finite interval leads to the correct SDe,
provided the interval moves along the real axis with the correct ‘speed’. The
extension to interacting theories we glibly leave as an excercise to the reader.

1\We take h = 1 for simplicity here.
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12.5 Concavity of the effective action

In the zero-dimensional case of a single field variable, the effective action is
concave. Let us now investigate whether this persists in case of more fields. Let
the collection of all fields be denoted by {¢} as before, and the collection of all
sources, one for each field, by {J}. We shall denote the combined probability
density of all fields, including the effects of the sources, by P({¢},{J}). The
effective action is now that function of the collection of all field functions {¢}
that has the correct classical equation :

0
—7r =J, - 12.47
5o LoD = 1. (12.47)
Concavity of the effective action in the many-field case means that the matrix
o 0 0
I'ym=—-——-—T =—J, 12.48
5 5o TUe) = 5o (12.48)
has only positive eigenvalues. If this is the case, then also its inverse, the matrix
0
Hyn = —— b 12.49

must have only positive eigenvalues!?. That is, for any eigenvector a of H the
eigenvalue A must be positive :

> Huypan=Xaw . A>0. (12.50)
In turn, this is guaranteed if
ZH,,W U Gy > 0 (12.51)

for any vector a. Now, we have

ST, den) P(Re},{T}) om

On = T, den) P(ig} 1)) (1252
and therefore
1, _ JdL.den) PUeEHATY emen
R J(L, den) PEe}{T})
ST den) PUe} AT} em [, den) PUedA{T}) ¢n .(12.53)

JLuden) PAe} A7) J(TL den) P} {7}

We now employ the following trick : duplicate the set of fields {¢} by the
addition of another set of fields, {¢}, with the combined probability density

P} {eh {7} = P{e} {THP{2} D) - (12.54)

12Since Ty, is symmetric, so is Ho,p although this is not obvious from the form it is written
here.
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By this construction, the random variables ¢ and ¢ are statistically independent.
We can then write the matrix H as

1

ﬁHmn = <S0m80n - @m¢n> ’ (1255)

with the average taken with respect to the new probability density. Using the
fact that this density is symmetric in ¢ <> ¢, we can write this as

1 . . I
ﬁHmn = 3 <90m§0n — PmPn — PmPn + ¢m¢n>

((Pm — &m)(Pn — &n)) (12.56)

N~ N

and we arrive at

2
ZHmn Am Qp, = g <<Z(Sﬁn - @n)an> > ) (1257)

n

which is necessarily positive. The matrix H has, therefore, only positive eigen-
values, and the effective action is always concave. It is of course possible (and
even likely in the case of continuum theories that have a noncountable infinity
of field values) that the eigenvalue is actually infinite. In that case the effective
action contains flat directions. So perhaps the more careful statement is that
the effective action cannot be convexr anywhere.

A final point to note is that our proof relies only on the fact that the ¢
values are randomly distributed over some nonvanishing region, no matter how
small. Of course, by restricting the values that the ¢ are allowed to take we will
change the effective action ; but it will never be convex.
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12.6 Diagram counting

12.6.1 Tree graphs and asymptotics
Direct counting

An interesting and useful application of zero-dimensional field theory lies in the
topic of counting diagrams. To the extent that we may consider every diagram
as being of the same ‘order of magnitude’ this gives an idea, however crude,
of the amplitude to be expected. Of particular interest is the behaviour of the
number of graphs under extreme circumstances such as when the number of
external lines becomes very large. In this section we shall consider the simplest
case, that of tree-level Green’s functions of a single self-interacting field.

In order to count diagrams, we can simply consider the zero-dimensional
theory so that we are not bothered by summing diagrams over internal degrees
of freedom. Secondly, we replace every vertex, and every propagator by unity.
This reduces every Feynman diagram to just its symmetry factor. For tree
diagrams, the symmetry factor is unity; for loop graphs, the symmetry factors
are nontrivial and getting rid of them is quite cumbersome!®. The appropriate
action reads

S(@)= 3¢~ F(e) , Flo)= Y 2" . (12:5%)
k>3

where €, is unity for every k-point interaction proposed in the theory, otherwise
zero. Since we only consider counting graphs, the fact that S may become
negative infinity for infinite ¢ does not bother us. The number-of-diagrams
generating function

o) = %J” , (12.59)

n>0

where N, is the number of tree graphs with n + 1 external lines, is given by the
classical version of the SDe :

d=J+F(D) . (12.60)

There are several ways of solving for ®. We may directly solve Eq.(12.60) as an
algebraic equation and then expand in powers of J, but this is practical only in
the simplest cases such as the ¢3/* theory. Alternatively, we can approach the

131n the literature ‘counting diagrams’ is usually understood to mean ‘counting diagrams
with symmetry factors’.
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root of ® = J + F'(®) by Legendre expansion'* :
1 o n—1 n
b=J — | = F'(J . 12.61
+§1n! (&7) ( ( )> (12:61)

This is useful in theories with only a single coupling, such as pure ¢* theory. In
more complicated theories, the best approach for n not too large is simply to
iterate Eq.(12.60) by computer algebra. For pure ¢? theories we can explicitly
work out the result of the Legendre expansion. The counting equation is

1
¢:J+ﬁ¢m, m=p—1, (12.62)

so that Legendre’s formula gives

1 o n—1
0 = TED i (w) S
n>0

(mn)' mn—n-+1
- ;) nl(mH"(mn —n + 1)! J o (12:63)

The nonvanishing N’s are therefore

(mn)!

Nogm-1)41 = , n=0,1,2... (12.64)

nl(m!)n
As expected, for m > 2 some connected Green’s functions vanish identically at
the tree level since no diagrams contribute.

Asymptotic methods

For asymptotically large n, we can estimate the form of NV,, by realizing that
these must be given by the behaviour of ®(J) near that of its singularities that
lies closest to the origin in the complex-J plane. Now, if ®(J) is singular,
then ®'(J) is divergent!'®, so that d.J/d® must vanish. We therefore solve the
equation

0 _ " _
57 =1 V"(@)=0 (12.65)

14Legendre expansion is what you get in solving the implicit equation for y that reads
y =z + f(y), where f(0) = 0. Assuming that we can Taylor-expand f and that z is small
enough, we can then use the successive approximations

y = T3

y z+ f(z) ;

y = ztfl@+f@) =zt f@)+f(@)f()
and so on. Legendre expansion does of course not give all solutions, but only that solution
for y that goes to zero if x does so.

15The divergence might also show up in higher derivatives only, but in every actual case
that I have studied the divergence shows up in ®’.
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for ®. If the highest power of interaction in the theory is ¢, this equation has
m — 2 complex roots ®1,P,, ..., P, o, and

J,=®,-V'(®,) , p=1,2,....m—2 . (12.66)

Now, single out that J, that has the smallest absolute value!®, which we shall
call Jy, and its corresponding ®, will be writtten ®y. For J and ® very close
to the values Jy and P, respectively, we may use Taylor expansion to write

1
J~ Jy— §F“’(<I>0)(<I>O —®)? (12.67)
since the linear term vanishes by definition. Hence
I\ 20,
PPy —(1—— —_— 12.
-(1-%) 7 209

close to the singularity. From the standard Taylor expansion!”

1-Vi—z=>) ((2”)!9:”“ (12.69)
n>0

n 4+ 1)Inl22n+l
we then recover the asymptotic form for N,, :

_(@2n=2)0 1 8.Jo
" (n=1) (@o)r | Fr(®g)

(12.70)

This estimate grows roughly as n!, as ought to have been immediately obvious
from the fact that ®(J) has a finite radius of convergence ; the above, more
careful, treatment gives an estimate that is quite good even for non-huge n. As
an application, we may consider purely gluonic QCD. In this theory, the only
interactions are between 3 or 4 gluons, and the theory is equivalent, as far as

counting is concerned, to the ¢?/4 theory, with
L3, 14

The solutions of Eq.(12.65) and the corresponding J values are
4 4
d=—-1+V3, J = —§+\/§ D By =—1-V3, Jy= —g—\/?? . (12.72)

so that J, = V3 — 4/3, &y = V3 —1, and F"(®y) = V3. In the table we
give the exact number N,,, and its asymptotic estimate. The approximation is
better than one per cent for n > 3. The non-polynomial (that is, n!) growth of
the number of diagrams with n can be seen as an immediate indication of the

failure of perturbation theory as a convergent series, as discussed in Appendix
1.

16The case that there are several such values is discussed in the next paragraph.
17This can be proven by applying the Legendre expansion to the object u = y + u?/2 =

1 — /T =2y, and putting y = z/2.
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n | N, (exact) | N,(asymptotic)
1)1 0.85

211 1.07

314 4.01

4125 25.17

5 | 220 220.94

6 | 2485 2493.60

7 | 34300 34397.35

8 | 559405 560754.85

9 | 10525900 10547973.57

Coarse-graining effects

In the above we have assumed that there is only a single Jy. This is indeed
usually the case ; for pure ¢P theories, however, Eq.(12.65) reads

1
aqul, qg=p—2, (12.73)
and this has solutions
b = (¢4 exp <2m"> . n=1,2,...,q ; (12.74)
q

the corresponding values for J are
1 q
q+1 _
(q+1)!¢” q+1¢" ’

and these have all the same absolute value. The thing to do is therefore to take
the asymptotic contributions from all these ¢ singular points into account, and
sum them. We then obtain

J,=1- n=12....q, (12.75)

q
2k — 2 8(q — D J,
Nk ~ § )—k (q¢ q7)1

- ((kl)) (QH) Va Z‘” e 2o

The sum over the n values of ¢ will vanish completely, except when k — 1 is a
multiple of ¢, and then it evaluates to ¢/(g!)*~! ; this is exactly the behaviour
we found using Legendre expansion.

We might have proceeded otherwise, by simply taking the single real solution
#q = (g")'/9 as the only singular point. The number of diagrams Nj, will then
be nonvanishing for every k value, while in the asymptotic expression (12.76)
the sum over n ¢’s is replaced by qﬁq_(k_l), that is precisely ¢ times smaller than
the nonvanishing sums of Eq.(12.76). We see that the taking into account of
only the single, real solution causes the asymptotic values of Nj to be ‘smeared
out’ ; N, is then never zero anymore, but its average value'® is still correct.

18For the correct definition of ‘average’.
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12.6.2 Counting one-loop diagrams

The SDe approach to counting diagrams has a number of interesting or useful
applications, one of which we discuss here. We can extend the treatment of the
previous section as follows. For the case of purely gluonic QCD the number of
one-loop diagrams including their symmetry factors can be counted by iterating
the appropriate Schwinger-Dyson equation :

1 1 . &
®(J) = J+§<I>2+6<I>‘3+§(1+<I>) P (12.77)

and taking care to discard terms of order i or higher. As an example, the
gluonic 20-point function is given by

N(19) = No(19) +h N1(19) + O (r*)
No(19) = 11081983532721088487500 |
Ni(19) = 2900013601350201168582750 . (12.78)

The number Ny(19) is the actual number of diagrams since tree diagrams always
have unit symmetry factor ; but the number N7(19) underestimates the actual
number of diagrams since the symmetry factors are not trivial. We can see,
however, that the only possible nonntrivial symmetry factor at the one-loop
level is 1/2, as evidenced by the factor 7/2 in Eq.(12.77). Inspection tells us
that in this theory the only elementary Feynman diagrams that have symmetry
factor 1/2 are

El—/<> , EQ—Q 7 Egz‘_,Q’- ,
E4:>@"\ , Eg,:)@(.

All diagrams that contain one of these elementaries as a subgraph will have a
symmetry factor 1/2, and it will suffice to determine their number and multiply
it by two'®. Alternatively, we may get rid of all such diagrams, and work with
the difference. This is the more useful approach ; and it illustrates how we may
go about using counterterms to impose constraints on the structure of Feynman
diagrams. The procedure is best explained by going through it step by step.
In the first place, it will become necessary to again distinguish betwee three-
and four-point vertices. We therefore modify Eq.(12.77) be reinserting labels
for these couplings:

h
() =J+ %3@2 + %(I>3 + 5 (93 + 94®) @' (12.79)

19This relies, of course, on the fact that there can be no diagrams containing two (or more)
of the elementaries, since that would be a two-loop diagram (or even higher).
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Iterating this gives for the first IV :

h
N(O) = =
(0) 593
1 2
N(@1) = 14+nh|-gs+gs3 )
, 7
N(2) = gs+Nh(4gs + 59493 )
2 7 2 4 59 2
N(@3) = ga+305" + 1| 504" + 2495 + S gags” ) - (12.80)

We can now start to remove graphs. We shall get rid of all diagrams with a
tadpole by introducing a tadpole counterterm AT in the SDe:

h
®(J)=J + %3@2 + %@3 + 5 (93 +949) @' — AT (12.81)

We see that this amounts to replacing J by J — AT, and the N’s become

N(O) = h(;gg—T) ,

1
N(1) = 1+4nh (94—1—932 —93T> )
2 7 2
N(2) = g3+h(4gs + 59193 =T =3g5°T )
7 59 ,
N3) = gs+3gs2+h (2942 + 24g5* + 5945,32 —10g493T — 15935T)

(12.82)

The tadpole N(0) is removed by choosing T = g3/2 ; and by the recursive
structure of the SDe all diagrams containing the elementariy £ are removed as
well. The remaining low-order Ns are now

1 1,
N(@1) = 1+h(294+293> )
) 3
N(2) = g3+h|3ga93+ 598 )
7 49 33
N(3) = ga+3gs*+n (2942 + 394932 + 2934) . (12.83)

Next, we want to get rid of the two self-energy bubbles Fs and E3. To this end,
we again modify the SDe:

h 1B
o) =J+ L2+ Lod 1 2 (g5 4+ 0,®) ' — KT + o

— 12.84
2 6 2 1+hB" (12:84)
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where the strange-looking form of the counterterm is justified by the fact that
we can rewrite Eq.(12.84) into

h
o(J) = <J+ %”@2 + %@3 + 5 (93 9a®) @' — hT) <1 + hB) . (12.85)

which lends itself better to the purpose of iteration. We then obtain

1 1
N({1) = 1+h(294+2932+3> :
5 3
N@2) = gs+h|39a9s+ 595" +3Bgs)
7 49 33
N@3) = ga+3g5°+h (2942 + 394932 + 3934 +4Bgy + 153932)
(12.86)
Requiring N (1) = 1 leads to B = —(g4 + g32)/2, and we are left with
3 3
N@2) = gs+h{ 59195 +95" |
3
N@3) = ga+3g>+h <2g§ + 15g493° + 9934) : (12.87)

Now, the one-loop contribution to the three-point function N(2) must not be
completely cancelled, since it contains the diagram

which has symmetry factor 1 and must be retained. We therefore add a coun-
terterm to the three-point coupling in the SDe:

o(J) = <J 9 h) oy s P gy hT) (1 + hB) :

2 6 2
(12.88)
where the counterterm is needed only at one place since we are working to
one-loop accuracy. The result of the iteration is

3
N(@2) = gz3+h <294g3 +g3° — 53) ;

2
—
w
~

Il

3
g1 +3g3> +h (292 + 159493% + 9g3* — 65393) . (12.89)

The condition now is that

N(2) = g3 + hgs® | (12.90)
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which requires d3 = 3g4g3/2 to remove all elementaries E4, and leads to
2 3 5 2 4
N(3) = g4 +393" + i 594° +69a95” + 995" | . (12.91)

The same trick can be applied to the four-point coupling: the SDe is then

— ho —hé h
d(J) = (J+ (93 . 3)¢2+ (94 - 4><I>3+2(gg+g461>)<1>’—hT) <1+hB
(12.92)
which gives
3
N(3) = ga+3gs> + 1 (2942 +69493” + 995" — 64> . (12.93)

For the four point coupling, we only want to retain the diagrams

which occur respectively 3,6, and 3 times. Therefore, 6, = 3g42/2 removes all
occurrences of E5. With these choices, the SDe Eq.(12.92) can be iterated (and
truncated to one-loop order!) to give all diagrams that do not contain any of
the elementaries F; 5 as subdiagrams?’.

For the 20-point gluonic amplitude we find that the number of diagrams
with symmetry factor unity is given by

N(19) = No(19) + hM1(19) , M;(19) = 2013070318716871853439000 .
(12.94)
The total number of one-loop diagrams is therefore given by

Ni(19) = M (19) + 2 (N1 (19) — M;(19)) = 3786956883983530483726500 .
(12.95)

20The actual implementation of the approach described here in computer algebra mayhave
to be somewhat modified in the interest of speed : simply iterating Eq.(12.92) as it stands
may lead to unwieldily large expressions.

)



300 March 27, 2014

n+1 No(n) Ni(n)/No(n) | avg.symm.

2 1. 3. 0.5000
In the table we give 3 1. 14. 0.5357
the results for the am- 4 4. 24.75 0.5758
plitudes from two to 5) 25. 37.88 0.6066
twenty external lines. 6 220. 52.09 0.6309
It is seen that the ratio 7 2485. 67.47 0.6506
of one-loop to tree di- 8 34300. 83.86 0.6672
agrams increases with 9 5.594 10° 101.2 0.6813
the number of exter- 10 1.053 107 119.4 0.6936
nal legs ; while the 11 2.244 108 138.5 0.7044
average symmetry fac- 12 5.349 10° 158.3 0.7140
tor per one-loop dia- 13 | 1.409 10'° 178.9 0.7226
gram seems to slowly 14 | 4.064 102 200.2 0.7305
approaches unity. It 15 1.274 104 222.2 0.7376
can indeed be proven 16 4.315 10 244.9 0.7441
that asymptotically it 17 1.569 10'7 268.2 0.7502
does do so. 18 | 6.101 10'® 202.1 0.7558

19 2.525 1020 316.6 0.7609

20 1.108 10?2 341.7 0.7658

The above strategy can of course be applied to other problems as well. For
instance, we may remove all one-loop three- and four point elementaries instead
of just those with symmetry factor one-half : in that case we are essentially
renormalising the theory. It should also be clear that in that case, in which we
just want to remove subdiagrams rather than count them, it is easy to go to
more loops in an order-by-order approach.
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12.7 Frustrated and unusual actions

12.7.1 Frustrating your neighbours

The one-dimensional action we have studied was based on ‘nearest-neighbour’
interactions. We can, of course, extend this treatment to include ‘next-to-
nearest-neighbour’ interactions as well. Let us take

1
S({e}) >oA |:2/1'§0n2 — V1PnPnt1 — 72%%&2}

1 1
ZA {Q(N — 271 — 272)pn” — 5(71 +472)(Pn1 — )’

1
= 572(Pnt2 = 2pn41 + wn)Q} , (12.96)

with the continuum behaviour of u,y; and v to be determined. We disre-
gard any other interactions since we shall only be interested in the propagator.
Setting up the SDe for the discrete propagator is trivial: we have

I(n) = %%,0 +m (H(n +1) +1(n - 1)>
72 <H(n +2) 4 T(n — 2)> , (12.97)

so that Fourier transformation gives us

M) — ﬁfdul}zu)l7

flu) = p—m (u + i) -2 <u2 + ;) . (12.98)

In the continuum limit, the only relevant poles of the integrand are those at
values of u such that |u| =1— 0O (A). Let u; (j =1,2,...) be these poles: then

|zl /A

U
Ox)=hYy 2 — . 12.99
=12 ) (12:90)
Writing u = 1 — vA, we can approximate
flu) = (=27 —27) — (1 + 42) (V*A* + 0°A?)
—(71 + 57t A+ O (A?) . (12.100)

There are now two possible continuum limits. In the first case, we can assume
that v1 +4v2 does not vanish. In that case, we can take vy, +47y5 ~ 1/A, and the
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resulting continuum limit is indistinguishable from the nearest-neighbour case.
For later reference we shall denote this propagator by

h
Pi(z) = . exp(—mlz|) . (12.101)
The more curious solution is provided by the special choice v; = —47,. The
only sensible continuum limit in that case is to take
1 4 1
7+ 92 ~ A3 T MY RZ Y TAT (12.102)
and 6
p=m*A + 2y, + 25 ~ m2A + 7 (12.103)
The poles of the integrand are therefore approximately given by
flu)=A(m*+0v*)+0(A*) =0, (12.104)
so that the solutions are
144\ 2k3
ukzlAm< H) k=1,2,3,4 . (12.105)
V2

Only w1 and us are inside the unit circle, and we obtain the propagator

(z) = m3h\/§ exp<_n\/lg€> (cos (”j/;l) +sin ("fg')) (12.106)

which we shall denote by Pa(x): it has the interesting property that Ily(z) is
negative for mz between 37/4 and 7w /4, modulo 27. An discrete action such
as the one belonging to this continuum limit, in which nearest-neighbour and
next-to-nearest-neighbour couplings have opposite sign, are called frustrated?.
The continuum limit of the propagator can also be written as

_h exp(ikx)
Py(x) = o / E— dk (12.107)
and that of the action reads
1 1
Slel = / {Qm‘*cp(xf + 2@0”(»@)2} : (12.108)

12.7.2 Increasing frustration

It is quite possible to construct even more frustrated actions, as follows. Let us
suppose that the action is given by

1 p
S{eh) =D | gHen® = D vienenti| - (12.109)
j=1

n

2l Frystrated in the sense that ‘not all couplings can have it their own way’.
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The propagator is given by Eq.(12.99), where now
o |
flu)=p— ;yj (uJ + uJ) . (12.110)

We shall now arrange for the only the highest possible power of 1 — u to survive
in this expression. We first put u = exp(ikA), so that the function f(u) becomes

Jw) = u=Y 2y cos(jkA) = - (kA B,

i=1 r>0

J
2(=)" .,
B, ( ))' VR (12.111)

Il
'M"@

1

Bi=By=--=B, 1=0 , BP:_W ’

(12.112)

In that case, we can take arbitrary constants c,, with ¢, = 1, and always have

Y oeBr=3 %Q3) =B, (12.113)
r=1 j=1
with
. Yoo(—yr o,
QU =Y el (12.114)
r=1 :

The polynomial () is even and of degree 2p in j, and @Q(0) = 0. We can now,
for any preassigned ¢ with 1 < g < p, choose the numbers ¢, such that

Q) =-=Q(g-1)=Q(g+1)=--=Q(p) =0 , Qg #0 , (12.115)
upon which
Vg = Bp/Q(q) - (12.116)
Obviously, the polynomial Q(j) is given by
=2 I ().
(2p)!
0<n<p
n#q
from which we derive
() (2p)! 1<qg<p. (12.118)

T4 T AT (p— g)l(p + g)!
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The continuum limit of the propagator is, then

h exp(ikz)

The poles of the integrand are located at k = mw;, where

2j +1
wj:exp(m J; ) . j=0,1,2,....2p , (12.120)
P

so that Cauchy integration gives

II,(z) = Z w; exp(iw;mlz]) . (12.121)

2pm2p 1

We may even investigate the limit p — oco: in that case we may approximate

1 m=2 if —m<k<m
k2P +m2r { 0 elsewhere (12.122)
so that the propagator takes the form
1 sin(max)
I, (z) ~ 27Tm21’ / dk exp(ikz) = 7 p o (12.123)

25
2.4
The propagators I, (z) for
h = m = 1, as a 23]
function of z. The val- '
ues of p are 1,2,5,10, and
also the asymptotic form 12]

of Eq.(12.123) is plotted.
For large p the asymp-
totic form is approximated

smoothly. 1

A\

0 2v/s$@141w€2o
X

The higher the value of p, the more frustrated the lattice is, and the more
difficult it becomes for momentum modes with high wave number to propagate
through the lattice, as is evident from the Fourier form (12.119). For the totally
frustrated lattice, all wave numbers smaller than m propagate equally, and all
wave nubers larger than m do not propagate at all.
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12.8 Some techniques for one-loop diagrams

12.8.1 The ‘Feynman trick’

Consider n positive real numbers a;, j = 1..n. We can write
n 1 o0
H — = /dzl dzg -+ dz, exp(—z1a1 — z2a2 — -+ — zZpay) (12.124)
s
j=1 7 0

In this integral, we may define s as the sum of the 2’s, and define x; as z;/s, as
follows:

noq e
II — = /dzleQ-ndzndsdxldmgn-d:xn
s
0

j=1 7

X exp(—z1a1 — z2a2 — -+ — Zpay)
X 0(z1+220+ -+ 2, —5)

x 5(x1—%1) 5(@—%).--5(%—%’1) . (12.125)

We can now eliminate the z’s in favor of the x’s:
n
1
4

Jj=1

= /dml dzg - - - dxy, ds
0

x g1 eXp( —s(x1a1 + 2202 + -+ + mnan)>
X0(xy +wo+ - Fx, —1) . (12.126)
A last integral over s then gives us the formula known as the Feynman trick:

1
n 1 —n
H = I'(n) /dxl dxy - - - dx, (:vlal 4+ x0a9 + -+ xnan)
j=1 J 0

X 0(xy +xo+ - Fxy—1) . (12.127)
For example,

1
1 1

= / dx 5
aaz ) (zay + (1 — 2)az)

(12.128)

12.8.2 A general one-loop integral
We shall compute the integral

[ dPq g™
1= | Gmye Gt (12129
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in the spirit of dimensional regularization. That is, we shall assume that D, n
and m are such that the integral converges: where it does not, we define the
integral by analytical continuation from the convergence region. The number a?
is not necessarily a positive real number, but again we shall reach other values
for a? by analytical continuation from positive real values.

In the first place, by scaling the vector ¢ by a factor Va2 we find that

¢ |q"
I = D+n—2mI/ I = / . 12.130
‘ ’ @mP (a7 + 1) 2430

Next, we compute Wp(t), the number of D-dimensional Euclidean vectors ¢ of
a given length ¢, as follows:

Wol) = [dPa5(d- 1)
— 2 [aPqa(qe - )

= 92t /dql dq2"'qu5((q1)2+(q2)2+---+(qD)Q—tQ)

= (2t)2" /dql dq®---dq® 5 ((¢")? + (®)° + -+ (¢7)* = 1)
0

= 2Pt /dyl"'dyD yi 2y 28 (B + - oyp — 1))
0

D/2

r(1/2)" x
27 o =2 o)

where we have written ¢/ = y;'/?t, and used Euler’s formula of sect.(12.14.2).
Hence,

(12.131)

1 u(D+n)/2— 1

’_ " " _
I = —(47T)D/2F(D/2)I . T /du Tk (12.132)
0

where we have used u = t>. Another application of Euler’s formula gives us

e’} 1
(D4n)/2—-1
I = /du uw™ (u—1)PHM/2-1 = /du um? <1 — 1>
0

u

1

_ /du u™ —(D+n)/2 ( u)(DJrn)/Qfl
0
T'(m

B —(D+n)/2)T((D+n/2)
- T . (12.133)
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We arrive at the general formula

A ==L

(%)
2m)P (1q% + a?)™ (47)D/2 F(% T(m) (12.134)

In the special case m = 2, n = 0 and D = 4 — 2¢, with infinitesimally small
€, we find

[as o = s
(2m)P (|q|? 4 a?)? o (4m)2<T(2)
= ﬁ (l—elog(a2)+...) (1 —e€log(4m) +--+) (1 —7E+"'>
- (471r)2 (i — 7 — log(47) —log(a®) + O (6)) : (12.135)

where we have used

I'(e) = %F(l +e)=-(1—eyvp+0(€)) , (12.136)

a | =

and vg ~ 0.577216 is Euler’s constant.
Another curious feature of dimensional regularization is that of a — 0. For
D +n—2m > 0, we find that the integral vanishes: for instance,
1

d4—2eq _ /d4—25q q 2 _ d4—2eq -
/ q =

whereas in particular the last integral appears to be divergent both for small
and large values of |g].

=0, (12.137)
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12.9 The fundamental theorem for Dirac matri-
ces

12.9.1 Proof of the fundamental theorem

In this appendix we prove the following statement : if we have two sets of four
matrices, v* and 4* (u = 0,1, 2, 3) , satisfying Dirac’s anticommutation relation

VAT A =26" 0 AT HA A =291 (12.138)
then there is a matrix S such that
Al =848 (12.139)

To this end, we first set up a basis of the Clifford algebra as follows :

To=1, Ih1=7", To=iy" |, Ty3=iy* , Tu=iy" ,

F5 = ,.}/0,71 , F6 — 7072 , F7 — 70,}/3 ; F8 — i’Yl’VQ ,
Ty=iv'y® , Tw=1"" , Tu=i"""? , Tu=in"""",
T3 =% |, T =~29% |, Tis = i3 | (12.140)

which we denote by 'y, £ = 0,1,2,...,15 ; and using the 4" we construct an
analogous set ', in the same way. These have a few interesting properties. In
the first place, T'y2 = 1 for all k. Secondly, for every pair j and k there is a
number ¢,, such that

I'iTe=cn 'y , cn=1—-1i0r —i. (12.141)
From these properties it follows that simultaneously

1
Iy L= —T (12.142)

n

We can thus construct the multiplication table given below?? , where the possible
values of j define the rows, and those for k& the columns: the corresponding entry
is then the value of n. For instance,

T¢I’y =T13

(in this case c;3 happens to be 1).

22Kids! Don’t do this at home, since constructing this multiplication table is extremely
tedious. The numbers ¢, are not given: they are anyhow only defined up to a sign, since we
can always replace I'; by —I'; (using ~2+9 instead of 402, say) without changing the Dirac
anticommutation relation.
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Jo 1|2 ]3[4|5 |67 ][8]9]10][11]12]13]14]15
OJo[1]2[3[4]5[6[7[8[9[10][11[12[13][14]15
L 1[o[5][6[7][2 411 [12[13[8 ]9 [10[15]14
2 2[5 o [8[o9o[1[1m[12][3[4[14[6 [ 7 [15][10]13
3 3[6]8[0[10]11 13/ 21445 [15]7[09]12
Ala]l7]o10]o12][13]1[14[2[3[15[5[6][8][11
55 [2[1[11[12[0[8[9[6[7[15][3[4[14]13]10
6 |6 3|11 [13[8[0[10[5[15][7[2[14[4]12]09
T 7l4af12][13[1[9[10[0[15][5[6 [14][2[3]11]38
g 8132|146 ][5 [15]0[10][9[1[13[12[4]7
9 o244l 2[7[15][5[10[0[8[13][1[11[3]6
10010[13[14[ 4 [3[15]7[6 g lo it 1]2]5
nmji[s8[e[5[15][3[2[14]1[B[12[0]10[9][7]4
129 [7[15[5[4]14][2]13 11100 [8]6[3
B13[10[15][7[6 1443 ]12[11[1[9]8]0]5]2
M14[15]10[ 9 [ 8 [WB[12[11[4|3[2]7]6]|5]0]1
15 [1a[3[12[11[10] 9[8[ 76 [5[4][3][2]1]0

Note that in this table every row and every column contains each of the numbers
from 0 to 15 precisely once. Hence, if we keep j fixed and let k run from 0 to
15, the value of n will also take on all values from 0 to 15 (although generally
in a different order). Obviously, for the set I’ exactly the same multiplication
table holds.

We are now ready to prove the theorem. Let A be an arbitrary matrix, and

define S by
15

S = Z Iy ATy . (12.143)
k=0

This has the desired property since

15

[, 8T, = Y I;TATxT,
k=0
15 R 1
= > el A—T,=85, (12.144)
n=0 Cn
in other words,
I;S=ST; . (12.145)

It remains to ensure that the matrix S actually has an inverse. Since A can be
chosen at will (except F' = 0) this is not a problem. Let us pick another matrix

B and construct
15

T=Y TIwBTy . (12.146)
k=0
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For this matrix we obviously have
0, T=TT; . (12.147)

Combining Eq.(12.145) and (12.147) we see that the product T'S commutes with
I'; (and the product ST commutes with f‘J) Therefore T'S is proportional to
the unit matrix and we can adjust the elements of B such that 7' = S~!.

It is an interesting observation that the dimensionality of the v# and that
of the 4" does not have to be the same. In that case the matrices A and B are
simply not square matrices but have different numbers of rows and columns.

12.9.2 The charge conjugation matrix

An application of the fundamental theorem is the following. The anticommuta-
tion relation, if satisfied by the Dirac matrices v*, is automatically also satisfied
by the matrices —(7#)T where T stands for the transpose. There exists, there-
fore, a matrix C such that

A =C At O = —(y)T . (12.148)

This is called the charge conjugation matriz. In the representation given in
section 5.3.1, we have

F0= 40 4l =Rt A= a2 33 =58 (12.149)

and we see that a good choice is
C=C"1=7%2. (12.150)

Since this form is not proof against change of representation, the use of the
charge conjugation matrix in arguments and derivations lacks somewhat in ele-
gance.
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12.10 Dirac projection operators

12.10.1 Dirac projection operators
Formulation of the problem

The challenge discussed in this section is the following: given an element II of

the Clifford algebra that satisfies
=1 , M*=1I, (12.151)

what is its generic form 7 In addition, can we find several such elements II
j=1,2,...,n that decompose unity, that is,

9

I =0, T, Y ;=17 (12.152)
j=1

If we can find solutions, then we see that the smallest possible size of the Dirac
matrices is n x n : also, we may be able to construct an operator that can serve
as the numerator of the Dirac propagator, with the understanding that it will
be (a) a projection operator of the type (12.151) on the mass shell, and (b)
dependent only on the particle’s momentum, in order to ensure that all degrees
of freedom propagate in the same manner. It is evident that any uniqueness
of the possible solutions corresponds directly to the uniqueness of the Dirac
equation.

The equivalence transform

It must be remembered that we may discuss the propagator of a free Dirac par-
ticle without reference to any of its interactions whatsoever. Therefore we may
encounter the situation where two or more different forms of the propagator are
possible, that result in exactly the same physics simply because the different
alternatives can be transformed into one another by a change in the particle’s
interactions. We adopt the following position: if there are two projection op-
erators of the type (12.151), II and IT', say, that can be transformed into one
another by means of a Clifford element 3 :

I'=x1I% , ¥5=1, (12.153)

3

where ¥ depends only on the particle momentum?3, the two alternatives IT and
IT" will be deemed equivalent.

12.10.2 The first regular case

We may write a putative solution in the general form

1
M= (2-95)+P+7°d+iPy° + Tapo®) (12.154)

231n order to avoid the situation where the different degrees of freedom propagate differently
after all.
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where S, p*, g* and P are real, and T"" is real and antisymmetric. The re-
quirement is now that N = II? — II vanish, and so its trace with any Clifford
element must also vanish. We can immediately find

2T (YPpN) = (p-@)S , 2T (V¢ —p)N) = (p* +¢»)S . (12.155)

There are now several possibilities, the first of which is the regular case : it is
the case where S # 0 and p? # 0. We see that it implies that ¢> = —p? and
p-q = 0, so that p and ¢ are linearly independent and one of them must be
timelike. In that case we may form a Vierbein by finding two additional vectors
61’2M with

p-eia=qg-e2=e;-e=0, 61’22 =-1, (12.156)
so that the tensor T can be decomposed?®* as follows:
T8 = cpqp[aqﬂ] + croe1ex® + Z (cpjp[aejﬁ] + cqjq[aejﬁ]) ,  (12.157)
j=1,2

where the coefficients are all real and the square brackets indicate antisym-
metrization over the indices. We can now find two more conditions:

1
ZTSTr ((cpper” — cqaqted”)o N) = Cpl2 + Cq22 )
1
%Tr ((cpaptes” — cqlq“ell’)am,N) = Cp22 + cq12 ) (12.158)

which tells us that c,1 = ¢p2 = ¢41 = c42 = 0. The tensorial part can therefore
only consist of p¢ and pv°¢, and we may write

Il = i ((2—8) + P+ "4 +iPy° +iapd + bpy°d) (12.159)

with a and b real. Then, the results
2 .
fp—QTr (pN) =S —p?b , 2iTr (v’N) = SP +pab (12.160)
fix the values of a = —P/p? and b = S/p?. Continuing, we evaluate
1 1%
—?eaglwpaqﬁTr (c"N) = 8%+ P% —p* | (12.161)

which proves that p* must actually be the timelike vector, and fixes | P|. Using
all the relations obtained, we finally have

Tr(N)=5%-1, (12.162)

which tells us that if S # 0 we can take S = 1 (without loss of generality since
both IT and 1 — II satisfy Eq.(12.151)), and we must have p?> > 1. The generic

24No matter that the vectors e1,2 are not unambiguous : the point is that a decompisition
is possible.
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form of II in the regular case can be written as follows. We have an angle x
such that p? = cosh(x)? and P = sinh(x), and two vectors k* and s* such that
k-k=1,s-s=—1and k-s = 0; then p* = cosh(x)k" and ¢" = cosh(x)s", and

H(a,B) = i (14 aBky°# + a [cosh(x)F + isinh(x)7°]
+8 [cosh(x)y°# — isinh(x)f#]) . (12.163)

The two parameters o and [ satisfy «, 8 = +1, and we have introduced them
here since the set of four elements I1(1,1), II(1,—1), II(—1,1) and TI(—1,—1)
satisfy Eq.(12.152). The situation can be simplified further by the use of the
equivalence transform based on

¥ = cosh(x/2) — isinh(x/2)7°F : (12.164)

the equivalent form is then given by the simpler

(o, B) = = (1+af) (14 B7°F) . (12.165)

| =

The only possible way to relate this projection operator to a massive on-shell
Dirac particle of mass m and momentum p* is to choose k* = p*/m, while s#
then embodies the remaining (spin) degree of freedom. The final result is the
well-known Dirac form

I(a, B) = ﬁ (m + ap) (1_5_575#) 7
p-p=m?,s-s=—1,p-s=0,0,0==% . (12.166)

Obviously, the sum of any two or three of the above projection operators is also
a resolution to our quest.

12.10.3 Irregular cases
First irregular case

Let us now assume that, in Eq.(12.155), S # 0 and p* # 0 but p? = 0. In that
case ¢" must be proportional to p*, and we write g* = ¢ p*. Now the trace

—2Tr (Y*N) = Sp* + ceppuapp’ T (12.167)
proves that both T and ¢ must be nonzero. Then, the relation
_ (Sg/mgl/)\ + Pe/wn)\) Tr (U;WN) — EA (52 + P2) (12.168)

shows that no solution is possible in this case since T" must vanish.
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Second irregular case
Let us now assume S # 0 and p* = 0. From
2Tr (v°*N) = S ¢* (12.169)

we find that also ¢ must vanish. Eq.(12.168) then says that the tensorial term
must also be absent, upon which

2iTr (°N) = SP (12.170)
proves that also P = 0. The only possibilities left are the trivial ones II = 1

and IT = 0.

12.10.4 The second regular case

We have now examined all consequences of the assumption S # 0. The remain-
ing case S = 0 gives a projection operator that can be written as

== (L+p+7°4 +iPy° + Topo®?) . (12.171)

DN | =

The relation

1
—ge’“’”’\ Tt (0, N) = PT" — ~ (¢"p* — p"¢*) (12.172)

N =

allows us to distinguish two cases, P = 0 and P # 0.

The case P # 0

In this case the vectors p and ¢ are not necessarily related to one another. The
projection operator reads

7

=3 (148 4% -0+ iP7) (12.173)

under the single condition (from Tr (N)) that
B2 (PP~ 0)°) +9° — "~ PP =1 (12.174)

Now, we can always find a vector 7# with p-r = ¢-r = 0 and r?> = —1. The
equivalence transform

D \% (1—iv"p) (12.175)

will then eliminate both the axial-vector and the pseudoscalar term, so that we
actually arrive at a special case of the situation for P = 0.
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The case P =0

In this case p and g must be proportional to one another. The projection
operator then takes the form?®

1= % (14 af + 0"k +ify) (12.176)

with k2 = £1 or 0, k-7 = 0, and a,b real. The single condition that can be
found is
E(a> - +r%) =1, (12.177)

so that k2 cannot vanish.

Now, assume that k? = +1. The equivalence transforn

1
Y=—01-1 12.178
(=i (12.178)
then eliminates the axial-vector and tensorial term at the cost of introducing a
pseudoscalar one, and we find the equivalent form?2%

H:%(Hc;{:ﬂ?ﬂ , k2=1, 2=1+P%, (12.179)
in other words, there is an angle « such that
1= % (14 cosh(a)f + isinh(a)y”) . (12.180)
The equivalence transform
¥ = cosh(a/2) — isinh(a/2)y" (12.181)
then suffices to produce the equivalent form
n:%(uk) , (12.182)

which we recognize as the combination II(1, 1)+II(1, —1) of the first regular case.

The remaining alternative is that the vector k* of Eq.(12.176) obeys k? =
—1. Now the equivalence transform

1 5
Y=—(1—-%° 12.183
5 (1=1°F) (12.183)
o2
gives
1
=3 (14 cosh(a)y’f +isinh(a)y®) , k* = -1 (12.184)

25This is most easily imagined by letting ¢ become parallel to p as P diminishes towards
Zero.

26Here, k* has be redefined, but still k2 = +1.

27 Again, under redefinition of k with k2 = —1.
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The next equivalence transform,

¥ = cosh(a/2) + isinh(a/2)7°F (12.185)
produces the final form
1
== (1+7~° 12.186
2 ( J'_’y %) ? ( )

that is included in the first regular case as II(1,1) + II(—1, 1).

12.10.5 Conclusions

We have established the following results:

e The finest decomposition of the unity in Clifford space is that into the
four projection operators given in Eq.(12.166);

e Consequently, the smallest possible size of the Dirac matrices is 4 X 4;

e The Dirac equation in its well-known form is in fact the only possible one,
up to equivalence transforms that may obscure, but cannot change, the
physics since the interaction vertices can always compensate.

It must be noticed that, in the ‘second regular case’ we have been cavalier in
accepting equivalence transformations without determining that they depend
only on the particle momentum. In fact, since in that case we have S = 0 the
unity is decomposed into two sectors, IT and 1 —1II, and so we may feel confident
that, whatever degrees of freedom are propagating, they will do so identically.
The real requirement of momentum-only dependence resides in the ‘first regular
case’.
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12.11 States of higher integer spin

12.11.1 The spin algebra for integer spins

In this Appendix we shall consider systems of spinning particles with arbitrary
integer spin. Such particles states can be represented, in the Feynman rules, as
tensors of some rank r :
|S m>#1#2#3"'ur

where s stands for the total spin of the particle, and m denotes the spin along
some quantization axis, for which we shal take the z direction here. That is,
once we have found the correct operators of the spin algebra

(Smyz)ullwmﬂr and (52)u1u2~~m

Viva e Up ViVg: - Vp
Then we have, by definition,
(SQ)Hluz“'ur

(SZ)Hluz"'HT

‘S’m>V1V2'“Vr _ h2 S(S-l—].) ‘S’m>#1/»¢2"',ur ,

ls,m)""2TT = hom|s, m)PHR (12.187)

ViV Uy
ViV Vy
It is easy to see that the spin algebra is correctly constructed once we have

raising and lowering operators

(S )b So=(s)

ViV Vr

with
([Sy,S8_],5,] =2r*S,. (12.188)

We can then find the other algebra elements via

1
2h
1

5 {S4, 5} +(S.)* . (12.189)

SI:%(S++S,) s Sy:%(SJr—Sf) y Sz: [SJHS*} )

SQ

We will start with particles in their rest frame?®. The spin representations are
built using four unit vectors, with obvious notation, as t*, z*, y* and z*, which
obey

tt=1, zo=yy=z2=—-1, tr=ty=tz=xy=x-2=y-2=0.

(12.190)
Things will become easier if we also define
1
xil = — (¥ LiyH 12.191
so that
Ty -24=0, z4-2_=-1, 24-z2=24-t=0 . (12.192)

28This implies that the particles are massive. For massless partices, see later on.
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Since the spin of a particle informs us about its behaviour under rotations in
the three-dimensional spacelike part of Minkowski space, we always require, for
particles in their rest frame,

smﬂlﬂz‘”ﬂrt,_:o ) =1,2,...,1r . 12.193
) Hj v J = ’

This means that the appropriate tensors in fact contain only the three vectors
x,, x_, and z ; for instance the rank-4 tensor |s, m)"*#2#*#* may contain a term
ryMx_ P2zl P4 In general, the particle’s tensor is a linear combination of
such terms : which precise linear combination it is depends on s and m, and
this is what we want to look into.

12.11.2 Rank one for spin one

The simplest nontrivial case is that of a rank-1 tensor, that is, a vector. We
have already considered these in Chapter 6. We can define

L) =a* ) 1,00 =24 ) |1, -1 = —x_H | (12.194)
so that
L=z, (10" =2+, (1,-1" = -z " . (12.195)
For brevity, we shall use the easily interpretable notation
[1,1)=|+) , |L,0)=10) , |1,-1)=—]-) . (12.196)
These states are properly normalized, since
(Lma |1, mg) = (1,mal, |1, ma)" = — 8y m, - (12.197)
In addition, the states are complete in the sense that

SOOILN A, =t -0, =AM, (12.198)
A=+,—,0

Note that
AP AN, = =AF,  AF, =3 . (12.199)

We now proceed to set up the spin algebra. A general raising operator can
always be written in the form
Sy =+V2h (a [+) (0] + b 10) <—|> : (12.200)

where a and b are some complex numbers ; and so

S_ =2h (a* |0) (+| +b* |-) <0|) : (12.201)
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From

sps. = =2 (la? o G+ P00

sos. = -2 (WP 0O+ P -]) . 2
we find that to get the correct form of S, we have to take |a| = |b| = 1, since

only then??
P (|+> (] — ) <—|) ; (12.203)

furthermore, we find automatically

5% = —on? (|+> (+| 4+ 10) (0] + |-) <|> , (12.204)
which shows that we have here indeed a spin-one system. For reasons that will
become clear later on we shall choose a = —1 and b = 1. Thus,

SylH) =0, Sy[0)=V2h|+) , Sy|-)=—-V2R[0) . (12.205)

In more explicit tensorial language, we have the following matrix forms :
Syt = V2h (—x+“zy + z“m+u> ,
S k= Voh (—z“x_y + x_“z,,) ,
St,o=h (—$+”$—u + x—”33+y> ;
S, = —2n? <x+“x_y +a_ ey, + z“zy) . (12.206)

12.11.3 Rank-2 tensors

By taking tensor products of vectors we can build more complicated systems.
Let us attempt rank-2 tensors. We can easily construct the spin algebra for this
system as follows :

S s = S0 s + 08 s L G =4z (12.207)
and it is easily checked that these also obey the correct commutation relations

S5 ]=2n%. , [S.,5.]=hr%, ; (12.208)

29Do not be confused with the overall minus signs emerging here ! Remember that the
states are normalized to minus unity. This is a consequence of our dealing with spacelike
objects in an essentially Minkowski space.
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the operator for the total spin is of course

S s = 500"+ 008 g+ S F S g+ SF L 5+ 28408
(12.209)
There is precisely one rank-2 tensor with a spin 2h along the z axis : it is the
tensor product

2,20 = LD L)Y = aybay” = |44 (12.210)

with obvious notation. It is straightforward to check that the total spin of this
object is, indeed, equal to 2h. By applying the lowering operator as given in
Eq.(12.207), and normalizing, we can immediately recover the other states in
the spin-2 sector :

22) = |4+4) .
2,1) = (+o>+|o+>)/x@,

2,0) = (—|+—> e +2oo>) VG |

2.-1) = (—|—o>—|o—>) WV

2,-2) = |-—) . (12.211)

These five objects are totally symmetric. They are also traceless in the sense
that |2, m)" g, = 0 ; this is due to our choice for the constants a and b made
above. The one object made up from |+0) and |0+) that is orthonormal to |2, 1)
is |[+0) — |04}, which forms the basis of a spin-1 sector :

1y = (0= 100) V2
<—+>—+—>) /2,
I1,-1) = (—0>—|0—>> V2 . (12.212)

|1,0)

Finally, one single state is left :
0,0) = (|+—> +|—+) + |00>> V3, (12.213)
which upon inspection is seen to have zero spin. The orthonormality of these

nine states is easily checked. Some simple algebra also tells us that

2
1 1 1
STom) 2ml,, = GO A g+ SAMg A — SAM Agy

m=—2
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1

1 1
pnv _ v v
m:E_l L,m)™ (I,ml,; = iAHO‘A 8 — §AHBA o s
1
0,0)" (0,0],5 = gAW AV (12.214)

so that there is a completeness relation of the form

2 s
SN Ism) (s,ml,, =AML AV (12.215)

s=0m=-s

This confirms that no states have been overlooked.

12.11.4 Rank-3 tensors

For the sake of illustration we also give the complete set of rank-3 tensorial
states. These fall apart in one spin-3, two spin-2, three spin-1 and a single spin-
0 sector, giving the correct total of 27 possible orthonormal states, listed below.
For reasons of typography I have left out the normalizing denominators ; these
can of course be trivially recovered.

spin-3 :
3,3) = |[+++)
3,2) = [+ +0)+[+0+) + [0+ +)
13,1) = 2[+00) + 2|0+ 0) + 2[00+)
—H++=) =+t = =++)
13,0) = 2]000) — [+0—) — |0 —+) — |— +0)
—|=04) = [+—=0) = [0+ —)
B.-1) = =)=t =)
—2|-00) — 2|0 — 0) — 2]00—)
3.-2) = [~ =0)+|-0-) +[0~-)
3.-3) = —|-—-)
spin-2(1) :
2,2) = [+0+)+[0++) = 2]+ +0)
2,1) = 2]004) = [+ —+)—|-++)
= [4+00) = [0+ 0) + 2|+ + =)
2,0) = [+0=)+[0+ =) —[-0+) = [0 —+)
[2.-1) = 2(00-) — |+ = =) = |+ -)
— 0= 0) — |[—00) +2|— — +)
2.-2) = 2[~-0)~[0~—)~|-0-)
spin-2(2) :

12,2) = |+0+) — |0+ +)



322 March 27, 2014

12,1) = |400) —[04+0) — |+ —+)+ |— ++)
2,00 = —|0—+4)+]|-0+)—|+0-)
+[0+—=)=2|+—-0)+2[-+0)
2,-1) = [+-=)—[-+-)+]-00)-]0-0)
2,-2) = [0——)—|-0-)
spin-1(1) :
|1,1) = 6|++—)+3]0+0)+3[+00)

++ =4+ - ++) —2]00+)

11,00 = 3|0+ —)+3[+0—) +3|-0+)
+3[0—+4) — 2]+ —0) — 2|— + 0) + 4|000)
|1,-1) = 2]00—) —3|-00) — 3|0 —0)
—H =) == =) =6l = )
spin-1(2) :
I1,1) = [+00) = [0+0) + [+ —+) — |-+ +)
11,0) = [0+ =) —[+0=) + [0 = +) — [-0+)
L-1) = =) ==+ =) +]0-0) — |-00)
spin-1(3) :
I1,1) = [+ —+)+|=++)+[00+)
|1,0) = |+ —0)+ |—+0)+ |000)
L=1) = =)+ =+ =) +]00-)
spin-0 :
10,00 = [|[+—0)+|-0+)+ |0+ —)

10— ) — [40—) — |-+ 0) (12.216)

Note that the spin-0 state is totally antisymmetric : obviously, this is the only
possible such state in three space dimensions. We can also compute the ‘partial’
completeness relations pertaining to each spin sector. Some algebra teaches us
that these are the following set of mutually orthogonal projection operators :

3
spin-3 : 3, m)"* (3, m =
apfy

m=—3

1 v 14 14
p (A“aA BAPL + AFGAY AP+ AR AV AP

FAFZAY AP+ AFGAY AP 4 A“VA”[;APQ

_Tlf) (AW (ApaAﬁ"/ + APAq0 + Ap“/Aaﬂ)

AP (AF o Ape + AP Ao + AL A Lp)
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+ AP (AY Ay + AV Ao + AY Agg) )

2
spin-2(1) © Y [2,m)"(2,ml, ., =

m=—2

: (MQNB + A”aﬁ“ﬁ> Ay

—% ( (AFGAY, + AV AP AP + (AF AV + AV AF) APB>
+%A’“’ (A”QAM + APHAM>

Jr% (AupAyv + AVPAMV) Aap

’% (AM)AV"“AM + AN Aoy + AP AM G Ay + AVPAM{?A@’Y>
—%A’“’A%AQB

2
spin-2(2) : Z 12,m)"?(2,m| 5., =

m=—2

1 14 14

3 (A“QA s—A aNﬁ> AP,
1

5 (NWN‘?NG — AFSAYG AP — AT AP AP + A”WA“QA%)
1

5 (AW’AVQAM — AFPAY ALy — AP AP Ay + A””A“BAM)

1
spin-1(1) = > [1,m)"™? (1,m|, 5, =

—%OA*”’ <A”QAM + A%AM>

1 v v
1 <AWA v+ A pA%) Aus

3 1% 1% 14 v,
+35 (A“PA WDpy + ANV GA L+ ATPAF Ay + A ”A“gAM>

1
spin-1(2) : > [1L,m)"? (1,m|, ., =

m=—1
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—% (MPNQAM — AFPAY g A oy — AYPAF A + AVPMBAM)

1
spin-1(3) + > [1,m)"" (1,m| 5, =
m=—1
1 BV AP
FAAL A
spin-0 : ]0,0)*” (0, 0|

afy =

% (MQAVQN7 FAFZAY AP, + AFAY AP
AV AP GNP — AV AP AP, — A”WA“QA%) : (12.217)

The total completeness relations is also valid :

3 s

DTN s m) P (s,ml e, = AP AV g AP (12.218)

s=0m=-s

provided we sum over all sectors with the same s.

12.11.5 Massless particles : surviving states

So far, we have taken our particles to be at rest, with a momentum p for which
pt=mtt .

For moving particles, we can obtain the correct states by simply performing the
appropriate Lorentz boost. As already indicated, we shall take the motion of
the particles to be along the z axis ; our states have been prepared for this by
taking z as the spin quantization axis. The momentum of the particle will then
be

Pt =mtr —  pt=poth 4 |pl (12.219)

and the vector z* becomes, under the same boost

PR <|ﬂ) 4 <];z> P (12.220)

m

The vectors x4 are not affected by the boost. It is therefore sufficient to replace,
in Eqns.(12.194),(12.211), (12.212),(12.213), and (12.216), z by its boosted form.

Let us now consider the extreme case : that of a massless particle. We can
view this as the limit p°/m — oo of a massive particle. In that limit, z# diverges
badly, and we must again adopt the point of view presented in chapter 6 : the
theory wil only be viable if those tensors that diverge in the massless
limit decouple completely. That is, the only observable states must be those
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that do not diverge, i.e. those that contain x’s and x_’s but not any trace of
a z. A quick inspection in our inventory of states reveals that only a handful of
states are left :

rank-1, spin-1 : L=+ , [1,-1)=—-1]-)

rank-2, spin-2 : 12,2) = |[++) , [2,-2)=|——)

rank-2, spin-1 : 11,0) = (|4+—) — |—+))/V2

rank-3, spin-3 : 13,3) =|+4++) , [3,-3)=—|———) (12.221)

With the exception of the rank-2, spin-1 state, the so-called Kalb-Ramond state,
all the surviving states have m = +s and are totally symmetric. Is this general ?
In other words, how do we know that there is no rank-31, spin-17 state that
is built up from only x;’s and z_’s 7 We can answer this question by the
following pleasing argument. Since the ladder operators ¥4 transform physical
states into one another, any physical state must be an eigenstate of ¥ ;¥ _ or
¥_¥, %0, Disregarding, for simplicity, minus signs and factors v/2, the effect of
3y is0— 4+, — — 0, and that of X_ is + — 0, 0 — —. We can therefore write

SLY_ +—) = 4 [0=) = |[+—) +]00) . (12.222)

Let us now consider a hypothetical massless-particle candidate state. It will be a
linear combination of kets with lots of +’s and —’s. Among these we concentrate
on three kets in particular :

T :|..._|__|__...> , T2:|..._|___|_...> , T3:|..._+_|_...>
(12.223)
The rest of the content of the kets (indicated by the ellipses, and consisting of
some sequences of +’s and —’s) is identical for the three kets. The candidate
state contains these T’s in some linear combination :

C1T1 + CoT5 + C3T3 + lots of other terms

Let us now consider what happens if we let ¥ 3>_ work on these kets. T7 will
turn into a lot of terms, among which we can recognize two important ones :

Ty —]-4+00--)+]--0+0--) -+ . (12.224)
Similarly, we find for 75 and T5 :

T, — |...0()_|_...>_|_|..._|_00...>_|_...7
Ts — |00+ 40404+ . (12.225)

We now note a few things. In the first place, a resulting ket like |---040---)
can only come from the T’s (in this case, from T7 and T3). In the second place,

30Tt is of course possible that ¥y acting on our state, say, will give zero, and then it is an
eigenstate of ¥_% with eigenvalue zero. We may avoid this trivial case by choosing, instead,
>4+ X¥_, under which our state will have a nonzero eigenvalue.
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our candidate state cannot contain this ket by itself, since it must be free of 0’s.
In the third place, such unwanted kets must drop out because our state is an
cigenstate of ¥2. We must therefore rely on cancellations between the T7s. In
fact, we need simultaneously

Ci=-Cy , Co=-C5 , Cy=-C . (12.226)

Obviously, C1 23 = 0 : our three 77s do not occur at all3* | But of course we
can repeat the same argument for any other such three kets. We see that the
only possibilities to have admissible massless-particle states are twofold:

e Only +’s, or only —’s, occur. These are precisely the rank-s, spin-s states
such as we have found, and this persists also for s > 3. Note that these
states are totally symmetric — not for some deep field-theoretical reason,
but because they can’t help it.

e Precisely one + and one — occur. This is the Kalb-Ramond state, which

now stands revealed as a lone exception.

12.11.6  Massless propagators

For massless states, the spin sums cannot be built up from objects like A*,, since
these diverge. An often-used recipe is the following. For a massless particle of
momentum p*, define

pr=0%0 , =0 D) . (12.227)

Obviously, this is not a Lorentz-invariant definition, but as we shall see that is
not a problem. The point is that a p can be found whatever the Lorentz frame
is. We can now write

B L+ 1), =2, 2y,

1
= 05 (p”ﬁy +pﬂpy> —or, = VA, . (12.228)

In analogy to Eq.(12.199) we now have
VAV = —=VH, | VF, =-2 . (12.229)

If, as we must promise ourselves, massless states only couple to conserved
sources (on which the handlebar operation gives zero), the terms containing p
will always drop out. We can now write the spin sums for the surviving massless
states as follows :

rank-1, spin-1 : VHE,

3L A three-cornered argument such as this, in which all T’s disappear, deserves to be called
a Bermuda triangle.
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(wawﬁvm FVHEVY VP o+ VR VY VP

1
rank-2, spin-2 : VH VY g + V“vaa> — ivﬂ”vag ,

rank-2, spin-1 : VH VY g — V“BVVQ> ,

DD~ N~ N

rank-3, spin-3 :

+ VIV VP 4 VIV VP g + vuv"ﬁvpa)

1
13 (v”" (VPaVay + V550 + V7, Vas)

+ VP (VFaVay + VF sV 0 + VH, Vap)
+ VP (VYo Vay + V5V + V7, Vag) ) (12.230)

Compared to the massive case, some coefficients are different : -1/2 rather than
-1/3 in the spin-2 case, and -1/12 instead of -1/15 for spin-3. This is due, of
course, to the different traces of A and V. The spin sum for the massless vector
particle (rank-1, spin-1) is in fact that of the axial gauge discussed in Chapter
6, with the gauge vector r chosen to be p. Note that, whatever r#, we can
always move to the centre-of-mass frame of p* and r*, and in that frame we
have precisely r#* = p*.

12.11.7 Spin of the Kalb-Ramond state

Concerning the Kalb-Ramond (KR) state, there may be some controversy. For
a massless particle in this state, the spin along the axis of motion must, under
measurement, always come out zero. It is not easy to see how such a particle can
be distinguished from a scalar one. Indeed, in string theory where the KR state
comes up naturally, it is considered to describe a (pseudo)scalar particle called
the axion. In order to talk sensibly about the spin of the KR state it is useful
to consider how it may be measured, for instance using fermions. We therefore
consider the coupling of a rank-2, spin-1 state to fermions. The interaction
vertex must have the properties that (a) it is an antisymmetric rank-2 tensor,
and (b) it is current-conserving, in order to make sense in the massless limit.
Denoting the two fermions by v and 1) the simplest choice appears to be

D P p, (A+ BY°) vo ¢

where p is the momentum of the antisymmetric tensor state, and A and B
are constants. This interaction vertex vanishes trivially under the handlebar
operation. For the process

f(p1) f(p2) = flps) f(ps)
by the exchange of a KR state of mass M, we then have the amplitude

M = ihw(p1) € p, (A+ BY®) vou(ps)
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ApaBrg — BupAva

2(s — M2)
x U(p3) €7 p. (A" + B'v°) yav(pa)
s=p-p , p=pi+p=ps+ps . (12.231)

Because of the current conservation and the antisymmetry of the vertices, we
may replace AuaAyg — AugAya by 29,0905 Furthermore, since

7 pp €™ pr =2 (p7 p — 597) (12.232)
we have
M 9 — 1
= — 4
s— M?

((7000) (A2 = )+ By + m2)2%) )
x T(p3) (A'(mg —my) — B'(m3 +my)y°) v(p4)>
—s (v(pl) (A+ By°) v* u(ps)
< o) (4 + B2 000 ) (12.233)

Here my is the mass of momentum p;. Note that, in contrast to e.g. the case of
QED, my = mgy or ms = my is not necessary for current conservation. We can
now investigate several situations. In the first place, if M # 0 the amplitude has
a pole for some nonzero s value, which we may take as the signal of a particle.
The second term in brackets in Eq.(12.233) then tells us that, indeed, a spin-1
particle has been exchanged3?. The occurrence of the first term is, then, not
surprising : a similar contribution is found in e.g. the W exchange in muon
decay. Secondly, we may take M = 0. In that case, the second term no longer
has a pole. It can therefore not survive a truncation argument, and must not be
counted as coming from any particle propagation. The first term does survive ;
if we also assume flavour conservation so that m; = mo and ms3 = my, the only
degree of freedom that propagates is, indeed, that of a pseudoscalar.

32We can measure this, for instance by looking at the angular distribution of the produced
fermion-antifermion pair ; see also Appendix 12.12.
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12.12  Unitarity bounds

12.12.1 Resonances

In this appendix we shall establish bounds on total cross sections as implied by
the unitarity of the theory. We are interested in upper bounds on cross sections,
that is we want to investigate the most efficient way to get rid of the initial state
in favour of some final state. Now, as is known from the elementary theory of
coupled oscillators, the most efficient way to pump energy (i.e. the energy
content of the initial-state particles) into another state is by resonance. In our
language, this means that we shall consider two initial-state particles colliding
and coupling to another particle with just the right energy to put that particle
on its mass shell. Unavoidably, if the new particle can be made in such a way it
can also decay, and it therefore must have a nonzero decay width which protects
its propagator from exploding. We shall investigate this process in some detail.

12.12.2 Preliminaries : decay widths

We shall investigate the unitarity bound on the cross section for a given initial
two-particle state 1 to evolve into a given n-particle state 2 by way of a resonant
particle X of rest mass M and total decay width I". This means that particle X
must couple both to 1 and to 2. There is therefore a possible decay X—1, given

by the Feynman diagram

The corresponding matrix element can be written as
My =i Ay -uj . (12.234)

In this admittedly abstract expression, u stands for the external-line factor33
for the incoming X particle that has, in addition to energy and momentum,
a discrete quantum number j denoting its angular momentum (for brevity we
shall use the smaller word ‘spin’ throughout this section). We shall assume that
j runs from 1 to N, so that there are in total N spin states : for a spin-J
particle, therefore, N = 2J + 1. Similarly the final state is characterized by
a discrete quantum number & alongside the continuous energy and momentum
variables, and k is assumed to run from 1 to K. For instance, if 1 stands for an
electron-positron state, K = 4 since there are two spin states for the electron
and two for the positron. Thus, Ay denotes the total of the connected diagrams
(the blob) and any external-line factors for a final state with discrete quantum
number k. The total decay width I'; for X to go into the two-particle state 1 is
given by

1 dQ AN M2, m? m'?)/?
I = 2MNZ / Apu; a5 - Ag T E e S, (12.235)

33This might be just a number, or a spinor, or a polarization vector,. .. take your pick.
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where m and m’ are the masses of the two particles in 1. The symmetry factor
S7 equals 1 if the particles are distinguishable, and 1/2 if they are not. € is of
course the solid angle of one of the particles in the rest frame of X. The angle-
and spin-averaged transition rate is therefore

1 Q) — _ 167 MT N M?
3.k

with A\1/2 = \(M?, m?,m/?)/2.

The process X—2 is described by the Feynman diagrams contained in

and is written B

My, =1D8-uj , (12.237)
where | denotes the discrete quantum numbers in the state 2. The width for
the process is given by

11 = _

2= g El: / By -uju;-Bydv, Ss (12.238)
J,

where dV,, is the n-particle phase space factor going with the state 2, and S5 is

the appropriate symmetry factor.

12.12.3 The roéle of angular momentum conservation

Let us consider the process X—2 in some greater detail. It is easy to conceive
of a final state 2 that couples only to a particle of spin J and to no other spin.
Now, our important supposition : if the initial particle is at rest, and if space
18 isotropic so that there is no preferred direction, this does not only mean that
angular momentum is conserved but also that the various 2J + 1 spin states of
the X particle are to be treated on the same footing, so that each spin state must
have the same decay width. This in its turn implies that the integrated-over
final state must form a projection onto the pure spin-J state :

> B Bi=B(M*) > uniy, (12.239)
l n

where n runs, of course, from 1 to N. Obviously, under the isotropy assumption
B can only depend on M?2. We find that

/ E E s Uy ﬂj/ . Bl = B(MQ) Z Uy U ﬂj/ cUp X 6j,j’ s (12240)
l n
or, in other words,

Z/ By-u;jty-Bi=2MTs0;; . (12.241)
l
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12.12.4 The unitarity bound

We now consider the process 1—2 by X exchange. For total scattering invariant
mass /s, it is given by the diagram

and the amplitude reads

—i _
=B, T4, . 12.242
M= vamr P i ( )

Here, II is the numerator of the X propagator : on the mass shell, therefore, we
must have

Oy =Y u T (12.243)

For the total cross section we therefore have

1 1 1
7= 2X\(s,m2,m2)1/2 (s — M?)2 + m>2T?2 K
X Z /(E-H-Ak) (Ap -I1- By) dVy, Sy . (12.244)
k,l

On the X mass shell, we can write, with the help of Eq.(12.241),

1 1 1

7 = e R Do ) BT A (e wy - B) v, S,
3,5"
111 _ _ -
B WWKKZV//(BV“J‘ Uy - Br) (Ay - uj ;- Ag) dVi, S
VY
1 1 2MmF a0 — B
T O M? K kZ,/zmAk'Uj' uj - A dj50 (12.245)
PNV

where it must be realized that we have rewritten the integral over B-cum-A
by the integral over B times the average over A. Due to angular-momentum
conservation we can now write, using Eq.(12.236),

_(Ty\ (T2 N 167 s
0 oppe = (F> (r ) SR NomZo®) (12.246)

Now, the factor I's /T" is understandable since the X particle has only a fractional
probability to decay into state 2 (there may be other decay channels available,
in fact at least the decay X—1), and then symmetry between the reactions 1—2
and 2—1 requires also the presence of the factor I';/T. We conclude that the
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cross section for the initial state 1 to go into any final state with spin J is
bounded by the unitarity limit

2J +1 167 s
o2 =
b S1K  A(s,m?,m'?)

(12.247)

where as mentioned before S; is 1/2 for indistinguishable particles and 1 for
distinguishable ones, and K is the total number of possible discrete quantum
numbers for the initial state34.

34For example, for an initial et e~ state we have S; = 1, K = 4 : for an initial state of two
photons S1 = 1/2, K = 4, and for an initial state of two gluons S1 = 1/2, K = 256 since
gluons come with 2 possible spin states and 8 different colour states.
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12.13 The CPT theorem

In this appendix, we shall discuss the very fundamental CPT theorem?® for theo-
ries with interacting particles. This theorem deals with what happens (or ought
to happen) to scattering amplitudes when we relate various physical scattering
processes®. As usual, we shall start by looking at Dirac particles.

12.13.1 Transforming spinors

In Chapter 5, we defined the standard form for the various spinors corresponding
to an on-shell (anti)-particle with mass m and momentum p*. We recapitulate
them here :

ut(p) = N(p) (p+m)uz(ko) ,

vi(p) = N(p) (p —m)uz(ko) ,

uy(ko) = fru—(ko) , u—(ko)u—(ko) =w—_fo ,

N(p) = 1/\/2(pko) , ko®> = (kok1) =0 , k®=—1 . (12.248)

This is, of course, only a phase convention, where the phase choice is not explicit
but implied by the choice of kg, k1 and the complex phase of u_ (ko). Now, let
us apply v° to these states. It is easy to see that

Yuy(p) =vi(p) , Yu_(p)=—v_(p),
ui(p)y’ = -vi(p) , u-()y° =7-(p

~

(12.249)

In words, what this transformation does is to change an incoming, right(left)-
handed fermion into an outgoing, left(right)-handed antifermion (and vice versa).
Thus we have (a) the interchange of particle and anti-particle (charge conjuga-
tion, C), (b) the interchange of right- and left-handedness3” (parity inversion,
P), and (c) the interchange of initial and final state (time reversal T), which
goes by the name of CPT transformation3®. Applied to Feynman diagrams, we
can depict this as follows (where we have indicated the helicity) :

0 - Ox . =0--0O=
~0 - O =0 O~ wm

35 Also known as the CTP theorem, the TCP theorem, the TPC theorem, the PTC theorem,
or the PCT theorem.

36Recall that, in these notes, we concentrate on the (perturbative)processes that are going
on, that is, scattering described by diagrams and amplitudes.

37TRecall that for a particle + means right-handed, but for an antiparticle it means left-
handed (cf section 5.6.5)

38There is a slight subtlety here. An ingoing particle with three-momentum §'is transformed
into an outgoing antiparticle with the same momentum p. Under P, momenta are inverted so
that p becomes —p': but under T the velocities are again inverted. The same holds, of course,

for spin vectors. It is only the fact that ”+” means right-handed for particles and left-handed
for antiparticles that ensures that the net result is just a change of handedness.

—
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As we can see, the effect of CPT on any diagram is not only to interchange
initial and final states, but also to reverse the arrows on intermediate fermion
lines.

12.13.2 CPT transformation on sandwiches

Let us consider the scalar current for two on-shell momenta p; o, with respective
masses mq 2 :
J/\l/\z = Uy (pl)u)\g (p2) . (12251)

Under CPT, this scalar current behaves as follows :

Ty = Jip = =01 (p)og(p2)
Jio = Jyo =v(p1)v—(p2) - (12.252)

At first sight, these CPT transforms look nothing like the original. Note, how-
ever, that using the standard form we can write them as traces :

Jir = N(@1)N(p2) Tr (w-Fo(p1 +m1) (P2 + m2)) ,

Ji— = N(@P1)N(p2) Tr (w-Fo(p1 +m1)(h2 + ma2)f1) , (12.253)
whereas

Ji++ = — N(p1)N(p2) Tr (w—fo(pr — m1) (P2 — m2)) ,

Jy— = N(p1)N(p2) Tr (w—Fo(pr — ma) (P2 — m2)k1) , (12.254)

Keeping track of which terms in these traces actually survive3?, we see that,

appearances notwithstanding,
jA1A2 = - (12.255)

Similar (almost trivial) trace arguments show that, under CPT,

Dax" = (p1) Y us, (p2) = =,
J)qkzlw = Uy, (pl) ’7#’}/” UN, (pQ) —- + J)\l/\2l“’ )
V/VE Ve T, (p1) Yy Y un, (p2) = — "™, (12.256)

and so on.

12.13.3 CPT transformation on diagrams

Consider a nontrivial but very simple diagram, for simplicity taken from the
electroweak process

e~ (p)v(q) = e (p2)Z2°(q2)

39For J44, these are the terms that contain an odd number of masses, for JiF those with
even numbers of masses survive.
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(12.257)
Leaving out overall constants and denominators, this can be written as
M = A, El,\LZ(QZ) ekyu(ql) )
A = Ty (p2) w0y (4 +m) o un, (1)
¢ = pAa=pte , w=90+07 (12.258)

where we have indicated the handedness (helicity) of the external particles. For
the polarization vectors we take the representation given in Eq.(6.36), and for
¢ we may, if we wish, use Eq.(5.67) to write

1

4= 5% W@ ur(a) - (12.259)

Let us now see what happens if we apply CPT. In the first place,
¢4 = -4, (12.260)
following immediately from Eq.(12.259)%° Therefore, A4, transforms as

A = =M Ux, (p2) wyp (=4 +m) v va, (p1) - (12.261)

The arguments given in the previous section show that this evaluates again to
A, itself. Finally, for the polarization vectors we have, for instance,

EAWV — 76)\711 = — E’i/\w s (12262)
so that the CPT transform of an incoming, left(right)-handed photon can be
interpreted as that of an outgoing, right(left)-handed photon with the same
momentum, up to an overall minus sign. The same goes of course for €y ,*.
We see that, under CPT, the amplitude M remains unchanged*' : but the
interpretation is now that of the process

e (p2)Z°(q2) = et (p1)v(qr)

with the understanding that left(right)-handed particles have been replaced by
right(left)-handed ones. The corresponding Feynman diagram is now

N
N

, (12.263)

40 Antoher approach might be to find a set of timelike, positive-energy momenta k123, ..
with masses mi12,3,..., and a set of constants ci,2,3,... such that Zj cjk;® = ¢%
and Zj c¢jm; = m. Obviously, this is always possible. ~We can then write ¢ +

m = Zj cj(uy(kj)uy(kj) + u—(kj)u—(k;)), which under CPT are transformed into
> i (v (k)T (kj) — v (kj)T—(kj)) = —¢ + m.
“1You might think that the fact that the two minus signs coming from the polarization

vector cancel so nicely is suspicious : but you should realize that if three external bosons were
involved there would be two internal fermion propagators instead of one.
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which may help you to understand the replacing of ¢ by —¢ : in diagrammatic
terms, it comes from the fact that now ¢ runs against the propagator’s arrow.

It is now easy to see that we can perform similar operations on every con-
ceivable Feynman diagram in our theory??, and we shall always find that it
transforms into itself. We say that our theory is CPT-invariant : if we (a) re-
place every external particle by its antiparticle (and wvice versa), (b) interchange
the initial and final states, and (c) interchange right- and left-handed, then all
amplitudes remain the same. This is the CPT theorem.

12.13.4 How to kill CPT, and what it costs

Like all such theorems, the CPT theorem can only be valid under a number of
circumstances. Here, we mention the most important of these.

In the first place, comparing the diagrams (12.257) and (12.263) we see that
we have implicitly assumed that the vertices of the theory are insensitive to
what is the ‘incoming’, and what the ‘outgoing’ particle : for instance, the two

vertices
1 u
/ri\ and /"i\

o — ot —7

are both assigned the value iQv*/h. More poignantly, in the electroweak sector
we use the same vertex for

w* W

Aes A"

- and
U;\Q\D D7 =7

It is, of course, possible to let the vertex depend on the ‘orientation’ of
the (sub)process : such theories, which as we see are not easily expressed dia-
grammatically*3, are called non-Hermitian. A non-Hermitian action would ruin
CPT.

In the second place, and more subtly, we have assumed that there is, at
least, the very possibility of a vacuum state through which particles can move ;
in the literature, this means that there is a state with lowest energy. If the
spectrum of the theory is not bounded from below, CPT is ruined : but, again,
it is not easy to see how any ordinary particle physics could be alive under such
circumstances**, whether CPT invariant or not.

In the last place, there is the issue of Lorentz invariance. We have assumed
that every vector h* will, under CPT, turn into —A*, and this is very important
for proving the CPT invariance of amplitudes. Suppose, now, that we introduce

421f push comes to shove, we can always write every vector quantity in the diagram with
spinors : we then end up with a massively complicated object containing loads of (anti)spinors
and their conjugates, but for the rest only fixed numbers or matrices ; for such structures, we
have already proven everything that is needed.

43 At least in the way we have formulated things.

44Tn these notes, we take the existence of particles with a perturbative description for
granted.
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into our theory a fized vector®® f*, simply a set of four universally defined*®
numbers which enter nontrivially into the Feynman rules. Such a vector would,
under CPT, not turn into its opposite ; but neither would it change under
Lorentz transformations, it would simply remain f#. CPT would be ruined to-
gether with Lorentz invariance. A theory violating CPT will therefore manifest
itself in being Lorentz-noninvariant. You might hope to avoid this by having,
built into the fabric of the universe, some physically meaningful vector quan-
tity f*, that does change with Lorentz transformations?”. Still, CPT would be
ruined, but we must also conclude that the ‘vacuum’ state is itself simply not
Lorentz invariant since there is a ‘preferred momentum’.

Note that it is, in principle, possible to violate Lorentz invariance without
destroying CPT. For instance we can use a fixed ‘tensor’ f#” rather than a
vector f*. Such a tensor does not change sign under CPT, exactly as it should.
We can then construct theories where Lorentz invariance is violated but CPT
invariance is not*®.

We see that the conditions under which CPT symmetry holds are very plau-
sible and general, but they are not unavoidable. CPT may be ruined, but we
can see that by the concomitant violation of Lorentz invariance, either in the
interactions of the theory or in the structure of the vacuum itself !

12.14 Mathematical Miscellanies

12.14.1 Generating the Bell numbers

In order to arrive at the generating function for the Bell number B(n), we
start with a more basic concept. By B, (k) we denote the number of ways to
divide n distinct objects into k non-empty groups: we shall then have B(n) =
> k>0 Bn(k). For zero objects, there is obviously only one way to divide them,
namely in zero groups:

Bo(0)=1 , By(0)=0 fork#0 . (12.264)

If we have n — 1 objects distributed into k£ groups, we can let the nth object
form its own group, or add to one of the existing groups in k different ways.
This gives us the recursion

Bu(k) = Bp_r(k — 1)+ kBu_1(k) , n>1 . (12.265)

45We speak of a ‘vector’ here in the sense that it has four components, not in the sense
of its behavior under coordinate transformations : indeed, the whole point is that it doesn’t
transform at all.

46Think of having some inspiration, or a voice from heaven engraving these numbers on
stone tablets.

47Such a thing would be, for instance, the ‘momentum of the sether’.

48 As an example, we can use, for the kinetic part of a Lagrangian, the object f*d,,¢ du¢
rather than the usual g"” 9, Oy .
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Let now form the set of generating functions

n

ou(z) =Y %Bn(k) L k=0,1,2,... (12.266)

n>0
From Eq.(12.264) we have that ¢g(z) = 1, and from Eq.(12.265)
0 (2) = k op(2) + dr—1(2) . (12.267)
It is easily checked that the unique solution to these inhomogeneous first-order
differential equations is
1., k
on(z) = ol (e =1)" (12.268)

so that

n

> ZiBn) = 3 ulz) =Y (12.269)

n>0 k>0

12.14.2 Euler’s formula
Consider the following identity:

ﬁI‘(mj + 1) =

oo
/dz1 dzy - dzg 1™ 25™2 -+ 2,™ exp(—21 — 22 — -+ — 2n)
0

(12.270)

In this integral, we employ the same technique as in sect.(12.8.1):

1

J

n

/dz1 dzy -+ +dz, ds dx1 dxs - - - dxy,
0

X 21 29"z, exp(—21 — 22— — Zp)

X 0(z1+220+ -+ 2, —5)

x 6(901 - Z—l)a(:@—@) ---6(a:n— i”) . (12211)
s s s

Eliminating the z’s in favor of the x’s gives

n
[Irem; +1) =
j=1

/ds dzy -+ -dx, st tmetnol o=s

0
X g™y, S e o — 1) (12.272)
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and the final integral over s results in Fuler’s formula:

1
/dml---dacn ™y, (e A+, — 1) =
0

I'(my +1)T'(me+1)---T'(m,, + 1)
L(mi+me+---+my, +n) '

(12.273)

12.14.3 The Kramers-Kronig relation

We consider a function f(z) that is analytic for (z) > 0, and goes to zero suffi-
ciently fast as |z| —
00,3(2) > 0. We may
then construct a contour I" as
indicated in the figure. The
contour runs along the real

L7 N axis from —oo to 4+oo. At
’ AN the point z it circles around
‘ \ it, and a big half-circle then
! \ leads back from +oo to —oo.
T e _,"‘_ - By Cauchy’s theorem, we
X have

Imy

7(2) dz=10,
z—x
r

since also f(z)/(z — x) is an-
alytic on, and inside, I'. Splitting the integral into its various contributions, we
therefore have

rT—e€ —+o0
o [ L&) dz+/ G S (O (12.274)

z—x z—x 2 Z—x
—00 x+e zZ~T

where we have assumed that the big half-circle does not contribute since f(z)/(z—
x) vanishes fast enough. The number ¢ is infinitesimal, and the sum of the first
two terms is called the principal value integral :

+o00 Tr—e€ 400
P/ FG) g d [ B / RGeS (12.275)
z—x e—0 2= zZ—T
—00 — 00 xr+e

We therefore have the following equality:

+oo
P/%dz:mf(m) ; (12.276)
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and by inspecting the real and imaginary parts separately we arrive at the
Kramers-Kronig relations

+oo
Rf(z) = %P/jff@;dz:iﬂf(x)

+oo
Sflx) = %LP/ ff_(z) dz =im f(x) . (12.277)

12.14.4 The dilogarithm function
The diliogarithm function Lis(2) is defined by the following integral :

Lis(z) = —/du% log(1 —w) (12.278)
0

where the integration contour should not cross the cut in the logarithm (this is
usually chosen to be the real axis at z values larger than 1). By expanding the
logarithm for small values, we see immediately that

n
Lis(z) = Z% el <1, (12.279)

n>1

which is handy for evaluating the dilogarithm for small arguments. We also see
immediately that
. 1 T
Lip(1) = > S =@)=F (12.280)
n>1
There are a number of useful identities for the dilogarithm, of which we give
a number below. You can prove them by differentiating the left-hand and right-
hand sides with respect to z, and additionally checking them for some special
value such as z =0 or z =1 or so.

Liy(2) + Lig(—2) = %LiQ(ZQ) ;
Lig(z) + Lig(1 — 2) = %2 —log(z)log(1 — z) ,
Lia(2) + Lis (i) - 7%2 _ % (log(—2))" |
Liy(1 — 2) + Liy (1 - i) = —% (log(2))”
Liz(—z) — Lig(1 — 2) + %Lig (1-2%) = —g —log(z)log(1 + z) .

(12.281)
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Some other special values can also be derived using the above identitites :

Lis(1/2) = —%(10g(2))2 : Li2(2):%—i7rlog(2) .(12.282)



