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0 Introduction

Field theory is most successful in describing the process of scattering of particles in the con-
text of the Standard Model, and in particular in the Electromagnetic and Weak Interactions.
The Large Electron Positron (LEP) collider operated 1989 till 2000. In a ring of 27 km in
diameter, electrons and positrons were accelerated in opposite directions to energies of ap-
proximately 45 GeV. This energy is equivalent to half the mass (expressed as energy through
E = mc?) of the neutral Z° vector boson mass, which mediates part of the weak interactions.
The Z° particle can thus be created in electron-positron annihilation, at the regions where
the electron and positron beams intersect. As a Z° can be formed out of an electron and
its antiparticle, the positron, it can also decay into these particles. Likewise it can decay
in a muon-antimuon pair and other combinations (like hadrons). The cross-section for the
formation of Z° particles shows a resonance peak around the energy where the Z°¢ particle
can be formed. The width of this peak is a measure for the probability of the decay of this
particle. By the time you have worked yourself through this course, you should be able to
understand how to calculate this cross-section, which in a good approximation is given by

dralE? /27
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expressed in units where h = c =1. a, = % ~ 1/137.037, is the fine-structure constant,

E is twice the beam energy, Mz. the mass and I'z. the decay rate (or width) of the Z°
vector boson. The latter gets a contribution from all particles in which the Z° can decay, in
particular from the decay in a neutrino and antineutrino of the three known types (electron,
muon and tau neutrinos). Any other unknown neutrino type (assuming their mass to be
smaller than half the Z° mass) would contribute likewise. Neutrinos are very hard to detect
directly, as they have no charge and only interact through the weak interactions (and gravity)
with other matter. With the data obtained from the LEP collider (the figure is from the
ALEPH collaboration) one has been able to establish that there are no unknown types of
light neutrinos, i.e. N, = 3, which has important consequences (also for cosmology).
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The main aim of this field theory course is to give the student a working knowledge
and understanding of the theory of particles and fields, with a description of the Standard
Model towards the end. We feel that an essential ingredient of any field theory course has



to be to teach the student how Feynman rules are derived from first principles. With the
path integral approach this is feasible. Nevertheless, it is equally essential that the student
learns how to use these rules. This is why the problems form an integral part of this course.
As Julius Wess put it during his course as a Lorentz professor at our Institute “you won’t
become a good pianist by listening to good concerts”.

These lecture notes reflect the field theory courses I taught in the fall of 1992 at Utrecht,
and 1993, 1994, 1996, 1998 and 2000 at Leiden. I owe much to my teachers in this field,
Martinus Veltman and Gerard 't Hooft. As I taught in Utrecht from 't Hooft’s lecture notes
“Inleiding in de gequantiseerde veldentheorie” (Utrecht, 1990) it is inevitable that there is
some overlap. In Leiden I spent roughly 25% longer in front of the classroom (3 lectures of
45 minutes each for 14 weeks), which allowed me to spend more time and detail on certain
aspects. The set of problems, 40 in total, were initially compiled by Karel-Jan Schoutens
with some additions by myself. In their present form, they were edited by Jeroen Snippe.

Of the many books on field theory that exist by now, I recommend the student to consider
using “Quantum Field Theory” by C. Itzykson and J.-B. Zuber (McGraw-Hill, New York,
1980) in addition to these lecture notes, because it offers material substantially beyond the
content of these notes. I will follow to a large extent their conventions. I also recommend
“Diagrammatica: The path to Feynman diagrams”, by M. Veltman (Cambridge University
Press, 1994), for its unique style. The discussion on unitarity is very informative and it has
an appendix comparing different conventions. For more emphasis on the phenomenological
aspects of field theory, which are as important as the theoretical aspects (a point Veltman
often emphasised forcefully) I can recommend “Field Theory in Particle Physics” by B. de
Wit and J. Smith (North-Holland, Amsterdam, 1986). For path integrals, which form a
crucial ingredient of these lectures, the book “Quantum mechanics and path integrals” by
R.P. Feynman and A.R. Hibbs (McGraw-Hill, New York, 1978) is a must. Finally, for an
introduction to the Standard Model, useful towards the end of this course, the book “Gauge
theories of weak interactions”, by J.C. Taylor (Cambridge Univ.Press, 1976), is very valuable.

1 Motivation

Field theory is the ultimate consequence of the attempts to reconcile the principles of rel-
ativistic invariance with those of quantum mechanics. It is not too difficult, with a lot of
hindsight, to understand why a field needs to be introduced. Although this is not an attempt
to do justice to history - and perhaps one should spare the student the long struggle to arrive
at a consistent formulation, which most likely has not completely crystalised yet either - but
the traditional approach of introducing the concept is not very inspiring and most often
lacks physical motivation. In the following discussion I was inspired by “Relativistic Quan-
tum Theory” from V.B. Berestetskii, E.M. Lifshitz and L.P. Pitaevskii (Pergamon Press,
Oxford, 1971). The argument goes back to L.D. Landau and R.E. Peierls (1930).

An important consequence of relativistic invariance is that no information should propa-
gate at a speed greater than that of light. Information can only propagate inside the future

light cone. Consider the Schrédinger equation ot
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YD ez .
ot Ny

fig. 2

Relativistic invariance should require that WU(Z,¢) = 0 for all (#,¢) outside the light cone of
the support Ny = {Z|W¥(Z,0) # 0} of the wave function at ¢t = 0.
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Naturally, a first requirement should be that the Schrodinger equation itself is relativis-
tically invariant. For ordinary quantum mechanics, formulated in terms of a potential

7
H=— T 1.2
L v (12)

this is clearly not the case. Using the relation E? = p%c? + m2c? the most obvious attempt
for a relativistically invariant wave equation would be the Klein-Gordon equation

20 (7 2y (7
_hz% :_h202%+m2¢:4\1/(f,t) . (1.3)

However, for this equation the usual definition of probability density is not conserved
) / AW (2, 1)U (Z,8) £ 0 . (1.4)

As this is a consequence of the fact that the equation is second order in time, this can be
easily remedied, it seems, by taking the “square root” of the Klein-Gordon equation

zhw = $ (—h202a—2 + m204>\11(f, t) (1.5)

ot 012

We shall show that this, however, violates the principle of causality, i.e. the wave function
propagates outside of its light cone, which is unacceptable. Nevertheless, we will learn some-
thing important from that computation, namely that negative energies seem unavoidable
when trying to localise wave functions within the light cone of Ny. But first we will provide
a simple heuristic argument based on the uncertainty relation.

From the uncertainty principle AzAp > h/2 and the bound on the speed involved in any
measurement of the position, it follows that precision of a measurement of the momentum
is limited by the available time AtAp > h/c. Only for a free particle, where momentum is
conserved, such a measurement would be possible, but in that case, of course, the position is
completely undetermined, consistent with the plane wave description of such a free particle
(the light cone of Ny would in that case indeed give us no constraint). More instructive is
to look at how accurately we can determine the position of a particle. As the momentum is
bounded by the (positive) energy (p < E/c) and as the maximal change in the momentum
is of the order of p itself, we find that Ax > i/p > he/E, which coincides with the limit set
by the De Broglie wavelength.

If we take this serious, that is position can in principle not be measured with arbitrary
accuracy, the notion of a wave function looses its meaning. On the other hand, if we would
like to localise the particle more accurate than within its De Broglie wavelength, it seems
to require an uncertainty in momentum that can only be achieved by allowing for negative
energy states. But negative energy states will be interpreted as antiparticles, and once
antiparticles are introduced, which can annihilate with particles, particle number is no longer
conserved and we likewise loose the notion of position of a particle. Only a free particle, as
a plane wave, seems to be compatible with relativistic invariance.

We will now verify by direct computation that localising the wave function within the light
cone will indeed require negative energy states. We consider first the positive square root
of the Klein-Gordon equation and solve the Schrodinger equation for the initial condition
U(Z,0) = 3(F). From this we can solve any initial condition by convolution. As the
Schrodinger equation is first order in time, the initial condition uniquely fixes the wave



function for all later times and there will be a unique answer to the question whether the
wave function vanishes outside the light cone (i.e. for ¢ > |Z|). Problem 1 asks you to
investigate this in the simpler case of one, instead of three, spatial dimensions. For the
latter we simply give the result here, using the fact that in Fourier space the solution is
trivial. Computing W(Z,t) thus requires just some skills in performing Fourier integrals.

wt) = [ (dieiﬁ-f/heu\/m/h
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We now introduce
p =mesinh(u) , mer/h = zcosh(v) , mc®t/h = zsinh(v) ,
22 =m?3(r* - A2/, (1.7)
such that (the last identity simply being the definition of the modified Bessel function K,)

(T t) = 47:210 87“875/ du cos(zsinh(u) cosh(v))e = snh(v) cosh(w)
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Outside of the light cone, z is real (r? > ¢*t?) and ¥(7,t) is purely imaginary. It decays

exponentially, but does not vanish! Inside the light cone we find by analytic continuation (see
e.g. appendix C of “Relativistic Quantum Fields” by J.D. Bjorken and S.D. Drell (McGraw
Hill, New York, 1965)) the following explicit expression

2
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(1.9)

If we want to insist on locality, i.e. U(Z,t) = 0 for |Z| > ¢t and want to stay as close as
possible to the solutions of the Schrodinger equation, we could take the real part of U as the
wave function. It satisfies the Klein-Gordon equation, but not its positive square root. U*
is a solution of the negative square root of the Klein-Gordon equation, and corresponds to
a negative energy solution. Apparently, localisation is only possible if we allow for negative
energy solutions.

U(Z, 1) =

2 Quantisation of fields

As position is no longer a quantum observable, but free particles do not seem to be in
contradiction with relativistic invariance, we can try to introduce such a free particle as a
quantum observable. This observable is hence described by a plane wave

(@, 1) = et ER/ (2.1)



which satisfies the Klein-Gordon equation

2 —
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where ko = \/c2k2? + m2c* is the energy of the free particle. By superposition of these plane

waves we can make a superposition of free particles, which is therefore described by a field
o(7,1) = 2ﬁh‘%u/dﬁc¢k:® z/n (2.3)

It satisfies the Klein-Gordon equation if the Fourier components @(k, t) satisfy the harmonic

equation

P23k, t)
ot?

Its solutions split in positive and negative frequency components

—R2E T (PR 4 mPA) ek, t) = K2Rk, t) (2.4)

Bk, t) = (ke ®tm 4 p_(k)etkt/m (2.5)

The wave function, or rather the wave functional W(yp), describes the distribution over the
various free particle states. The basic dynamical variables are @(E) These play the role the
coordinates used to play in ordinary quantum mechanics and will require quantisation. As
they satisfy a simple harmonic equation in time, it is natural to quantise them as harmonic
oscillators. The Hamiltonian is then simply the sum of the harmonic oscillator Hamiltonian
for each k, with frequency w(k) = ko(k)/h.

0 — B () = M) we)
k
HE) = SRR + 3B, 7 = 2.6

In a finite volume with periodic boundary conditions, the integral over the momenta is
replaced by a sum as the momenta are in that case discrete, k = 2wiih/L, @i € Z>. Like for
the harmonic oscillator, we can introduce annihilation and creation operators

) = ——— (w(B)p(F) +i7 ()
2hw(k)
al(F) = ——— (w(B)3"(F) - 7 () (2.7)
2hw(k)

and express the field operator (the equivalent of the coordinates) in terms of these creation
and annihilation operators. To give the field operator its time dependence we have to invoke
the Heisenberg picture, which gives p(,t) = e#¥/"p(Z,0)e /" Using the well known
fact that eft/hq(k)e~tHt/h = e=w®itq () and eift/figt(E)e~iHh = ¢w®igt(E), which is a
consequence of [a(k), H] = hw(k)a(k) and [af(k), H] = —hw(k)a' (k), we find

—_— (aT(E)e’Z( kol)/h 4 (ke i(RE—kot )/h) : (2.8)
FoV 2k (k)



In an infinite volume we replace L~3 >r by (2%71)_% [dsk. Note that in the Heisenberg
picture positive energy modes behave in time as e’#*/". Apparently we can identify (up to a
factor) ¢_ (k) with af(—k) and @, (k) with a(k), which is compatible with &*(k) = @(—Fk),
required to describe a real field (complex fields will be discussed in problem 5).

The Hilbert space is now given by the product of the Hilbert spaces of each k separately

al (k)"

with ng the occupation number, which in field theory is now interpreted as the number of

og > (2.9)

{ng} >= [T Ing >=11
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free particles of momentum k, a definition that makes sense as the energy of such a state
is n,;ko(lg) above the state with zero occupation number (the “vacuum”). It is the property
of the harmonic oscillator, that its energy is linear in the occupation number, which makes
the field theory interpretation in terms of particles possible. The annihilation operator in
this language therefore removes a particle (lowering the energy by the appropriate amount),
which consequently can be interpreted as the annihilation of the removed particle with an
antiparticle (described by the annihilation operator). For a real scalar field, a particle is its
own antiparticle and this description is perhaps somewhat unfamiliar. But for the complex
field of problem 5, the Fourier component with negative energy is independent of the one with
positive energy, hence describing a separate degree of freedom, namely that of an antiparticle
with opposite charge.

Interactions between the particles are simply introduced by modifying the Klein-Gordon
equation to have non-linear terms, after which in general the different Fourier components
no longer decouple. Field theory thus seems to be nothing but the quantum mechanics of an
infinite number of degrees of freedom. It is, however, its physical interpretation that crucially
differs from that of ordinary quantum mechanics. It is this interpretation that is known as
second quantisation. We were forced to introduce the notion of fields and the interpretation
involving antiparticles, when combining quantum mechanics with relativistic invariance. We
should therefore verify that indeed it does not give rise to propagation of information with
a speed larger than the speed of light. This is implied by the following identity, which for
the free scalar field will be verified in problem 6

[o(Z, 1), 0(Z, )] =0, for (Z—2)°>(t—t)* . (2.10)

It states that the action of an operator on the wave functional at a given space-time point
is independent of the action of the operator at an other space-time point, as long as these
two points are not causally connected. Due to the description of the time evolution with
a Hamiltonian, which requires the choice of a time coordinate it remains to be established,
however, that these equations are covariant under Lorentz transformations. We will resolve
this by using the path integral approach, in which the Lorentz invariance is intrinsic, but
which can also be shown to be equivalent to the Hamiltonian formulation.

Before preparing for path integrals by discussing the action principle, we would first like
to address a simple physical consequence of the introduction and subsequent quantisation
of fields. It states that empty space (all occupation numbers equal to zero) has nevertheless
a non-trivial structure, in the same way that the ground state of a Hydrogen atom is non-
trivial. Put differently, empty space is still full of zero-point fluctuations, which are, however,
only visible if we probe that empty space in one way or another. Also, formally, as each



zero-point energy is non-zero, the energy of the vacuum in field theory seems to be infinite

=3 k22 4 m2ct = .. .7 (2.11)
k

However, (as long as gravity is left out of our considerations) one is only sensitive to dif-
ferences in energy. If we probe the vacuum, its energy can only be put to zero for one
particular value of the probe. The dependence of the vacuum energy on the probe can be
used to discover the non-trivial structure of the vacuum.

A famous and elegant method for probing the vacuum was introduced by Casimir (Proc.
Kon. Ned. Acad. Wet., ser. B51 (1948) 793), who considered using two conducting plates in
empty space. The energy of the vacuum is a function of the distance between the two plates,
which gives a force. Strictly speaking we should discuss this in the situation of the quantised
electromagnetic field (see Itzykson and Zuber, par. 3-2-4), but the essential ingredient is
that Fourier components of the field are affected by the presence of the conducting plates.
We can also discuss this in the context of the simple scalar field we have introduced before,
by assuming that the field has to vanish at the plates. For simplicity we will also take the
mass of the scalar particles to vanish. If furthermore we use periodic boundary conditions
in the two other perpendicular directions over a distance L, then one easily verifies that the
force per unit area on the conducting plates is given by

Fi(z) = —dE,(x)/dz = —ﬁ% > ZJ (2”710") + (”hd{:) , (2.12)

Re#? k=1 z

where due to the vanishing boundary conditions the Fourier modes in the x; direction,
perpendicular to the conducting walls, are given by sin(wkz;/x) with k a positive integer,
whereas the quantisation of the momenta in the other two directions is as usual.

A

L 7

One can now formally take the infinite volume limit

F(z) = lim Fy(z) = SWERQ P Z / o\ | 72 + <W2k> . (2.13)

The integral and the sum are clearly divergent, but as Casimir observed, in practise no
conducting plate can shield a field perfectly and especially for high frequency the boundary
conditions should be modified. One can mimic this by artificially cutting off the integral and
sum at high momenta. We would not expect the physical result to depend on the details of
how we do this, as otherwise we could use this experiment in an ingenious way to learn how
nature behaves at arbitrarily high energies. Indeed Casimir’s careful analysis showed that
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the result is independent of the cutoff function chosen. It is an important example of what
we will later recognise as renormalisability of field theory. Since the result is insensitive to
the method of regularisation (only an overall constant contribution to E,(x) depends on it,
but that is not observable, as we argued before), we can choose a convenient way to perform
the calculation. Details of this will be provided in problem 2. The method of calculation
is known as dimensional regularisation, where one works in an arbitrary dimension (n # 2)
and then analytically extends the result to n = 2. We will find that

. mhk
Fa) = I 7T2h2dl‘z/dnp ( )

. he T'(— (n +1)/2)
=1 1)¢(—n — 1)an/2— —(D 2.14
in which ((i) = 32, k7 is the Riemann ( function. It can be analytically extended to odd
negative arguments, where in terms of Bernoulli coefficients ((1 — 2i) = —By;/(2i). Also
['(=1) = —3I'(—2) is finite, and we simply find that
m2he
Flor)=— 2.15

Please note that we have disregarded the space outside the conducting plates. Imposing
also periodic boundary conditions in that direction, one easily finds that the region outside
the plates contributes with F'(L — x) to the force, and vanishes when L — oo. Therefore,
the effect of the zero-point fluctuations in the vacuum leads to a (very small) attractive
force, which was ten years later experimentally measured by Sparnaay (Physica, 24 (1958)
751). Another famous example of the influence of zero-point fluctuations is the Lamb shift
in atomic spectra (hyperfine splittings), to be discussed at the end of the last section.

3 Euler-Lagrange equations

The Klein-Gordon equation in Lorentz covariant form (x = (ct, x,y, z) = (x¢; %))
9" 0u0up(x) + mp(z) =0, g" = : (3.1)

can be derived by variational calculus from an action principle

[dix £(e.0u0,2)  L(p,0u0.7) = 10,90 = V(g)
(0u)? = 0upd0 = ¢ 04000, V(p) = m’p® . (32)

We assume the field to be given at the boundary of the domain M of integration (typically
assuming the field vanishes at infinity) and demand the action to be stationary with respect
to any variation ¢(z) — () + dp(x) of the field,

35(6) = S(e+00) - S(6) = [ dur (00,50 - T o)
= /M dyx <—5g0(8u6“g0 + 8220))) + /8M d,o(0pd') =0 (3.3)



where d,o is the integration measure on the boundary OM. The variation d¢ is arbitratry,
except at M, where we assume dp vanishes, and this implies the Euler-Lagrange equation

oV (p)

o
0,0"p + 30

=0 , (3.4)
which coincides with the Klein-Gordon equation. We can also write the Euler-Lagrange
equations for arbitrary action S(y) in terms of functional derivatives

05 _ 08 o, 08 —0 (3.5)
Sp()  dp@)  o0up()
where & stands for the total functional derivative, which is then split according to the explicit
dependence of the action on the field and its derivatives (usually an action will not contain
higher than first order space-time derivatives). Please note that a functional derivative has
the property dp(x)/dp(y) = ds(x —y), which is why in the above equation we take functional
derivatives of the action S and not, as one sees often, of the Lagrangian density L.

The big advantage of using an action principle is that S is a Lorentz scalar, which
makes it much easier to guarantee Lorentz covariance. As the action will be the starting
point of the path integral formulation of field theory, Lorentz covariance is much more easy
to establish within this framework (there are instances where the regularisation, required
to make sense of the path integral destroys the Lorentz invariance, like in string theory.
Examples of these anomalies will be discussed later for the breaking of scale invariance and
gauge invariance). It is now simple to add interactions to the Klein-Gordon equation, by
generalising the dependence of the “potential” V() to include higher order terms, like

g
Vig) = smiet+ St (36)

which is known as a scalar * field theory. Later we will see that one can not add arbitrary
powers of the field to this potential, except in two dimensions.

As in classical field theory, we can derive from a Lagrangian with ¢(z) and ¢(z) =
Op(x)/0t as its independent variables, the Hamiltonian through a Legendre transformation
to the canonical pair of variables 7(x) (the “momentum”) and ¢(z) (the “coordinate”)

4} . . -
") = 5o / H(x)dsd = / (m(2)(x) — L(z)) dsT . (3.7)
The classical Hamilton equations of motion are given by
. oH . oH oH
For the Klein-Gordon field we simply find
H = im(x)* + 5(0p(2))* + 4m?*¢*(2) (3.9)

and in problem 5 one will see that this Hamiltonian coincides with eq. (2.6), if we substitute
for p(z) eq. (2.8). For an interacting scalar field one finds

H = in(2)* + §(Gip(x)” + Vi) (3.10)

which perhaps explains why V is called the potential.

9



It is well known that the Hamiltonian equations imply that H itself is conserved with
time, provided the Lagrangian (or Hamiltonian) has no explicit time-dependence

g = /dgf (#(x)éig) + @(@%) =0 . (3.11)

Conservation of energy is one of the most important laws of nature and it is instructive to
derive it more directly from the fact that £ does not depend explicitly on time. We define
the Lagrangian L as an integral of the Lagrange density £ over space, L = [ds¥ L, such
that

d_f = [ a7 (&@(@% + azf(auga(x))%) ~ [das7 0, (&w(@%)
(3.12)

The last term contains a total derivative, which vanishes if we assume that the field is time
independent (or vanishes) at the boundary of the spatial integration domain. The above
equation becomes now

dt dt/ o) % / dsT p(x)m(z) (3.13)

which can also be expressed as

%/dgf (p()m(a) L) === =0 . (3.14)

In the same fashion one proves conservation of momentum in case the Lagrangian does
not explicitly depend on space (0L/0z; = 0)

/dgx 9, (am( )5055( )> - %/dgf w(2)dp(z) . (3.15)

The conserved momentum is hence given by

P = / ds 7(2) () . (3.16)

():

Both conservation of momentum and energy are examples of conservation laws that are
consequence of symmetries (translation and time invariance). They can be derived as the
space integral of the time component of a conserved current or tensor

o J"(x)=0 , 9, 7"(x)=0 . (3.17)

In problem 3 these quantities will be defined for a charged scalar field, where J,(z) can be
identified with the current, whose time component is the charge density. Indeed the total
charge is conserved. Assuming the current to vanish at spatial infinity one easily finds

dt/dgx T /dgg;aJ( ) =0 (3.18)

The underlying principle is described by the Noether theorem, which implies that if the
Lagrangian £ is invariant under ¢ — ¢, where A is a parameter (such as a shift of the
coordinates or a phase rotation of a complex field), then the following current is conserved

05 dpa(z)
0(Ouep () OA

JH(z) = (3.19)
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The proof is simple and uses the Euler-Lagrange equations to substitute 0,{65/0(d,¢(z))}
for 65/6¢p(x)

dLps) _ 05 Opalr) 05 O(0upa(w))
dA do(x) OA d(Oup(x)) OA

B 0S aﬁPACU) ) a<a,u90A<x>> _ (o
= 0, <5<amp<x>>> 0N sy oA ol (820

We here considered the invariance under a global symmetry, but important in nature are
also the local symmetries, like the gauge invariance related to local changes of phase and the
general coordinate invariance in general relativity. Particularly with the latter in mind we
demand therefore that the action S (and not just £) is invariant under p(x) — @a)(x), with
A an arbitrary function of space-time. This actually leads to the same conserved currents
in case L is also invariant. The same computation as above, still using the Fuler-Lagrange
equations, shows that

0 =

08 "
0= A o J"(x) . (3.21)
As an important example we will discuss how this construction leads to conservation of the
energy-momentum tensor, using general coordinate invariance, which is the local version
of translation invariance. For this we have to make the action invariant under such local
coordinate redefinitions. As long as indices are contracted with the metric tensor g, £ will
be invariant under general coordinate transformations, due to the transformation property
i v

s =at+etx) , g™ ()= %%gaﬁ(:p) . (3.22)
For global translation invariance, €” is constant and eqgs. (3.14) and (3.15) can be easily
generalised to show that the energy-momentum tensor, 7, = 0,00,¢ — g,.,L, is conserved
(eq. (3.17)). For &* not constant, we note that the integration measure dsx is not a scalar
under general coordinate transformations, but the associated Jacobian can be easily absorbed
by +/— det g, where the determinant is applied to the 4 x 4 matrix g,,. For a scalar field this

leads to the following invariant action

S = /d4:1: v —det g (19" 0,00, — V() (3.23)

For the original coordinates = of Minkowski space-time the metric is given as in eq. (3.1), in

particular /— det g(x) = 1, and by expanding g to first order in ¢*(z) we find

S = /d@ (1= 0ae(2)) [39" 0up(2)0,p(T) = V(0(T))] + Bac” (2)Dup(7)0%0(T) . (3.24)

Now observe that ¢g"”(z) is constant, such that the term independent of ¢ is a function of
Z, integrated over T, which is simply the action itself, as T now plays the role of a dummy
integration variable. The term linear in e therefore has to vanish, but note that it only
involved the variation of the metric under the general coordinate transformation. Hence,

0= / dat £,(2) (g"L(z) — I p(2)0p(z)) = — / dyt 2,(2)0Tz) . (3.25)

which implies conservation of the energy-momentum tensor (7,, = H). From the fact that

8 = —0ue, — Oy, 6" = —g"*8gapg™ and 6y/—detg = 1g"\/—det gdg,,, we derive
the identity
08

09 ()

T (z) = —2 (3.26)
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In taking the derivative with respect to the metric, it is important that any Lorentz vector
(like the derivative 0,) or tensor appears in the Lagrangian with its indices down. Further-
more, the result is to be evaluated for Minkowski space. Eq. (3.26) always gives a symmetric
energy-momentum tensor and from the derivation it is clear that the result holds not only
for a simple scalar field, but for any other bosonic field theory (fermions form an exception,
see problem 23) like the one for the electromagnetic field, which we discuss now.

The field is given by the tensor F), (z), with E'(x) = —F%(x) its electric and B'(z) =
—1e;;,F7%(z) its magnetic components. In terms of the vector potential A,(z) one has

Fo(x) =0,A,(x) —0,A.(x) . (3.27)

This already implies one of the Maxwell equations (through the so-called Jacobi or integra-
bility conditions)
8“F,,,\ —+ 8,,qu —+ 8,\FH,, =0 . (328)

Written as e#*?9, F\, = 0 they are easily seen (resp. for u = 0 and p = i) to give
divB=0, 0,B+rotE=0 . (3.29)
The dynamical equations determining the fields in terms of the currents, or the sources,
J* = (cp; J) are given by
1 — — — —
O, F" ==J" or divE=p, rotB—-0yE=J. (3.30)
c

We have chosen Heaviside-Lorentz units and in the future we will also often choose units
such that A = c = 1.
These Maxwell equations follow from the following action

D)= [ die (<3P (@) - Au) (@) (331)

We note, as is well known, that the equations of motion imply that the current is conserved.
With Noether’s theorem this makes us suspect that this is caused by a symmetry and indeed
it is known that under the gauge transformation

Au(x) = Au(x) + 0,A(2) (3.32)

the theory does not change. Our action is invariant under this symmetry if and only if the
current is conserved. This gauge symmetry will play a crucial role in the quantisation of the
electromagnetic field.

An example of a conserved current can be defined for a complex scalar field. Its action
for a free particle is given by

So = /d4x (augo*(:p)@“go(x) —ngo*(x)go(x)) . (3.33)

It is invariant under a phase rotation ¢(z) — exp(ieA)p(z) and from Noether’s theorem we
deduce that

Ju(x) = ie(p(x)0.p"(x) — " (2)0up(2)) (3.34)
is conserved, see problem 3. We can extend this global phase symmetry to a local symmetry
if we couple the scalar field minimally to the vector potential

= [dir (“3Fu@F(@) + (D) (@)D elx) —mPe" (@)elx)) .
H(p() Oup(z) —ieA,(z)p(x) . (3.35)
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This guarantees the combined invariance under a local gauge transformation
p(x) — exp(ieA(z))p(r) ,  Au(z) = Au(z) + 0M(z) . (3.36)

which makes the covariant derivative D,p(x) of the scalar field transform as the scalar field
itself, even for local phase rotations. Note that we can write this action also as

S = Sun(J) + So + / duz €A, (2) A" (@) p(@)]? (3.37)

with J as given in eq. (3.34). We leave it as an exercise to show how the action of the electro-
magnetic field can be generalised to be invariant under general coordinate transformations
and to derive from this the energy-momentum tensor. The result is given by

Sem(J =0) = —1 / dyz g"g" F Fg/—detg , TH = 1g" FAF\, — FFF", . (3.38)

4 Tree-level diagrams

In general, in the presence of interactions, the equations of motions can not be solved exactly
and one has to resort to a perturbative expansion in a small parameter. We discuss the scalar
case first, as it is as always the simplest. We add to the Lagrangian density £ a so-called
source term, which couples linearly to the field ¢ (compare the driving force term for a
harmonic oscillator)

L= 3(0u9)* = V(p) — J(2)p(z) . (4.1)

For sake of explicitness, we will take the following expression for the potential
V() = e (2) + 30*(@) (4:2)
The Euler-Lagrange equations are now given by
9,0"p(z) + mPp(z) + Lg¢*(z) + J(z) =0 . (4.3)

If g = 0 it is easy to solve the equation (describing a free particle interacting with a given
source) in Fourier space. Introducing the Fourier coefficients

J(h) = # [ @) () = # [ du (2 (4.4)

it follows that

(k2 + m2)3(k) + J(k) =0 or p(2) = [dy Gla—y)I(y) (4.5
where G is called the Green’s function, as it is the solution of the equation
(0,0" +m*)G(x — y) = —da(a — y) (4.6)

Explicitly, it is given by the following Fourier integral

dsk e k=Y
—q) = ) 4.
Gl =) / (2m)* k2 —m? +ie (4.7)
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Please note our short-hand notation of k% for k,k* and k(z — y) for k,(z* — y*). A Green’s
function is not uniquely specified by its 2nd order equations, but also requires boundary con-
ditions. These boundary conditions are, as we will see, specified by the term ic. Because of
the interpretation of the negative energy states as antiparticles, which travel “backwards” in
time, the quantum theory will require that the positive energy part vanishes for past infinity,
whereas the negative energy part will be required to vanish for future infinity. Classically
this would not make sense, and we would require the solution to vanish outside the future
light cone. The effect of the ie prescription is, to shift the poles on the real axes to the
complex ko plane at ko = £((k2 +m?)2 — ic). In section 5 we will see that this will imply
the appropriate behaviour required by the quantum theory.

Now we have found the solution for the free field coupled to a source, we can do pertur-
bation in the strength of the coupling constant g.

9.0"p(x) + m*p(x) + J(x) = —1g@*(x) (4.8)

can be solved iteratively by substituting a series expansion for ¢(z),

p(x) = po(z) + g1 () + g*pa() + -+ (4.9)
Obviously we have
7) = [diy Gl =) Iw) (4.10)
whereas 1 (x) will be determined by the equation
0u0"p1(x) +mier(x) = —4pi(z) (4.11)

We can therefore interpret the right-hand side as a source (up to a minus sign) and this
allows us to solve ¢ (x) using the Green’s function

v1(x) = %/d4y Gz —y)ps(y) = %/G T —y d4y/G —2)G(y —w)J(2)J (w)dyzdyw .
(4.12)
This looks particularly simple in Fourier space

- ! [ o )tk —p) L (13)

2(2m)2 k? — m? + ie —m? +ig)((k — p)? — m? + ig)

It is clear that this can be continued iteratively, e.g.

0,0" o (z z) +mip,(x) = ng, T)on_1-i(x) . (4.14)
which is solved by

on(T) = %/dw G(r —y) 2p0(y)Pn-1(y) + 201(y)pn-aly) +---) . (4.15)

Here we have written out the terms in the sum explicitly to indicate that all terms occur
twice and are the product of two different terms, except for the term ¢ %(n_l)(y)2 at n odd,
which occurs once. In Fourier space one finds

1 1
2(27)2 k2 — m? + ic

Pn(k) = /d4p (2¢0(p)Pn-1(k —p) +251(p)Pn—o(k—p)+---) . (4.16)
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By induction it is now easy to prove that

o) = > °—X+%’—<i+%»—4;+

ool

—3

diagrams
+1 '—<X<X<i +
Z g#vertices /H H H
diagrams N(diagram) {iv} <i,j> {ks}

Here the index i, runs over all vertices and sources (so it does not label the four space-time
components of a single point, frequently it will be assumed that it is clear from the context
what is meant), whereas k; runs only over positions of the sources. The expression < i,j >
stands for the pairs of points in a diagram connected by a line (called propagator).

The Feynman rules to convert a diagram to the solution are apparently that each line
(propagator) between points x and y contributes G(x — y) and each cross (source) at a
point x contributes J(x). Furthermore, for each vertex at a point x we insert [ d,z and
a power of the coupling constant ¢. Finally each diagram comes with an overall factor
1/N(diagram), being the inverse of the order of the permutation group (interchange of
lines and vertices) that leaves the diagram invariant (which is also the number of ways the
diagram can be constructed out of its building blocks). We have derived these rules for
the case that A = 0, such that only three point vertices appear. All that is required to
generalise this to the arbitrary case with n-point vertices, is that each of these come with
their own coupling constant (i.e. A for a four-point vertex). This is the reason why these
vertices are weighed by a factor 1/n! in the potential and hence by a factor 1/(n — 1)! in
the equations of motion (to be precise, if V(¢) = g,¢"/n!, the equation of motion gives
Po(x) + J(x) = —gnp" "V (2)/(n — 1)!, and the factor (n —1)! is part of the combinatorics
involved in interchanging each of the n — 1 factors ¢ in the interaction term).

coordinate space momentum space table 1
k1
)\ = g [dyx )T\ = Gheds(X; ki) | vertex
T K X, (2m)
E ) = Gzx—vy) — = dd{;m propagator
—x = [dyzJ(2) —x = J(k) source

S
t
>

It is straightforward to translate these Feynman rules to momentum space, by inserting
the Fourier expansion of each of the terms that occur. Each propagator, which carries a
momentum # is replaced by a factor 1/(k? —m?+ie) and [ d4k, each source with momentum
k flowing in the source by a factor J (k), each vertex by a factor of the coupling constant
(i.e. g, for an n-point function), a factor 1/(2m)? (for an n-point function a factor (27)*~2")
and a momentum conserving delta function. To understand why momentum is conserved at
each vertex we use that in the coordinate formulation each vertex comes with an integration
over its position. As each line entering the vertex carries a Green’s function that depends
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on that position (this being the only dependence), we see that a vertex at the point = gives
rise to

d4k’ e —ika(z—2a)
/d4:1: 1[Gz — z.) /d4xH/ O i)

d4]€ €Zk°‘m°‘

_ 27?41_[/ 5 kz_m2+zg)54(zk“) . (4.18)

«

Conventions in the literature can differ on how the factors of i (which will appear in the
quantum theory) and 27 are distributed over the vertices and propagators. Needless to say
that the final answers have to be independent of the chosen conventions.

As a last example in this section we will look again at the electromagnetic field (whose
particles are called photons). In Fourier space the equations of motion are given by

(k6! + k k) AM (k) = J"(k) (4.19)

Unfortunately the matrix —k25z + k,k” has no inverse as k* is an eigenvector with zero
eigenvalue. This is a direct consequence of the gauge invariance as the gauge transformation
of eq. (3.32) in Fourier language reads

A, (k) — Ay (k) +ik,A(k) . (4.20)

The component of A, in the direction of k, is for obvious reasons called the longitudinal
component, which can be fixed to a particular value by a gauge transformation. Fixing the
longitudinal component of the electromagnetic field (also called photon field) is called gauge
fixing, and the gauge choice is prescribed by the gauge condition. An important example is
the so-called Lorentz gauge

A (x) =0 or k,AM(k)=0 . (4.21)

Because of the gauge invariance, the choice of gauge has no effect on the equations of motion,
because the current is conserved, or k*.J,(k) = 0. The current (i.e. the source) does not
couple to the unphysical longitudinal component of the photon field. It stresses again the
importance of gauge invariance and its associated conservation of currents.

To impose the gauge fixing, we can add a term to the Lagrangian which enforces the gauge
condition. Without such a term the action is stationary under any longitudinal variation
0A, () = 0,A(x) of the vector field, and the added term should be such that stationarity in
that direction imposes the gauge condition. For any choice of the parameter a # 0 this is
achieved by the action

S = [diw (~1Fu(@)F™(2) = 30(0,4%(2))* = Au(e)J"(2)) (4.22)
Indeed, the variation 04, (z) = d,A(x) in the longitudinal direction leads to the equation
—a / dyr 8,0"A(2)0,A"(z) =0 (4.23)

which implies the Lorentz-gauge (assuming vanishing boundary conditions for the vector
potential at infinity).
The equations of motion for this action now yield

0, F" (z) + a0”0,A" (x) = J"(z) (4.24)
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or in Fourier space
(k%04 + (1 — a)k, k") A (k) = JV (k) | (4.25)

which is invertible, as long as a # 0. The result is given by

o

AM(k) = — Ep JY(k) . (4.26)
This is consequently the propagator of the electromagnetic field (in the Lorentz gauge), also
simply called the photon propagator. Like in the scalar case it can be used to perform a
perturbative expansion for the classical equations of motion.

Note that the photon propagator simplifies dramatically if we choose a@ = 1, but all final
results should be independent of the choice of o and even of the choice of gauge fixing all
together. This is the hard part in gauge theories. One needs to fix the gauge to perform
perturbation theory and then one has to prove that the result does not depend on the choice
of gauge fixing. In the quantum theory this is not entirely trivial, as the regularisation can
break the gauge invariance explicitly. Fortunately, there are regularisations that preserve the
gauge invariance, like dimensional regularisation which we already encountered in section 2
(in discussing the Casimir effect). In the presence of fermions the situation can, however, be
considerably more tricky. Some different choices of gauge fixing will be explored in problems
8 and 9.

5 Hamiltonian perturbation theory

We consider the Hamiltonian for a free scalar particle coupled to a source. We will see
that the source can be used to create particles from the vacuum in the quantum theory,
and it forms an important ingredient, like for the derivation of the classical perturbation
theory of the previous section, in deriving scattering amplitudes and cross sections. Also the
Green’s function will reappear, but now with a unique specification of the required boundary
conditions following from the time ordering in the quantum evolution equations.
For the Lagrangian
L= 10,000 — tm*¢® —&Jp | (5.1)
the Hamiltonian is given by
H =17+ 1(0ip)* + tm*p* +eJp (5.2)
where ¢ is a small expansion parameter. We will quantise the theory in a finite volume V =
[0, L] with periodic boundary conditions, such that the momenta are discrete, k = 277/ L.

1 - - —. i
p(Ft=0) = 3 ——— (a(R)e™" +al(k)e ™)
T \2Vk(F)
.t = — , kO(E) N k@ T ik
m(Zt=0) = —z§ o (a(k)e™ — al(k)e*7) (5.3)

The Hamiltonian is now given by H(t) = Hy + £H;(t), and we work out the perturbation
theory in the Schrodinger representation. We have

Hy = S ko(B)a (Ba(k) +2) |

() = [ dit @ 0e@) =% L0 (=R +d®) . (54

P\ 2ko(K)
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here j(E, t) is the Fourier coefficient of J(Z,t), or
J(@,t E J( /; R 5.5

Let us start at ¢ = 0 with the vacuum state |0 >, which has the property that a(k)|0 >= 0
for all momenta, then it follows that

%mf(t) >= —iH®)|U({t) > (5.6)
which can be evaluated by perturbing in £.
W) > = e N0t > |, |T() >= igﬂ@n(t) >
U, (t) > = —ieH (e N, (1) > . (5.7)

Actually, by transforming to |\i/(t) > we are using the interaction picture, which is the
usual way of performing Hamiltonian perturbation theory known from ordinary quantum
mechanics. These equations can be solved iteratively as follows

00> = i "ty TN H (1) e o0 0 >
o) > = i | Lty TN E (1) O [ (1)) >
- - "ty N (1) / ity o) [ (1)) 5
Ba(t)> = i | "ty MO HL (1) TN B, (f) S= e (5.8)
Please note the time ordering, which is essential as H;(f) does not commute with H;(¢') for

different ¢ and ¢’. We can for example compute the probability that at time ¢ |W(¢) > is still
in the ground state (whose energy we denote by Ey, which will often be assumed to vanish)

; - . t
<OW() > = e < 0Nb() >= e N1~ iz [Cdty < O0|Hy ()]0 >
0
t t1 ‘
_ 5_2/0 dt, o dty < 0|H1(tl)el(Hoon)(tzftl)Hl(t2)‘0 > -0—0(6_3)}. (5.9)

It is simple to see that the term linear in £ will vanish, as the vacuum expectation values of
the creation and annihilation operators vanish, i.e. < 0|a’|0 >=< 0[a|0 >= 0. To evaluate
the remaining expectation value in the above equation we substitute H; in terms of the
creation and annihilation operators (see eq. (5.4))

< O|Hy(ty)eHo=Eo)lt2=t) 1, (1,)[0 >=

Z J ,t1 ]{7 t2) < O| (a(—ﬁ) +aT(ﬁ)) 6’i(H0—E0)(t2—t1)< ( E) +a ( )) |O >

4ko(9) Ko (k)

t_]»(katQ)ekao(E)(tl ta) (5.10)
2]{:0(1{:)

—Z
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Combining these results we find

k,ty) e~ ti—ta) 4 (3

4 e J(—kt
<0]W(t) > e = 1—52§j/ dtl/ dt, ¢ ’1)<
~ JO 0
k

)(k,tg)eiko(;zmm + 0. (5.11)

Especially the last identity is useful to relate this to the Green’s function we introduced
in the previous section. Using contour deformation in the complex w plane we find

0o iwt : .

/ dw —— S T (5.12)
—00 2 — k3(k) +ie 2ko(k)

This can be shown as follows. When ¢ > 0, we can deform the contour of integration to the

upper half-plane (where ™! decays exponentially) and only the pole at w = w_ = —kq(k)+ie

contributes, with a residue 27?2’6_@"“0(’5)’5/(—2%(/;)) (see the figure). Instead, for ¢ < 0 the

-

contour needs to be deformed to the lower half-plane and the pole at w = w, = ko(k) — ic

-

contributes with the residue 2iet*o®)t /(—2ko(k)) (note that the contour now runs clockwise,
giving an extra minus sign).

.w_
t>0 W+
fig. 4
w_ t<0
Wy

This means that we can rewrite eq. (5.11) as

.~

. . - 00 j(—w —k)J(w E) -
lim < 0] (f) > ot — 1 — L2 / dw i YL o@E) 5.13
Jim < 01w (1) X S o (513

where
1

. 1 o
J(w, k) = E/dt T = |

The last expression should be replaced by (27)~2 [ga dyz J(2)e?*® in case the volume is infi-
nite. It is important to note that we have chosen J(z) = 0 for t < 0. Equivalently we can
start at ¢ = —oo and integrate the quantum equation of motion up to ¢ = co. We have to
require that J(x) vanishes sufficiently rapidly at infinity.

In an infinite volume we therefore find for what is known as the vacuum to vacuum
amplitude of the scattering matrix

ds@dt J(x)e*™ . (5.14)

(=k)J (k)

. iBot _ 1 Lo J 3
lim < O[(t) > ¢ = 12z /d4k 5 G

—m?2 + ¢

= 1- %52/d43:d4y J(2)G(x —y)J(y) +OE*) . (5.15)

where G(z — y) is exactly the Green’s function we introduced in the previous section. The
so-called ie prescription, which is equivalent with specifying the boundary conditions, has
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therefore been derived from the time-ordering in the Hamiltonian evolution of the system
and is thus prescribed by the requirement of causality. Note that we can use the diagrams
introduced in the previous section to express this result (taking Fy = 0 from now on) as

_ o x =3
<0|¥(t) >=1 > 2 2 +0(E°) (5.16)
where the factor of a half is a consequence of the symmetry under interchanging the two
sources.

For a complex scalar field, ¢ and ¢* are independent and we need to introduce two
sources by adding to the Lagrangian —pJ* — ¢*J (see problem 17). It is not too difficult to
show that in this case

<O0Ut)>=1—-i *—=>—X 10E) , (5.17)
eJ eJ”
without a factor of one half because the sources J and J* are independent and cannot be
interchanged. This is why in this case the propagator has a direction.

6 Path integrals in quantum mechanics

For simplicity we will start with a one-dimensional Hamiltonian

)
P . . ho

H=—+V(2), =—-— 6.1

o TV@), p=—or (6.1)

where we have indicated a hat on top of operators, to distinguish them from number-valued

coordinate and momentum. We wish to study the time-evolution operator exp(—iHT/h).

In the coordinate representation its matrix is given by
< o|e TR > (6.2)

where |z > is the position eigenfunction. We will also need the momentum eigenfunction
|p >, i.e. plp >= p|p >, whose wave function in the coordinate space is given by

eip:r/h
<zlp>= 6.3
p>= (63
Indeed, one verifies that
—-— < >=p< > . 6.4
S5, <tlp>=p<azlp (6.4)

An important ingredient in deriving the path integral expression will be the completeness
relations

1:/dx |z >< x| and 1:/dp|p><p| . (6.5)
For arbitrary N we can use this to write
<)M p > = <o) (e—zHT/Nh) lz >= // < 2| HTNM 0 s dan
< ZL'N_1|6_iHT/Nh|ZL‘N_2 > dl‘N_Q < I‘N_2| """ e_iHT/Nh|l‘2 > dl’g
< 2o|e TN ) > day < ayle T HINA | > (6.6)
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We will now use the so-called Trotter formula

e*i(A‘i’B)/N — efiA/NefiB/N<1 + O<N72)) (67)

for two operators A and B. This can be seen by expanding the exponents, and the error
term is actually of the form [A, B]/N?. (One can also use the Campbell-Baker-Hausdorff
formula, which will be introduced later). With the Hamiltonian of eq. (6.1) this can be used

to write for N — oo

—iHT/NHh

e

_ o—iD*T/2mNh ,—iV (#)T/Nh (6.8)

By inserting the completeness relation for the momentum we can eliminate the operators

—iHT/Nh|l,' > —z‘HT/Nh|:L,A >
(2 (]

< Tit1le = /dpz‘ < Tip|ps >< pile

o (e
ip T/2mNh6 zV(J:)T/Nh|xZ_ >

Q

/dpi < Tig1|pi >< pile”

_ip2 g .
_ /dpi < Zoalps >< pile ip?T/2mNh zV(mZ)T/Nh|l,i N

etPi(Tiy1—zi)/h

i '(ﬁﬂ/( )T/NE
— d i Y S 2m Zi . 6 9
/ P 27h € (6.9)

This can be done for each matrix element occurring in eq. (6.6). Writing At = T'/N, zny = o’
and xg = x we find

N-1 N-1

< x’|e’iHT/h|x > = A}lm / H dx; H dp; H < Xip1|pi >< pile” ZHAt/hm
! dpo / dl’zdpz ZAt = piwi — @) Pl
= —_— = V(z .(6.10
N2 2xh H 2rh T Zg At om V(@) ]| -(6:10)

It is important to observe that there is one more p integration than the number of z inte-
grations.

The integrals in the path integral are strongly oscillating and can only be defined by
analytic continuation. As parameter for this analytic continuation one chooses the time
t. For At = T/N = —iT /N = —iA7 the Gaussian integral over the momenta is easily
evaluated

[m dp; exp llpz(:Uth %) —Z;Zm;] \/ZWmh/ATeXp[ im %] . (6.11)

which leads to

in N-1 2
1, —iHT/h _ 2N / _AT m(xi-l—l - xl) ]
<le |z >= Jim (QWTh) H dz; exp [ - ; —oaz V(z;)
(6.12)

or after substituting 7 = i7" we find

1
N At T (m(zigy — 24)?
tHT/h _ i+1 i '
< z'le” |z >= lim (27T2Th> / H dx; exp [ - > <—2At2 V(xl)ﬂ
1

N—oo 20

This is the definition of the path integral, but formally it will often be written as

) z(T)=x'
< 2/le” 1Ty >= /
z(0)=z

Da(t) expliS/h], S = /OTdt Limd®(t) — V(z(t))} . (6.14)
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since the discretised version of the action with x; = z(t = jAt) is precisely

7;)?

Sdiscrete = At Z ( lerlAit — V(I‘z)) . (615)

It is important to note that the continuous expression is just a notation for the discrete
version of the path integral, but formal manipulations will be much easier to perform in
this continuous formulation. Furthermore, the integral is only defined through the analytic
continuation in time.

However, if we integrate over xy = x( this analytically continued path integral, with
T = —i7, has an important physical interpretation

/dx < zle /M gz >= Tr(e M) (6.16)

B=T/h

It is the quantum thermal partition function (the Boltzmann distribution) with a tempera-
ture of A/k7T. In the continuous formulation we therefore have

Tr(e”TH/M) = /( e Dx(1) exp[—Sg/h] (6.17)

in which Sg is the so-called Euclidean action

Sp = /0 " ir {sm(da(r)/dr)* + V(2(r))} . (6.18)

It is only in this Euclidean case that one can define the path integral in a mathematically
rigorous fashion on the class of piecewise continuous functions in terms of the so-called
Wiener measure

/ AW, (T = / (O)T)xl'Dl‘(T)eXp(— /OT%mg‘c(T)QdT/h) , (6.19)

meaning that this measure is independent of the way the path is discretised.

A NS A
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For more details on this see “Quantum Physics: A functional integral point of view”, by J.
Glimm and A. Jaffe (2nd ed., Springer, New York, 1987).

We will now do an exact computation to give us some confidence in the formalism. To be
specific, what we will compute is the quantum partition function for the harmonic oscillator,

where V(z) = imw?z?.

1
N \ 2 00 N-1 Ar N-1 1 — Ty 9
(QmTh)2 / / H dz; exp l—% %m (xﬂAix) +§mw2x§] . (6.20)
m —0 - : -
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Note that we have now N integrations, because we also integrate over o = x(0) = 2(7) = zn
to implement the trace. The path involved is thus periodic in time, a general feature of the
expression for the quantum partition function in terms of a path integral. We now rescale

Yi = (%)% , W=wAT | (6.21)
to obtain the simple result
o N1 g N-1 Yy
ZN = o / g) Vo exp l 2 Yy — )+ 30%7 | (6.22)

We can diagonalise the quadratic term by using Fourier transformation

U = N Z bee®™ N b = by, b =Dy . (6.23)

It is easy to verify that the Jacobian for the change of variables y; — by is 1, and one obtains
a result that must look familiar from the classical small oscillations problem for a finite
number of weights connected by strings,

7= [T g

Note that if b, is complex, we mean by db, = dReb, dlmb,. The integral can now easily be
evaluated

dbe expl 1 Z (4sm (ml/N) + @ ) |bg|2] . (6.24)

N-1

Zn = }j (4sin2(7T€/N) +&)2)

2 (6.25)

We can convert the product to a sum using a Laplace transform. We start with the identity

log(A/ ) = — lim / Tds st e — ey (6.26)
a\.0./0
such that -
log Zx (&) / Zy(@0)] = 4l [ ds 7 (Q(.2) - Qs.dw)) - (6:27)
We read off, from the definition of Zy, that ) is a sum of exponentials
N—1 .
@)= > exp [—s (4 sin?(7l/N) + @2)} = Ne*@H2£(0) (6.28)
=0
where
1 N—-1
fs(l‘) _ Z 628C05(27T(£+$)/N) ) (629)
N =
This is a periodic function with period 1 (fs(z + 1) = fs(x)) and its discrete Fourier coeffi-

cients can be computed exactly

1 A 1 N A
fs (k) — / dx ekaxfs (.T) - / dr ekaacer cos(2mz/N)
0 N 0

1 2 .
= %/0 df eNH0e2seos0) = [, (25) . (6.30)
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Please note that we have exchanged the sum over ¢ with extending the integration of x to
the interval [0, N]. The last identity is one of the definitions of the modified Besselfunction,
see e.g. “Handbook of mathematical functions”, by M. Abramowitz and 1. Stegun (Dover,
New York, 1978). The advantage of these manipulations is that the Laplace transform of
this Besselfunction is know (see the same reference)

A /A2 — 1]
/ ds e, (s) = AT = (6.31)
A2 —1
and as we can express f(x) as a sum over these Besselfunctions
=D e In(2s) (6.32)

keZ

this allows us to evaluate eq. (6.27). For technical reasons it is easier to compute the variation
of the free energy with the frequency, where the free energy F' is defined as

Zx(@) = exp|-BF(G)] (6.33)
We therefore find (using 3 =7 /h = NAT/h)

0

&uF( w) = th/ ds e~ (25)

kEZ
fiw { 9 . —NIk|
— 1o+ 1+4/(@Bo?2+1)2 -1 . (6.34)
2¢<%®2+1>2—1k§z 2 Ve

The geometric series is of course easily summed, but to make the result more transparent
we introduce the scaled effective frequency €2

wT /N = wAT = © = 2sinh(1Q) (6.35)
and using the identity 1@* + 1 = cosh((2), one easily finds that

AT 0 VO _ 1 1 0 e~ N/
27 —1 e = D () .
noal DI 1_eNa 27 TNoQ B\T_e e (6.36)

keZ

The last identity can be seen as the free energy of the harmonic oscillator with the frequency
QN/T = Q/Ar, as it can also be written as

AT 0 1 0 >
F — f(n+ YN
Foal W= Tyan e <n206 ) ' (6.37)

Amazingly, even at finite IV the euclidean path integral agrees with the quantum partition
function of a harmonic oscillator, but with a frequency that is modified by the discretisation,
see eqgs. (6.21) and (6.35). It is trivial to check now that the limit N — oo is well defined
and gives the required result, since

A}im ON/T =w . (6.38)

In general the exact finite N path integral is no longer of a simple form. Nevertheless,
one can evaluate this exact expression in relatively simple terms (which will verify the above
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result along a different route, see also problem 10). So from now on we will take the potential
arbitrary and in a sense we follow the derivation of the path integral in the reverse order.

;o _ dpo dx; dpz AT (ipi(vi — i) p?
Iy, o T) = e H / Sy [ Z An — — V(x;)

i=0 2m

ATP? ATV (%
= /dpo H /dx dp; H < xjy|p; >< pj|exp< 2mh>exp (—#) |z >

= <7 {exp <—§;§_L ) exp (—AT#@»} e > . (6.39)

This means that we can define an effective Hamiltonian by

. S\ N
o~ HNT /R — {exp (_ 2;];1 ) exp (_M%(@)} . (6.40)

But this Hamiltonian is not hermitian as one easily checks from the above expression, since
under conjugation the order of the exponents containing the kinetic and potential terms is
reversed. This can be corrected in two ways

~2 A ~2
e*Hl(N)AT/h = exp <_ ATp ) exp <_M> exp <_ ATP ) :
m

dmbh h dmbh
_ ATV (2) ATp? ATV (2)
Hao(N)AT/h B B B
e = exp < oF ) exp ( 7 | 6XP oF , (6.41)

leading to two equivalent expressions for the finite N path integral
~2

A ATp?
Zy(@,x;T) = <a'|exp <— 47;1; ) exp (—Hy(N)7T /h)exp <4;—£_l ) |z >

Zn(@ o T) = <a|exp <A7_2Lh(j)> exp (—Hy(N)T /h) exp <—A7-2Lh(i)> |z > (6.42)

In particular the partition function is given by
In = / dz Zy(z, 2, T) = Tr(e-TMT/b) = Ty(e~HaWNT/hy (6.43)

It is actually not too difficult to show that there exists a unitary transformation U, such
that UH,U'" = H,, which shows that both choices are indeed physically equivalent.

In principle we can now compute H;(NN) for finite N as an expansion in 1/N, by using
the so-called Campbell-Baker-Hausdorff formula

elef =" F(A B) = A+ B+1[A, B]+1—12[A, A, B]]+112 [B,[B, All+--- , (6.44)
which is a series in multiple commutators of the, in general non-commuting, operators A and
B. Tt can be derived by expanding the exponentials, but in the mathematics literature more
elegant constructions are known, based on properties of Lie groups and Lie algebras. These
objects will be discussed in sect. 18. For the harmonic oscillator, working out the products
of the exponential can be done to all orders and one finds (see problem 10 for details)

52

ATH,(N) = 2];\4- MO (6.45)

25



with Q defined as in eq. (6.35) and the effective masses M; defined by

~ 2mtanh(iQ) _ msinh(Q)
M=""xa ™= a0 (6:46)
One can now explicitly verify that (cmp. eq. (6.37))
Tr(exp(—H1(N)7T /h)) = Tr(exp(—Hy(N)T /h)) = exp(—F(Q)T /h) . (6.47)

Now we have seen that, at least for some examples, the limit of increasingly finer dis-
cretisation is in principle well defined, we can think of generalisation to an arbitrary number
of dimensions (n) (for field theory even to an infinite number of dimensions).

< #e Iz > = / DE(t) exp li / "t L(f(t),f’(t))]

T npo de‘dan »AtN_l — (fi—l—l_fi) - =
=N ) Gy /H (2rh) l"h A Y H{pi, %)

N—oo

. At — — —
= lim <2mTh) / H dz; exp l 5 2 L(#, (i —xi)/At)] . (6.48)
We have purposely also given the expression that involves the path integral as an integral
over phase space, as it shows that the Gaussian integration over the momenta effectuates
the Legendre transform

) 9 SN2 =2
i — z'2p—m _iv(@) = —i® Q;Zx) + z’mg V@) (6.49)
which is equivalent to the stationary phase approximation for the momentum integration
5 . . 0H . 7§
—p-r-—H({p,7)=2— ——==24——=0 . 6.50
S E - HG ) =i =i L (6.50)

An interesting other example of the path integral is the case of the interaction of a charged
particle with a magnetic field. In that case one has for the Hamiltonian

(= eA(@))?

H(p &) = L=

+ V(@) . (6.51)
Now, however, the matrix element < p;|exp(—iHAt/h)|Z; > will depend on the specific
ordering for the position and momentum operators in H. Different orderings differ by terms
linear in A, or o R A

A(Z) - p=p- AX) +ih0;A(Z) . (6.52)
So, by chosing the so-called Coulomb gauge 0; A;(Z) = 0, the problem of the operator ordering
disappears. We leave it as an exercise to verify that the action, obtained from the Legendre
transform, is given by

5= /OTdt s~ V(@) +ei- A7) (6.53)

Under a gauge transformation A;(Z) — A;(Z) + 0;A(Z), one finds that the action changes to
Sh =S+ e{A(Z(T)) — A(Z(0))}. Using the path integral this means that

< Z'|exp(—iHA\T/h)|Z >= exp(ieA(Z')/h) < Z'| exp(—iHT /h)|Z > exp(—ieA(Z)/h) .
(6.54)
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Since it is easily shown that H, = exp(ieA(Z)/h) H exp(—ieA(Z)/h), this proves that the
path integral derived from eq. (6.53) has the correct properties under gauge transformations,
despite the fact that the derivation was performed by first going to the Coulomb gauge.

As long as the Hamiltonian is quadratic in the momenta, the stationary phase approx-
imation for the momentum integral is exact. However, also for the coordinate integrals we
can use the stationary phase approzimation (exact for a harmonic oscillator), which is related
to the WKB approximation in quantum mechanics. It gives a way of defining an expansion
in h, where in accordance to the correspondence principle, the lowest order term reproduces
the classical time evolution. Indeed the stationary phase condition

5S 65 d S
Sxi(t)  dxi(t)  dtéai(t)

—0 (6.55)

is precisely solved by the classical solutions, Zy(t), with Z4(0) = & and Z,(T) = &’. We
expand around these solutions by writing

T(t) = Za(t) +qt) . q0)=qT)=0 (6.56)
such that o
S(7) = S(7a) + 4 [ at'at qi@)%%qﬂ‘(f) +O) (6.57)

There is no term linear in ¢‘(), as this term is proportional to the equations of motion, or
equivalently to the stationary phase condition. For the simple Lagrangian L = imz'? —V(7)
one has

§°S(Z.) d? P*V (Z)
— = 5t -t Oii—= + M;;(t) | , M;(t) = ———=|__. 6.58
g (t)3q () =) {0 gz + M) i) = i e (6:58)
For the harmonic potential, V' = 1mw?7? where the stationary phase approximation is

exact, i.e. there are no O(¢%) corrections. Introducing ¢(t), however, splits the action in a
classical piece, that depends on the boundary conditions, and a quantum piece described by a
harmonic oscillator action for the fluctuations around the classical path, that is independent
of the boundary conditions and the classical path

T .
S(T) = S(T) + /O dt (2md? — 1mw?7?) . (6.59)

In practical situations one splits from the action the part quadratic in the coordinates and
velocities, and considers the rest as a perturbation. In that case x. is the classical solution
of the quadratic part only. As this can always be solved exactly, and as non-quadratic path
integrals can rarely be computed explicitly, this will be the way in which we will derive the
Feynman rules for the quantum theory, in terms of which one can efficiently perform the
perturbative computations.

7 Path integrals in field theory

For a scalar field in a finite volume V' = [0, L]® the Hamiltonian is given in the Fourier
representation by (see eq. (2.6))
H= Y (7@ +3E +m)e®)P + V(@) + (k) (k1) (7.1)
k=2ni/L
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As () is real we have ¢*(k) = @(—k). It is customary to write the term quadratic in the
fields (the mass term) explicitly, such that the potential V() only contains the interaction
terms. If we like we could split the Fourier modes in their real and imaginary components
(the cos(Z- k) and sin(Z- k) modes). Or even simpler is to use Dirichlet boundary conditions,
i.e. p(x) = 0 at the boundaries of the volume, such that the Fourier modes are given by
[1;sin(mn;z;/L) (with n; > 0), with real coefficients. In either case, for V(¢) = 0 the
Hamiltonian simply describes an infinite set of decoupled harmonic oscillators, which can
be truncated to a finite set by introducing a so-called momentum cutoff |E| < A. In this
case we know how to write the path integral, even in the presence of interactions. The
introduction of a cutoff is called a regularisation. The field theory is called renormalisable
if the limit A — oo can be defined in a suitable way, often by varying the parameters in a
suitable way with the cutoff. The class of renormalisable field theory is relatively small. For
a finite momentum cutoff the path integral is nothing but a simple generalisation of the one
we defined for quantum mechanics in n dimensions, or in the absence of interactions

= 7\ 12
Z = lim H (2miAt) N/Z/ H Hdcp] exp [zAt Z Z |S0]+1 2At2 2101 (7.2)

N—oo

L (R2 4 w2y () — @@J(—E,jm)]

| DéE.1) exp ( S (RBP4 ) pF, 0 - $(F.0)(-F, t>}dt) .

One of course identifies g?Jj(E) — p(k,t = jAt) and performing the Fourier transformation
once more, we can write

[ i3 (AR = 42+ m)lg(E OF = o(F 0 (F. 1)

= [t [ dr {50e0(30) — 30p(F 1) — 4P (E1)  o(7.0)T(F, )

= /VXM] dyx {%@LSO(:L’)a“(p(;U) —imPeR(r) — S0(3;)11(3;)} , (7.3)

The last expression is manifestly Lorentz invariant apart from the dependence on the bound-
ary conditions on the fields (which should disappear once we take L and T to infinity). This
will allow us to perform perturbation theory in a Lorentz covariant way (things are some-
what subtle as any finite choice of the momentum cutoff does break the Lorentz invariance,
and there are some theories where this is not restored when removing the cutoff, i.e. taking
the limit A — oo). This achieves a substantial simplification over Hamiltonian perturbation
theory. It is now also trivial to reintroduce the interactions, by adding the potential term
to the Lagrange density, and we find in yet another shorthand notation for the measure
the following expression for the path integral (implicitly assuming that the boundary values
©(Z,0) and ¢(Z,T') are fixed, prescribed functions)

z = [ Do) exp ( Loy o {300 @) o) = 3 (@) = V() - w(x)J(az)})

(7.4)
In principle a path integral should be independent of the discretisation used in order
to define it. For the euclidean path integral, one particular way that is used quite often is
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the lattice discretisation, where instead of a momentum cutoff one makes not only time but
also space discrete. This means that the field now lives on a lattice and its argument takes
the values ja where j € Z* and a is the so-called lattice spacing, which in the end should
be taken to zero. By suitably restricting the components of j, with appropriate boundary
conditions on the fields, one keeps space and time finite, V = a>*M?3 and 7 = aN. This leads
to an integral of the form

_ (90‘ e _90‘)2
(2ma) =M/ /Hd%‘ exp (—a42 {% > % +1mPel + V() + Jies ¢ | -
J J iz
(7.5)

where e, is a unit vector in the p direction, and ¢; is identified with ¢(aj). In a sense,
the momentum cutoff A is similar to the space-time cutoff 1/a. The lattice formulation is
very suitable for numerically evaluating the path integral, whereas the momentum cutoff
is suitable for performing perturbation theory around the quadratic approximation of the
action. For the latter we will compute, using the path integral, the same quantity as was
calculated in section 5, using Hamiltonian perturbation theory.

In the presence of a source, the Hamiltonian depends on time and the evolution operator
has to be written in a way that takes the time ordering into account. As the time evolution
operator U (t) satisfies the Schrodinger equation

z’%U(t):H(t)U(t), Uo)=1 , (7.6)

its solution can be written as (note the absence of 1/n!)

U(t) = Texp (—z’ / tH(t)dt) - i(—i)" / it / . / "t H(b) - H(t) . (1)

For convenience we introduce the notation

t
U(tg, tl) = Texp (—’L/ i H(t)dt) , ta >t (78)
t1
which satisfies the property that
U(tg, t2)U(t2,t1) = U(tg, t1> , l3 >t >t . (79)

In section 5 we calculated the matrix element < 0|U(7")|0 > to second order in the source
(from now on we put € = 1). The Lagrangian relevant for the path integral evaluation is
given by £ = 19,00 o —1m?p? — Jo, with J(x) = 0 for t < 0 and ¢t > T (and for 7 ¢ [0, L]*).
The vacuum |0 > is the state where all k oscillators are in their ground state. It turns out
that we do not need an explicit expression for this vacuum wave functional, denoted by

Uo({@(k)}) =< {@(k)}0 >. We have

< 0[U(T)|0 >= /Hdsﬁ(ﬁ)dﬁ'(ﬁ) <O{F' (D)} >< A @HUMKe@)} ><{2([p)}H0 >,

(7.10)
where {@(p)} plays the role of z and {@'(p)} the role of 2’. The path integral expression for
the evolution operator therefore becomes

<{P@NUD)p@) >= [ Dela) exp ( [ £<¢<x>>d4x)

= [Dek) exp |i 30 {802 =meW)F — ()T (-R)}| . (7.1)

E,ko
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We have here also performed the Fourier transformation with respect to time, thereby con-
verting the path integral measure D@(E, t) to the multiple integral over the (discrete tempo-
ral) Fourier components Dp(k), exactly as was done in one dimension, see eq.(6.23), hence
we also find a unit Jacobian for this change of variables. Obviously our notations are such
that k = (ko, k) and k2 = k2 — k2. If we take the limit of space and time to infinity (L — oo
and T" — 00), the sums over k can be converted into integrals. Finally we note that the
oscillatory integrals occurring in the path integral can be dampened by replacing m? by
m? — ie as this leads to replacement exp(i [ L(p)dyz) — exp(i [ L(p)dyx — & [ p?dsz). This
prescription also allows us to make the analytic continuation to imaginary time, and coin-
cides with the prescription derived for the propagator in the Hamiltonian formulation, so
that causality is also properly implemented in the path integral approach. To recover the
result obtained in the Hamiltonian approach, we simply split off a square

<A{ZOHU(T{2/)} >= /Dsé(k) exp | iy, 3(k* —m® +ie)

Eyko

R

xexp(—%;ﬁ'j%> L (112)

—m?+ e

We can now shift the integration of ¢(k) over J(k)/(k* —m?+ic) and introduce the Green’s
function in coordinate space (eq. (4.7)) to get

<A{F@HUT{20)} >=

= o (5 [ dur duy J@0G = IW) [P0 e | 10 - i)

= exp (= [dirduy J@GE - 9)I)) < (FOH 0T e} > . (113)

In the last step it is crucial to note that the source is taken to vanish for ¢t < 0 and fort > T,
as otherwise the shift we performed in the field would have changed the boundary values.
Using eq. (7.10) we now obtain the remarkable result that

< OU(T)[0 >=< 0[e " HU=0T|0 > exp (—% [ iz duy TGl - y)J(y)) (7.14)

to all orders in the source J. Even at the level of a non-interacting scalar field theory,
this demonstrates the dramatic simplifications that can arise from using the path integral
method for calculating quantum amplitudes. One particularly feature that is noteworthy
in the path integral calculation, is that the part of the Lagrangian that is quadratic in the
fields represents the inverse propagator. This is no accident and is in general the way the
(lowest order) propagator is directly read off from the Lagangian, since the quadratic part of
the action is the starting point of the perturbative expansion. But before we will derive the
Feynman rules from the perturbative expansion, it will be useful to emphasise that the time
ordering, playing such an important role in the Hamiltonian formulation, is automatically
implemented by the path integral. Furthermore, it will be helpful to understand in more
detail how the source can be used to create and annihilate particles, as this will be our tool
to write down the matrix elements of the evolution operator (the so-called scattering matrix,
or for short S-matrix) with respect to the basis specified by particle number and momentum
(the so-called Fock space), see eq. (2.9).
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In the Hamiltonian formulation we consider
< 0|@(Z ) (T, t1)|[0 >, ta >ty (7.15)
where the field operator (cmp. eq. (2.8)) is given by
O(7,t) = et p(2)e M (7.16)
such that

< 0|efiH(TftQ)@(f!)efiH(tQ7251)@(5)67@'1{251|O >
< 0lp(Z',t2)p(Z,11)]0 >= : ,
|S0("E 2)80@ 1)| < 0|6_ZHT|O N

(7.17)

where we have made use of the fact that the vacuum |0 > is assumed to be an eigenstate of
the Hamiltonian H (without a source term). The normalisation by < 0le™*#7|0 > is hence a
rather trivial factor. We can even write a similar expression in the presence of the source. In
perturbation theory this would not be needed, but it is useful from a general point of view
to consider this situation too.

In the presence of a time dependent source one can write

< 0|U(T)p(Z',t2)@(Z,11)]0 >=< O|U(T, t2)p(Z")U (t2, t1)p(Z)U(£1)]0 > . (7.18)
In this case the field operators are of course given by
p(T,t) =UM'e(@)U () (7.19)

where in general U(t) depends on the source J. It is now trivial, but a bit tedious, to convert
this matrix element to a path integral. One first writes the product of the operators as a
product of matrices in a suitable representation (e.g. the field representation [{@(p)} >).
Each of the matrices for the three evolution operators can be written as a path integral,
excluding the integral over the initial and final field components. The matrix product involves
an integral over the final field component of the matrix to the right, which is also the initial
field component for the matrix to the left. Without the insertion of the field operators
¢(x), this would describe the fact that U(ts, t2)U(t2,t1) = U(ts,t1) in the path integral
formulation simply means that one glues the paths in U(ts,t2) and U(ts,t;) together by
integrating over @(E, ts). With the field operator sandwiched between the two U matrices
one simply includes its eigenvalue in the integrand over the paths, since the field operator
(or its Fourier components) is diagonal on the states |[{@¢(p)} >. The final result can be
written as

/Hdﬁ(ﬁ)dﬁ'(ﬁ) <O{&' ()} > {/ D(x) exp(i /tTE dia)p(@ ) exp(i [ L dix)

t1

o(F, 1)) expli /0 YLda) Y < {BN0> . (7.20)

where we implicitly assumed that the boundary conditions for the field ¢ in the path integral
is in momentum space given by @(p,t = 0) = @(p) and ¢(p,t = T) = ¢'(p). The way the
time ordering in the path integral is manifest is now obvious. Note that the field expectation
values can also be written in terms of derivatives with respect to the sources, which is
particularly simple to derive in the path integral formulation

52
SI(Z' )00 (7, 1)

< O|U(T)P(F, 12)$(Z, 11)|0 >= — <0UM0> . (7.21)
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Since we assumed that |0 > is an eigenstate of H (i.e. at J = 0), < 0|U;j—o(T) =< 0|e~ T
(with Ey the vacuum energy) and we can bring the trivial phase factor e *£07 to the other
side by normalising with < 0|U;—¢(7")|0 >, as in eq. (7.17).

., 2 <0lU(T)|0 >

_ T
<0|u(T)|0 > 5J(Z,2)8J (%, t)

(7.22)

< O|¢<iﬂ7 t2)¢(£7 t1>|0 >J:0:
J=0

where in the path integral formulation one has

<0UM)0>= [ 15 7 < 0 @) > [ Delw)espli [ £ dua) < (10 >,

(7.23)
with the boundary conditions as listed below eq. (7.20).
To study the role the source plays in creating and annihilating particles, we will calculate
both in the Hamiltonian and in the path integral formulations the matrix element

<plUMI0>, |p>=da((@)0> . (7.24)

Hence |p' > is the one-particle state with momentum p. Using the result of eqs. (5.7) and
(5.8), which is equivalent to the result |U(¢) >= U(t)|0 >, we find for this matrix element
in lowest non-trivial order

< plU(T)|0 >

T . .
i / dt < 0|a(F)et=DHo F, (1)e=itHo|o >

- _Zz/ dt < 0)a(p)e @@ BT F(j: 1) L Bt >
2ko (k)
—i(Eo+po(P))T i(Eo+po(p)T
_ / dt J( e — YT J(p). (7.25)
2170 Po(D)

To write down the path integral result, we first express the annihilation operator in terms
of the field. From eq. (5.3) we find

a(p) +a'(—p) = ’/M / ds@ (Z)e 7T (7.26)

such that (using < 0|a’(—p) = 0)

< plU(T)|0 > ,/2p°@/d e 7T < 0lp(R)UT)0> . (7.27)

We now use egs. (7.14), (7.19) and an obvious generalisation of eq. (7.21), such that

<0|@DUM|0> = < 0[UT)GE T)0 >=i < 0|U(T)0 >

0

60J(Z,T)
o o 7

= e EOTWexp (—5 /d4xd4y J(2)G(x — y)J(y)) (7.28)

We evaluate this to linear order in the source J, using that in a finite volume the Green’s

function is given by
dko e Hh—y)
7.29
Z/Zwk:Q—m2+z€ ’ ( )
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such that

<AV > = erory 2D / 4y 7 [ dyy Gla—y)J () + O()
— ik [P0 ﬁ) e 3
h \ / m2 + ie o (7.30)

Note that in the last step we integrate over py as a dummy variable, which in the expression
for the Green’s function above is called kj - this renaming is just for ease of notation. Also,
zo = T is assumed. For the p, integration we need the analytic behaviour of J (p) for
imaginary po in order to see if we are allowed to deform the integration contour such that
only one of the poles in the integrand contribute. Since J(p) = [ dt '] (p,t)//2x, J(p)
will vanish for Imp, — 0o, whereas e~#7.J(p) will vanish for Imp, — —oo. In eq. (7.30)
the py integration can therefore be deformed to the lower half-plane in a clockwise fashion
giving a minus sign and a residue from the pole at py = po(p) = v/p? + m?, which yields the
result

\/_ Te—(Eotpo(p))T
po(P)

To linear order in the source J this coincides with the result of eq.(7.25). Again, the path
integral trivially allows an extension to arbitrary order in the source, as indicated.
For later use, we will also consider the matrix element

2
<oUM)F> = pm/d 7 77 < 0|U(T)3(7,0)[0 >
L 2p0(P) L gz 0<0[U(T)]0 >
= 1 v /dgaz e 5J(7.0) . (7.32)
The analogue of eq. (7.30) becomes
2
<Ou)p> = 2D [ e / duy Glo — ) (9) + O
_ g, [P0 15) _J(=P\po) 3
- /2P / m2 Yoo (7.33)

in which case ¢y = 0 is assumed. Now we must deform the contour for the py integration
to the upper half-plane in a counter-clockwise fashion such that the residue at the pole
po = —po(p) contibutes. This gives, analogously to eq. (7.31),

Tw)ep (~5 [ didiy TGl —)Iw)) . (73)

p >= '7\/%672E0T~— ! x x)G(x —
<UD o=~ J(pesp (3 [ disdiy J)G—)I) (730

Apart from the trivial difference of the factor exp(—ipyT), we see that the amplitude for
the annihilation of a one-particle state is proportional to J(p) whereas it is proportional
(exactly with the same factor) to J(—p) for the creation of a one-particle state (in both

cases pp = po(P)).
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8 Perturbative expansion in field theory

As we have seen in the previous section ([ Dy(x) where relevant includes groundstate factors)

Z(J, gn) =< 0[U(T)[0 >= / Do(x) expli / dyx L)) (8.1)

will play the role of a generating functional for calculating expectation values of products of
field operators, which will now be studied in more detail. In general the Lagrange density
for a scalar field theory is given by

L(p) = La(p) = V(p) = J(x)p(z) (82)
where L5(¢p) is quadratic in the fields, hence for a scalar field
La) =+ (up(@)Pp(a) —m*(2)) , V() = D)+ et @) +-- . (83)

As mentioned before, it is customary to not include the mass term in the potential V',
such that V' describes the interactions. We can add the interaction as an operator, when
evaluating the path integral for the quadratic approximation L(¢) = La(p) — ¢(x)J (),

/Dcp(x) exp (’i/d4!L‘ {Ls(p) — @(x)J(z )exp( /d4x V(e )

= <0|Uy(T Texp( /d4:1: V(g ) 0> . (8.4)

Z(J, gn)

We can now use the fact that

[Pl et exv (i [ die (Lale) - o@)T ()

- M (570) 2ot e (i f i (eato) = ot 000)

) i
— 1;[ (W) exp <—§ /d4xd4y J(x)G(x — y)J(y)> : (8.5)

to find a somewhat formal, but in an expansion with respect to the coupling constants g,
well defined expression for the fully interacting path integral

Z(J,gn) = exp (—Z

(o)) 0 (5 [ durdas )G = 1))

= exp (—i/d4x V(5j?x))> Zo(]) (8.6)

We have assumed the vacuum energy to be normalised to zero, in absence of interactions, such
that Z(J = g, = 0) = 1. Equivalently, Z(J, g,,) is synonymous with Z(.J, g,)/Z(J = g, = 0).
We now define G; as

Gy=logZ(J,gn) (8.7)

where the dependence on the coupling constants in G; is implicit. We will show that
G can be seen as the sum of all connected diagrams. A diagram is connected if it can
not be decomposed in the product of two diagrams that are not connected. Note that at
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J =0,iG;/T equals the energy of the ground state as a function of the coupling constants,
normalised so as to vanish at zero couplings.
5 \*
8.8
5) ) &

The different diagrams arise from the expansion of
exp | —1 x =exp | —i Ty =
P ST P W5
in powers of g,. Bach factor % (i6/6.J(x))" will represent an (-point vertex, with coordinate
x, which is to be integrated over. As we saw in the derivation of the classical equations
of motion, the integral over x in the Fourier representation gives rise to conservation of
momentum at the vertex. Using

1 —ikz ~ _ 1 —ikz T
o(7) = s / dik MR () = s / ik e J (k) (8.9)

we have for each vertex in the Fourier representation

o () e [ () o

Note that factors of 27 are dropping out in the identities

P (‘%/ didyy J(@)G(r = )I()) = exp (—— [ dik ’f>) ,

m2+zg

/ dyz p(a)J(z) = / d4k;g5(k;)j(—k:) . (8.11)

In the quantum theory we have to keep track of the factors . Compared to the Feynman
rules of section 4, the propagator will come with an extra factor —i. A vertex will now
carry a factor ig,((27)?/4)?>~¢ (in a finite volume this becomes ig,(v/2rV /i)*7%), see the table
below. To compute the vacuum energy there is an overall factor i, since EyT = iGj—g =
ilog Z(J = 0,g,). The same factor of i applies for using the tree-level diagrams to solve
the classical equations of motion. It is easy to see that these Feynman rules give identical
results for these tree-level diagrams, as compared to the Feynman rules introduced in section
4. The factors of ¢ exactly cancel each other.

coordinate space momentum space table 2
Tkl
_ — -1 4-2¢ L.
)x\ = i"lg [dyx W = (2m)* % gp04 (3, ks) | vertex
E ) = —iG(x—y) — = [dibz—s: mgﬂe propagator
—x = [dyxJ(z) ij = J(k) source

We note that the propagator connected to a source comes down whenever a derivative
in the source acts on Zy(J), see eq. (8.7). When this derivative acts on terms that have
already come down from previous derivatives, one of the sources connected to a propagator
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is removed and this connects that propagator to the vertex associated to 6/0J(x). As any
derivative is connected to a vertex, the propagator either runs between a vertex and a source
>—x, between two vertices >, or it connects two legs of the same vertex —(). The
possibility of closed loops did not occur in solving the classical equations of motion, and is
specific to the quantum theory.

To prove that G ; only contains connected diagrams we write

Gy =log{exp(X(i6/6J))exp(Y(J))}1 (8.12)
with
X(io/oJ(x)) = —i/d4:c V(§/6J(x)), Y(J)= —% /d4xd4yJ(:c)G(:c —y)J(y) . (8.13)

As J(x) and §/6J(x) form an algebra (similar to the algebra of & and p in quantum mechanics,
however, generalised to infinite dimensions), also X and Y are elements from the algebra, and
we can express GGy in a sum of multiple commutators using the Campbell-Baker-Hausdorff
formula (see eq. (6.44)).

Gy = (X LY X Y]+ 11—2[)(, X, Y]] + %[Y, Y, XT]] + - - ) 1. (814)

Due to the multiple commutators, all components that do not commute are connected.
However, if the components would commute they would not contribute to the commutators.
This is even true if we do not put the derivatives with respect to the source to zero, once
they have been moved to the right (this is why we consider the action on the identity).

The only thing that remains to be discussed is with which combinatorial factor each
diagram should contribute. This is, as in section 4, with the inverse of the order of the
permutation group that leaves the topology of the diagram unchanged. These combinatorial
factors are clearly independent of the space-time integrations and possible contractions of
vector or other indices. We can check them by reducing the path integral to zero dimensions,
or p(z) — ¢ and Dp(z) — dp. In other words, we replace the path integral by an ordinary
integral. As an example consider

Z(J,g) = C/dso exp (i{%wM - %w?’ —soJ})

JRNE: :
_ 9 (10 (~57m)
= exp ( ey (&]) ) exp 2JM J) . (8.15)

The constant C' is simply to normalise Z(J = g, = 0) = 1. Expanding the exponents we get
in lowest non-trivial order

Z(J=0) = 1- %2!)3 <£>6 (—%JMlj)g...
— exp (zﬁ;)g <%>6 (7M7) + (’)(g3)) — exp (i%f\; + o<gs)>

= oo (5 0+30-0+0) - (8.16)

In the last term, the numerical factors in front of the diagrams indicate the combinatorial
factors (for the first diagram a factor 2 from interchanging the two vertices and a factor 3!
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from interchanging the three propagators, for the second diagram the latter factor is replaced
by 4 as we can only interchange for each vertex the two legs that do not interconnect the
two vertices). The Feynman rules for this simple case are that each vertex gets a factor —g
(in zero dimensions there are no factors 2m) and each propagator gets a factor —i/M. In
problem 13 the exponentiation is checked for Z(J) to O(g?) and O(J®) (giving the simplest
non-trivial check).

We will now show how the number of loops in a diagram is related to the expansion in
h. We can expect such a relation, as we have shown at the end of section 6 that the h — 0
limit is related to the classical equations of motion, whereas we have shown in section 4 that
these classical equations are solved by tree diagrams. If we call L the number of loops of a
diagram, we will show that

21,90 = [ De exp (5 [(L@) = w))) Sexp(Ga/h) . Gy= Y W-Gry.  (3.17)

L=0

where G ; is the sum of all connected diagrams with exactly L loops. This means that a
loop expansion is equivalent with an expansion in h. To prove this we first note that due to
reinstating i the source term will get an extra factor 1/h, the propagator a factor i and the
coupling constants g, are replaced by g,/h. A diagram with V,, n-point vertices, F external
lines (connected to a source) and P propagators has therefore an extra overall factor of

ERE T A (8.18)
n=3

We can relate this to the number of loops by noting that the number of momentum in-
tegrations (i.e. the number of independent momenta) in a diagram equals the number of
loops plus the number of external lines, minus one for the overall conservation of energy and
momentum, i.e. L+ E —1. On the other hand, the number of momentum integrations is also
the number of propagators minus the number of delta functions coming from the vertices,

ie. P—3,_3V,. Hence
L=1+P-E->V, , (8.19)

n=3

which implies that the total number of i factors in a diagram is given by L — 1. In the next
sections we will often consider so-called amputated diagrams, where the external propagators
connected to a source are taken off from the expressions for the diagram. If we do not count
these external propagators, eq. (8.19) has to be replaced by L =1+ P — Y, _4 V},, as there
are exactly E such external propagators.

9 The scattering matrix

We would like to compute the amplitude for the transition of n incoming particles at t = T;
to ¢ outgoing particles at t = T,y in the limit where T, — oo and T, — —oo. The
difference with quantum mechanics is that the particle number is no longer conserved.

out< ﬁluﬁ% o 7]75‘k17 k27 T kn >in=< ﬁluﬁ% o 7]75‘U<Tout7 ﬂn)‘k17 k27 Tty kn > . (91)
In terms of creation and annihilation operators this can be written as
out< 1, D2, ** +, Pelkr, by - Ky >in=

< 0la(p1)a(ps) - - - a(@e)U(Tous, Ton)al (k1)al (ko) - -af (£,)[0 > . (9.2)
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From egs. (7.26), (7.28) and (7.32) we know how to implement these creation and annihilation
operators on the generating functional Z(J, g,,)

NEmE) e 0 | 5
d p$ = 2 =
') = /3 TG =Ty VTS
229015) L ) . )
s €77 N _ (9.3
a(p) = iy / J(Z,t = Tymt) ! po(ﬁ)éj(—ﬁ,t:Tout) (9:3)

This implies the following identity for the scattering matrix

n

out< D1y Doy -+ Dol k1, ko, -+, K >in= Ha H Yexp(G),, - (9.4)

In principle, this allows us to calculate the scattering, taking 7;,, — —oo and T}, — o©.

There is, however, a problem to associate the particle states in the presence of interactions
with the ones we have derived from the non-interacting theory. The problem is that particles
can have self-interactions long before and after the different particles have scattered off each
other. We have to reconsider our notion of particle states, as in experiments we are unable
to switch off these self-interactions. For simplicity we assume that the one-particle states
are stable, as in the simple scalar theory we have been considering. This implies from
conservation of probability that

/dgzzf o< plE>m [2=1 (9.5)

independently of p. In general, conservation of probability implies that the S-matrix is
unitary. Formally, unitarity of a S-matrix is guaranteed as soon as the Hamiltonian is
hermitian. Because of the necessity to regulate the quantum theory, e.g. by introducing a
cut-off, this is generally no longer true and one has to show that unitarity is restored when
the cut-off is removed. If this is not possible, the theory is ill-defined, or at best does not
make sense above the energies where unitarity is violated.

For the free theory, unitarity is of course satisfied. In this case, the only diagram con-
tributing to Gy is the one with a single propagator connecting two sources, which is also
called the connected two-point function G®(.J)

GJ_G(Q //dtdsZ/de —ipo (t—s) ‘](pat)‘](_pa 5) ) (96)

p? —m?2 +ie

This implies that (T = Ty — Tin)

out< DIk >ia= a(p)a' (k) exp(GP (J))],_, = 2ipo(p)d; 5

_ —ipo(P)T §_,
=e 57p,

(9.7)
where the pg integration is performed by deforming the contour to the upper half-plane,
giving a contribution from the pole at py = —po(p) only. It is trivial to see that this is the
same as what can be obtained within the Hamiltonian formulation.

In the presence of interactions, this result is no longer true, since the connected two-point
function will deviate from the one in the free theory. In this case we can write (from now on

21 P2 —m? + ic
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the symmetry factors will be absorbed in the expression associated to a diagram)

6PW) = et A D
= x_@_x : (9.8)

where we have written the connected two-point function in terms of the one-particle irre-
ducible (1PI) two-point function i¥(p) (X is the so-called self-energy)

iS(p) = @ . (9.9)

In general, a 1PI-graph is a connected graph that remains connected when one arbitrary
propagator is being cut (ezcept when cutting away a tadpole of the form —), which we
will not allow. However, these tadpoles describe single particles popping in or out of the
vacuum, usually required to be absent. They can be removed by shifts in the fields.) The
external lines of these diagrams will carry no propagator. The diagrams of eq. (9.8) can be
converted to the result

[ o o {P2 it <p2 — +> )+ (ﬁ) (2 (p))? +}
~ 9 _Z oo Z n
- %/d4p|J(p)| {mz (zﬁg)ﬂ'e) }

n=0
i | J(p)|? 5
= ——[d =G . 9.10
2 4pp2—m2—2(p)+ie e (/) (9.10)

Normally the self-energy will not vanish at p? = m?, such that the self-interactions shift the

pole in the two-point function to another value, m?, i.e.

pP—m?—=%(p) =0 for pi=p*+m* . (9.11)

Consequently, the mass of the one-particle states is shifted (or renormalised). As we cannot
switch off the interactions in nature, the true or observable mass is m and not m, the latter is
also called the bare mass. The residue at the poles (i.e. p*> = m?, called the mass-shell) will
in general also change from i /po(p) to £miZ/po(p). On the mass-shell (i.e. J(p) vanishes
rapidly as a function of |p? — m?|) one therefore has

G(2 /d Z|J

—m2+25

) (9.12)

As long as the one-particle states are stable, eq. (9.5) needs to remain valid, which can only

be achieved (see eq. (9.7)) by rescaling the wave functionals with a factor v/Z (this is called
wavefunction renormalisation). It implies that eq. (9.4) needs to be modified to

L n
out< ﬁ17ﬁ27"'7m|k17k27"'7kn in H H eXp GJ)| ) (913)

where

a(p) =

. <2\/ﬁ2 +m2>% ) . . <2\/ﬁ2 +m2>% )
1 =1
Z 1y 7 _
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As for the free theory, each of these operators a (p) will replace one external line (propagator
plus source) by an appropriate wavefunction factor and puts these external lines on the
mass-shell. We will call the connected n-point function with amputated external lines the

amputated connected n-point function G&amp) (p1,p2,"++,pn) (in general not one-particle
irreducible), i.e.
- —iJ (p:)
G (J z|| /d ; . GRUP) (p) py oo pn) 9.15
i { 4P; P2 —m? — S(py) +z’5} (p1, P2, Pn) ( )

Diagrammatically this looks as follows

(9.16)

(Ha@)ﬁm@) eGJ) :eGJ—OHd@)ﬁ (Z I {cOu }‘”)

Yrqgr=~0+n T QT
(9.17)

The sum is over all possible partitions of ¢ + n. Let us first consider the most important
term, corresponding to connected graphs, where ¢ = ¢+ n

R = n . . n » - / . : )
[Ta- ) [Ta+ (k) G ()= —iVnz/k§ TV 72/l GEP) ({—p}, {k;})e =P T
i= i j=1 i=1

VI, 208V T, 265V

Here M, (a Lorentz scalar as we will see later) is the so-called reduced matrix element with
¢ external lines, all on the mass- shell Note that we have extracted the trivial energy factors
(remember that Zpo at — > k:o n Zpo (Tows — Tin) = X p0 T), such that the limits
Tin — —o0 and Ty, — oo can be taken. Each a(p)+ W111 act on one of the factors between
curly brackets in eq. (9.15). Concentrating on one such a factor we have

(9.18)

/d C (p’pQ’ e ’pn) _ d4p /dt _ZJ(p, ) ZpOtG(amp) (p,va e ’pn)
b —m?2 —3(p) +ie V2T p? —m? — X(p) + ie

(9.19)
such that, using eq. (9.14)

a (7/d —iJ ()G (p,ps, -, pa) W/ ZPOTOMG& p)((p, P), . Pn)
- 4P p2 —m?2 — X(p) + ie S

amp (
—iV2nVZ

—DP, P2, 7pn) 72p0(ﬁ)Tout . (920)
2po(P)V

Since T,y — 00, we can extend the py contour integration to the upper half-plane, under

( mp)<

mild regularity conditions for G D, P2, Pp) as Impg — —oo (that can easily be shown

40



to be satisfied at any finite order in perturbation theory). Thus, the integral over p, only

gets a contribution from the pole at py = —po(p) = —v/p* + m?, with residue —Z/2p,(p)
(cmp. eq. (9.12)). For the creation operators one similarly finds

‘))/d _ZJ >G p)<p7p27"'7pn) _ poﬁ)/d ’ponG «p 727)7"'7pn>
PP T T R (p) + e —m? —X(p) +ie
(amp) ‘
_ —’l\/m c (p7p27 7pn)€zpo(ﬁ)Tin ] (921)
2po(P)V

Likewise, as T}, — —o0, we can now extend the py contour integration to the lower half-plane
(under the same regularity conditions for the amputated n-point functions as for eq. (9.20)
to be valid), such that we pick up the contribution of the pole at py = po(p) with residue
Z/2po(p). Combining these results proves the first identity in eq. (9.18), the second is merely
a definition.

Note that the derivation is not valid for the case £ + n = 2, where the generalisation of
eq. (9.7) to the interacting case implies

out< DIk >in= a_(Pas (k) exp(G)|,_, = 65(k — p)e [Fotro@IT (9.22)

Here we used eq. (9.12) and the fact that exp(Gj—¢) = exp(—iEyT), which is often also
normalised to 1, but till now we had only required this to be the case at zero couplings.
The reason this case is special is because eq. (9.15) requires us to define for the amputated
two-point function

G (py, py) = i04(pr + p2) (P} — m* = S(py) + ie) (9.23)

which vanishes on the mass-shell. In using eq. (9.20) and eq. (9.21) it was implicitly assumed
that the amputated Green’s function has no zero that will cancel the pole.

The Feynman rules in momentum space for computing the reduced matrix elements will
obviously have to be modified for the external lines to a factor —iv/27V Z and an overall
factor i/(27V') (as always, in an infinite volume one replaces V by (27)3). If we associate a
momentum delta function to a vertex and a momentum integration to a propagator (as was
done up to now), the delta function for overall energy and momentum conservation should
not be written explicitly in eq. (9.18), since it is contained in the reduced matrix element.
Instead, if we choose to integrate over the independent loop momenta, implementing energy
and momentum conservation at each vertex (as will be done from now on, see the table
below), the definition of eq. (9.18) is the appropriate one. The overall factors of 7, 27 and
V' can be determined with the help of the two identities

L=P+1->V, , E+2P=> nV, . (9.24)

The proof for the first identity was discussed below eq. (8.19). For the second identity we
put a dot on each end of a propagator (—— ) and one dot on each external line ( — ),
giving a total of 2P + E dots. The same dots can also be associated to each line of a vertex
(.1 ), giving 3= nV,, dots, thus proving the second identity (see also problem 15). To keep
the derivation general, we evaluate the overall factor in a finite volume

N7
Z~—P,L~—E+1,L~E(n—1)\/n(ZWV)—%E(n—Q)Vn(ZWV)%E—l _ (2 ZV) . (9.25)
™
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This implies that we can shift all numerical factors from the propagators, vertices and ex-
ternal lines to a factor i/(2wV) (or i/(27)* in an infinite volume) for each loop, giving the
Feynman rules listed in the table for an infinite volume. Note that the extraction of the factor
—2miV in the definition of M is merely a convention (such that in lowest order M,, = g¢,,).

momentum space Itzykson and Zuber table 3
ki ki
)T\ = grand Y k=0 )T\ = —i(2m)*ge04(3; ki) | vertex
EE X kE X
_ 1 = [ Dk i ropagat

T = k2-m2¥ie T = (2m)* k2—m2+ie propagator
4@ = JVZ 4@ = VZ external line

v [ % 1 loop factor

In the literature many different conventions are being used. As an example, the table com-
pares our Feynman rules with those of Itzykson and Zuber. Their convention for M, is
likewise to make it coincide to lowest order with the n-point vertex. However, as the latter
does already contain a factor —i(27)* (in a finite volume —27iV'), that factor should be
absent in relating the reduced matrix element to the amputated n-point function. Com-
bining the extra factors of ¢ and 27 in the Feynman rules of Itzykson and Zuber gives
i(2m) 4P EVn (274 EVR=P) = [ /(2m)4]F, guaranteeing equivalence of the two sets of Feyn-
man rules.

Concerning the symmetry factor associated to a particular diagram we note the following.
As we have generally fixed the external momenta, interchanging external lines is no longer
allowed. But from eq. (9.15) we see that the symmetry factor n!, to be taken into account
for G0 (J), will be compensated by the n derivatives on n sources. Hence, in computing
the reduced matrix elements the symmetry factors are determined without allowing for
permutations on the external lines.

To conclude this section we return to eq. (9.17), and discuss the contributions that will
be associated to the diagrams that are not connected. Each factor of ¢,! is compensated
for by the differentiations on {Gg")(J )}qT. For the corresponding connected components the
rules are identical to the ones specified above. In particular each connected component will
carry its own factor —i(2m)%6,(3 p;) for the conservation of energy and momentum (p; is
now assumed to run over a subset of both the incoming and the negative of the outgoing
four-momenta). In a physical picture the disconnected parts correspond to situations where
only a subset of the incoming particles will interact with each other (the ones connected
by a particular diagram). Quite often, the experimental situation is such that the energy-
momentum conservation will only be compatible with the fully connected part. We just
have to avoid the incoming momenta to coincide with any of the outcoming momenta. In a
collider, this means one excludes particles that escape in the direction of the beams, where
indeed it is not possible to put a detector. As an illustration we will give the situation for
n = ¢ = 2 and all momenta non-zero (to avoid tadpole diagrams, —)) to second order in
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the three-point coupling g3, putting all other couplings to zero

o< P, alk, By >w= exp (—i[Eo + pi” + pi]T) % (9.26)
[53(271 — k)35 (s — Ez)( ) +83(py — ka)d3(p — 1_51)< e )
2m) 404 (py + p2 — k1 — k
et p b (—T y Oe o)|
2D )2 (2 )32KD (2 2k (27)8

The first two diagrams, which have to be treated with special care (see egs. (9.22) and
(9.23)), represent the situation without scattering. By definition they have no higher order
corrections.

10 Cross sections

In many experimental situations we are interested in the scattering of two particles with
momenta k; and ko to a state with n particles with momenta py,po,---,p,. We denote
by fdgEl\i[l(];l)Vgl > and fd3122\112(l§2)|l§2 > the wave functionals of the incoming particles.
This is to describe the more realistic case of a wave packet. The amplitude for scattering to
take place is hence given by

A= —i(2m) /d3k1d37€2 on= 1pz k:Z)MH"({ it kD G ok (R )y () e B0+ 206IT

VI, 200 (50 2 P T, 265 () (2
(10.1)

If we define the wave function in coordinate space as usual

dsk

W) = [——
\/ 2ko(k)(27)3

we can compute the overlap of the two wave functions

/ dgkl dglgz
V2o (Fy) (2m)3 \/ 260 (R ) (27)?

(10.3)
We assume that over the range of momenta in the wave packets, the reduced matrix elements
are constant (which can be achieved with arbitrary precision for arbitrarily narrow wave

packets in momentum space). This allows us to write for the scattering probability of two
particles into n particles, with momenta in between p; and p; + dp;,

= MU DI T o

o) = [ dadiy (@) W) U)W (104)

e~k (k) (10.2)

8a(ky + kg — p) Uy () Wa(ky)

/d4ZL‘ \I/ )\IIQ( pr =

where p = >""" | p; = k1 + ky. The momenta k; in the reduced matrix element are the central
values of the wave packet in momentum space for the two incoming particle beams. Under
the same assumption that the momentum spread in the beams is very small, the function
f(p) will be highly peaked around p = k; + ks, such that

f(p) = 04(p — k1 — ko) /d4p f(p) = 2m)*64(p — k1 — k2) /d455\‘1’1($)\2\‘1’2($)\2 . (10.5)
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The quantities |¥;(z)[* are of course related to the probability densities of the two particles
in their respective beams,

pi(w) = i(V}(2)0,V(x) — Wy(2)0, W} (w)) ~ 2k |5 (), (10.6)

again using the fact that the wave packet is highly peaked in momentum space. Putting
these results together we find

n

- - - dsp; p1(x)pa(x)
dW = (2m)%6 i — k1 — k —pi }, {k:})|? 3—/d ——. (10.7
ERRO SRR BT (C RN G o Kl )
Since p;(z) will depend on the experimental situation, we should normalise with respect to
the total number of possible interactions in the experimental setup, also called the integrated
luminosity L.

/dt L(t) = /d4:c p1(2)pa(2)| 5y — | . (10.8)
Here [ds% pi(z)pe(x) is the number of possible interactions per unit volume at a given
time and |t} — U] is the relative velocity of the two beams. We have assumed that either,
one of the velocities is zero (fixed target), or that the two velocities are parallel (colliding
beams). Hence, L(t) = [d3Z p1(Z,t)p2(Z,t)|0; — U is a flux, typically of the order of
1028 — 10%3cm 257!, To consider the general case we note that we can also write

/dt L(t) = /(ky - k)2 — mfmg/m % . (10.9)

After all, for a fixed target situation ky = (my, 0), such that

\/(]51 - k2)? — mim3 _ (];:(()1))2 - mi = |ty (10.10)
— = — — |1 ) :
kél)ké2) kél)

whereas for colliding beams of particles and antiparticles with mass m, where k; = (E, E) =

E(1,7) and ks = (E, —k) = E(1, %), one finds

(k1 - k)2 — m2m2 (B2 + £2)2 — m4 . )
/ AONC) = J o2 = 2[k|/E = 2[d] (10.11)
ko ko

such that both expressions reduce to |t} — U5|. We leave it as an exercise to prove the result
for the general case of parallel beams.

We can therefore define a machine independent differential cross section do by normalising
the scattering probability by the total luminosity,

i MU BDE
do = (27) 54(;% k1 — ko) 4\/(%1.]%2)2 g S U @

(10.12)

The parameter S is the inverse of the permutation factor for identical particles in the final
state, as a detector will not be able to distinguish them. This will avoid double counting
when performing the phase space integrals. If there are n, identical particles of sort r in the
final state, S = [[, 1/n,! (in the present case S = 1/n!).

Typical electromagnetic cross sections, as we will compute later, are of the order of
nanobarns (1 nb= 10"33cm?). With a luminosity of 1033cm~2s™!, approximately one collision
event per second will take place. In the weak interaction the cross sections are typically 5
to 6 orders of magnitude smaller, such that not more than one event per day will take place
in that case.
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11 Decay rates

The definition of the decay rate (also called decay width) of an unstable particle is best
defined by considering its self-energy,

g(p):% @ , (11.1)

where the diagram for the 1P two-point function is now to be evaluated using the Feynman
rules in table 3 (pg. 42). The relation with the self-energy follows from the fact that, apart
from the overall factor i/(27)*, one has for each of the two external lines an extra factor
—i(27m)%V/Z as compared to the amputated 1PI 2-point function, in total one therefore has
—iZ times the amputated 2-point function. The latter indeed equals i¥(p), see eq. (9.9).
We will now consider a simple example of a scalar field theory with two types of fields, a
field ¢(x) associated with a light particle (mass m) and a field o(x) associated with a heavy
particle (mass M > 2m), which can decay in the lighter particles if we allow for a coupling
between one o and two ¢ fields,

v
V(o,p) = 4g0¢” , 7<90

For the o two-point function in lowest order we find
p—Fk

7@7: p=©=p+ TQDT+--- . (11.3)

If o is a stable particle (i.e. M < 2m), tlrlfe loop in the first diagram corresponds to virtual
¢ particles moving between the vertices, since always k% # m? and (k — p)? # m?. However,
as soon as M > 2m, the loop integral will contain contributions where the ¢ particles can
be on the mass-shell and behave as a real particles, e.g. k?* = m? and (k — p)*> = m? in the
first diagram. The real ¢ particles can escape to infinity, thereby describing the decay of the
o particle. Its number will reduce as a function of time.

Indeed we will see that only if M > 2m, the self-energy will be able to develop a non-zero
imaginary part, 7 = Im(—Z;35(p))| ._, . # 0. On the mass-shell the o propagator is in that
case modified for ¢ > 0 to

/ L R — / b 27T amorn (14
(27T)4p2_M2+2fy+25 2 (27‘(‘)3 p2+M2_'L'Y

The poles py = £/p? + M? — i are now complex and for v < M? one has in a good

approximation
it )52 2_, _ita )52 2 _1 /52 2
e it\/ P4+ M=*—ivy e it\/p*+M e Q'yt/ pe+M ] (115)

The amplitude of the wave function for the o particle consequently decays with a decay rate
of I'(p) = v/v/p? + M?2, the life-time of this particle is hence 7(p) = 1/I'(p).

We will evaluate the imaginary part of self-energy for the o 2-point function in eq. (11.3)
first to lowest order in g

ng d4]€ 1
Im(=%,(p)) = Im (-7/< )

2m)4 (k2 — m? 4 ie)((k — p)? — m? + ig)

g, (11.2)

— Tm <—%/d4x GQ(x)eW> , (11.6)
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where we used the definition of the Green’s function, eq. (4.7). With the help of eq. (5.12)

we can write o .
d3]€ eik~fe—iko(k)|t\

G(z) = —i/ Gt (11.7)

which yields (after changing = to —z at the right place)

(5, (p) = —4g” [ dir (G(@)* + G (—)?)e™ = (118

dsk: dsk L
;227T4/ 3% 392 s(ky + Fy — ) (60 + k2 — po) + 6 (kD + k2 +p0)) |
00 [ S e g B) (8" + k6 — po) + 8k + ks + po))

where we have implicitly defined kéj ) = \//;]»2 +m?2. As we wish to study the o 2-point
function at ¢ > 0 near the mass-shell, we can put py = /p? + m? as well. In particular,
restricting ourselves to py > 0, gives

Im(—Z,%,(p))  ¢*(2m)* / dsk, dsky

I'(p) = = 04(ky + ko — , 11.9
(p) 2kél)(27r)3 Qkéz)(27r)3 4( 1 2 p) ( )

Do 4py

which is the result to lowest non-trivial order in ¢ (to this order we can take Z, = 1).
To any order we can, however, decompose the part of the o self-energy, with two ¢
particles as an intermediate state, in its 1PI components as follows

(11.10)

where the full ¢ 2-point function is given by 1/(p* —m? —X,(p)+ie), which on the mass-shell
reduces to Z,/(p® —m? + ie), the only part that actually contributes to Im(—Z,%,(p)). The
1PI ¢po 3-point function can easily be seen to be equal to My, ({—ki},p)/(Z,/Z5) (or
its complex conjugate if in- and outgoing lines are interchanged), since in lowest order it
should coincide with the ppo 3-point vertex. In this way we easily find the partial decay
rate dI'(p) to be
MasoLkd D o pp_ ok
2po L 2kY) (2m)3

dl(p) = (27)*04(sik; — p) (11.11)

which, as it should be, is always positive. The symmetry factor S is the same as for the cross
section in eq. (10.12). The total decay rate is found by integrating over the phase space of
the outgoing particles I'(p) = [ dI'(p). The large resemblance with the formula for the cross
section is no coincidence, as in both cases we have to calculate the probability for something
to happen (respectively a decay or a scattering). In its present form the formula for I'(p) is
also valid for the decay of a particle in n other particles. The derivation is almost identical,
e.g. in eq. (11.8) one now encounters G"(z) instead of G?(x) and g now stands of course
for the coupling constant of n ¢ fields to the o field. It is not necessary for this coupling to
occur in the Lagrangian; at higher orders one can generate it from the lower couplings that
do occur in the Lagrangian.
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12 The Dirac equation

To obtain a Lorentz invariant Schrodinger equation, we considered the square root of the
Klein-Gordon equation. This had the disadvantage that the Hamiltonian H = /p? + m?
contains an infinite number of powers of §?/m?, the parameter in which the square root
should be expanded. It would have been better to treat space and time on a more equal
footing in the Schrodinger equation. This is what Dirac took as his starting point. As the
Schrodinger equation is linear in py = i0/0t, one is looking for a Hamiltonian that is linear
in the momenta p; = /92’ (= —p’).

oV . ov

za =HV = —zak%
The question Dirac posed himself was to find the simplest choice for a; and 3, such that the
square of the Schrédinger equation gives the Klein-Gordon equation

+Amv (12.1)

Py = (—pray, + Bm)* =p* +m? . (12.2)

Dirac noted that only in case we allow ay, and /3 to be non-commuting objects (i.e. matrices),
one can satisfy these equations. The above equation is equivalent to

F=1, Laja+aa;) =16 and a8+ fa; =0 . (12.3)

Historically, Dirac first considered m # 0, but the massless case (m = 0) is somewhat
simpler, as it allows one to use § = 0 and o = oy for a solution of eq. (12.3). Here oy, are
the Pauli-matrices, familiar from describing spin one-half particles.

01:((1) (1)) , 02:(? _OZ) , 03:((1) _01) . (12.4)

It is clear that two will be the smallest matrix dimension for which one can solve the equation
Hojar + o) = Haj, o} = 18 It is not hard to prove that in a two dimensional
representation all solutions to this equation are given by

a; =+Uo, U, (12.5)

where U is an arbitrary non-singular complex 2 x 2 matrix. We should, however, require
that H (and hence ;) is hermitian. This narrows U down to a unitary matrix, since

a0l = Uo, U~ U iUt = U(UtUo)) o UTU) U =1 (12.6)

such that UTUo; = o;UTU for each j. The only 2 X 2 matrix that commutes with all Pauli-
matrices is a multiple of the identity, which proves that U is unitary (up to an irrelevant
overall complex factor, which does not affect ;).

Since the Hamiltonian is now a 2 x 2 matrix, the wave function ¥(x) becomes a complex
two dimensional vector, also called a spinor, which describes particles with spin % /2

poU(z) = 7 7U(x) . (12.7)

We have to demonstrate that the Dirac equation is covariant under Lorentz transformations.
We first put the boosts to zero, because we already know from quantum mechanics how a
spinor transforms under rotations

Fop =exp@- L) \If(:p)ﬁﬁ/'(x'):exp(%ﬁ-ﬁ)llf(x) . (12.8)
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Here L' are real 3 x 3 matrices that generate the rotations in IR?
Ly =eijr (12.9)

such that [Lf, 7] = L'LJ — LJL" = —g;;,L". These reflect the commutation relations of the
generators i0;/2. We will later, in the context of non-Abelian gauge theories, show that this
describes the fact that SU(2) (the group of unitary transformations acting on the spinors)
is a representation of SO(3) (the group of rotations in IR*). To show the covariance of the
Dirac equation under rotations, i.e.

po¥(z) = Fp- dV(z) — po¥'(2") = Fp' - V' (') (12.10)
we work out the Dirac equation in the rotated frame. Using eq. (12.8) we get

po¥(z) = Fp" - exp(—%ﬁ : 5)Eexp(%ﬁ F)U(x) (12.11)
which should reduce to eq. (12.7). To prove this, we use the following general result for

matrices X and Y
eXYe ™ =expadX)(Y) , adX(Y)=[X,Y] , (12.12)

which is derived from the fact that fi(t) = e Ye ™ and fo(t) = exp(ad(tX))Y satisfy the
same differential equation, df;(t)/dt = [X, fi(t)]. Since also f1(0) = f2(0) it follows that
f1(1) = f2(1), being the above equation. Applying this result to Y = o}, and X = —id - 7/2,
using the fact that

ad(—

&)y = -2 &, 04) = (@ - L)pjo; (12.13)

M| .
DN | .

the r.h.s. of eq.(12.11) becomes Fp” - &V (z) = F5- 3¥(z), where & = exp(@ - L)3.

The interpretation of this Schrédinger equation caused Dirac quite some trouble, as its
eigenvalues are £|p’|, and it is not bounded from below. In the scalar theory we could avoid
this by just considering the positive root of the Klein-Gordon equation. Only when we
required localisation of the wave function inside the light-cone, we were forced to consider
negative energy states. In the present case, restricting to one of the eigenstates would break
the rotational invariance of the theory. For the massive case Dirac first incorrectly thought
that the positive energy states describe the electron and the negative energy states the
proton. At that time antiparticles were unknown. Antiparticles were predicted by Dirac
because the only way he could make the theory consistent was to invoke the Pauli principle
and to fill all the negative energy states. A hole in this sea of negative energy states, the
so-called Dirac sea, then corresponds to a state of positive energy. These holes describe
the antiparticle with the same mass as the particle. Obviously particle number will no
longer be conserved and also the Dirac equation will require “second quantisation” and the
introduction of a field, which will be discussed later.

For the massive Dirac equation we need to find a matrix § that anticommutes with all
«;. For 2 x 2 matrices this is impossible, since the Pauli matrices form a complete set of
anticommuting matrices. The smallest size turns out to be a 4 x 4 matrix. The following
representation is usually chosen

we(32) a3 %) e
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for which the non-relativistic limit has a simple form. For the massless case it is often more
convenient to use the so-called Weyl representation

ae(3 5) o=(5, ) - e

We leave it as an exercise for the student to show that these two representations are related
by a 4 x 4 unitary transformation U, i.e. ¥* = Uy*U L.
To study the covariance of the Dirac equation

po¥(z) = (—aip; + Bm)¥(z) (12.16)

under Lorentz transformations (note that now W(x) has four complex components), it will
be profitable to introduce a “four-vector” +* of 4 x 4 matrices

=00 = (8. Ba) (12.17)
such that the Dirac equation becomes
(=" 0y + m)¥(z) = (—"py + m)¥(z) = (—p+m)¥(z) =0 . (12.18)
The Dirac gamma matrices satisfy anticommuting relations

(Y47} = Ay 40yt = 20" (12.19)

As for the covariance under rotations, this equation is covariant under Lorentz boosts if there
exists a non-singular complex 4 x 4 matrix S, such that ¥(z) — ¥'(2') = S¥(z) and

SIS = K 4" (12.20)

where K*, is the Lorentz transformation acting on the momenta as pj, = K,”p, and on the
coordinates as z#' = K*", x". Like for the rotations, K can be written as an exponent

K =exp(w) . (12.21)

Here w*, is a 4 x 4 matrix, which is antisymmetric when one of its indices is raised or lowered
by the metric, w,, = gu,\w’\y = —Wyy.
We will now prove that

§ = S(w) = exp(—zwwo™) , o =[] (12.22)

satisfies eq. (12.20). Using the antisymmetry of w,,, and eq. (12.19) we find
i . ,
[Fwmwo™ Y] = w7
= —tww ("Y' = M)
(V9" + Ay = 297 g™)
(g = g") = Wt (12.23)

= =

Wy
Wy
Applying eq. (12.12) gives the proof for eq. (12.20). One says that S(w) is a representation
of K(w). Note that in general S(w) is not a unitary transformation. This is because the
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boosts form a non-compact part of the Lorentz group. There is, however, a relation between
ST and S~1,
08Ty =871 (12.24)

which is most easily proven in the Weyl representation, since 7° = 3 commutes with 0ij
but anti-commutes with &y (as always roman indices run from 1 to 3 and greek indices run
from 0 to 3), whereas &;; is hermitian and 4 is anti-hermitian, as follows from the explicit
expressions obtained from eqs. (12.15), (12.17) and (12.22)

i o ©

o 1
1 ( 2) L awmoend-oi(% 9)
(12.25)
Note that egs. (12.20) and (12.22) are independent of the representation in which we give
the gamma matrices, as any two such representations have to be related by a unitary trans-
formation. In the Weyl representation S (w) is block diagonal, like the Dirac equation for
m = 0 (as &; is block diagonal). The upper block corresponds to eq. (12.7) with the plus
sign and the lower block corresponds to the minus sign. We can verify eq. (12.8) by using
the fact that the Lorentz transformations contain the rotations through the identification
Wi = —igiikwi;. With wor = 0, one finds S(w) = lo®exp(idd- d/2), i.e. it acts on each 2 x 2
block by the same unitary transformation.
The boost parameters are described by wp;. For a boost in the x direction we have that
X = wo1 is related to the boost velocity by v; = — tanh(x). For K we find in this case

5'1']' - 5’” =

(\V]

cosh(x) sinh(x)

0 0
sinh(y) cosh(x) 0 0
10
0 1

K = (12.26)

0 0
0 0

In the Weyl representation, S splits again in two blocks, but one is the inverse of the other
(and neither is unitary). To be precise, S restricted to the upper-left 2 x 2 block equals
exp(iworor), whereas for the lower-right 2 x 2 block we find exp(—1worog)-

As S is not unitary WT(z)¥(x) is no longer invariant under Lorentz transformations.
But we claim it is nevertheless a probability density, namely the time component j°(x) of a

Conserved current
j*(x) = Wi (2)y () . (12.27)

We leave it as an exercise to show that the Dirac equation implies that the current is
conserved, 9,j"(x) = 0. The combination W(z)7° will occur so often, that it has acquired

its own symbol
U(r) = Ui(z)y" . (12.28)

It transforms under a Lorentz transformation as
U(z) — S¥(x) and V(z)— ¥(x)S' . (12.29)

We can use this to build the required Lorentz scalars, vectors and tensors

scalar: V(W () = T@)SSU(z) = U(x)¥(z)
vector: W (2 )yP0'(2)) = W(z)S S U(z) = K4, 0(2)7'0(z)
tensor: W (2/)o™ W (z)) = U(x)S~lomSU(z) = KF\K" U(x)o™U(x)
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The Lagrangian is a Lorentz scalar, which we chose such that its equations of motion repro-
duce the Dirac equation. As ¥(z) is complex, it can be considered independent of ¥(z) and
the following Lagrangian

SDirac = /d433‘ Lpirac = /d4.§l] E(Jf) (Z’Yﬂaﬂ - m)\Il(,j(;) . (1230)

gives the Euler-Lagrange equations

s, B 55
ST = (@) =0 L o

= T(x)(—in" 5“ —-m)=0 . (12.31)

The second equation is the complex conjugate of the first, UT(z)(i(v*)! 8, +m) = 0, because
the gamma matrices satisfy

(V) =", (12.32)
which follows from the fact that (71°)7 = 87 = 3 = 4% and ()" = (Ba)! = ;8 = —~, or
from the explicit representation of the gamma matrices

0 __ 12 @ ) i ( %) Ui)
Y = (® L) o= o) (12.33)
Hence
0= Wi(2)(i(") 9 +m)r® = T(ir*(#)1° 9, +m) = V(in" 9, +m) . (12.34)

An important role will be played by a fifth gamma matrix

o 1
Vs = w%”ﬁ*f’—(lz @2) , (12.35)

which anticommutes with all v* (see problem 21)

Yy = —tys and  (y5)* =14 . (12.36)
This implies that we can introduce projection operators
Po=1(149) (1237)

which satisfy (Py)? = Py and Py P: = 0. Their role is best described in the Weyl represen-
tation, where

- U o~ 1 ©
Y5 = 1Y0V1Y2Y3 = —lQiQotiy = ( 2 > ) (12.38)
© -1

— 45) on the two lower
ponents are decoupled,

such that P, = 1(1 + 7s) projects on the two upper and P_ =

1(1
2
components of the four-spinors. In the massless case these two com

pU(@) = (-7 G+ mi)ua) = (07 e (12:39)

Hence, for m = 0 we have

v = (y' ) ) =5 ) (12.40)



which is identical to eq. (12.7). The eigenstates of the projection operators Py are called
helicity eigenstates. As long as m # 0, helicity is not conserved. But as we saw, for m = 0
the two helicity eigenstates decouple. One can define in that case consistently a particle
with a fixed helicity, whose opposite helicity state does not occur (although its antiparticle
has opposite helicity). A very important example of such a particle is the neutrino, although
experiment has not yet been able to rule out a (tiny) mass for this particle (m,, < 10eV').
See problem 22 for more details.

Apart from the invariance of the Dirac equation under Lorentz transformations and
translations (which are obvious symmetries of Lpiac) we also often want invariance under
parity (¥ — —Z) and time-reversal (! — —t). One easily checks that

PU(z) =V (t,—%) =¥ (t,7) and TV(z) =V (~t,7) = 707" V*(t, 7) (12.41)

satisfy the Dirac equation, where P stands for parity and T for time-reversal. This implies
that the Lorentz covariant combinations W(z)vys¥(z) and W(x)ysy*¥(x) are not invariant
under parity and time-reversal. They are called pseudoscalars and pseudovectors. These
combinations play an important role in the weak interactions, where parity is not a symmetry.
A third discrete symmetry, charge conjugation C, will be discussed in section 17.

13 Plane wave solutions of the Dirac equation

As usual, the Dirac equation can be solved by Fourier decomposition in plane waves,

w@:/——ii——mﬁam . (13.1)
2ko(K)(27)?

where W(k) are complex four-vectors that satisfy

F—m)U(k) = (k' —m)U(k)=0 , K =k>4+m? . (13.2)
The Lorentz invariance implies

V(k') = S(w)¥(k) , K, =Kw),k . (13.3)

As any k can be obtained from a boost to k = 0, all solutions of the Dirac equation can be
obtained from the ones at rest with k = 0 (see problem 19)

(+%ko — m) ¥ (0) = ((’“0 ‘@m)b _(hy fm)b) TR (13.4)

We see that for kg > 0 (kg = m), there are two independent solutions both of the form
b0 - (") (13.5)

(1]) is the spin-

down state. The identification of the spin degrees of freedom follows from the behaviour of

where W4 is a spin one-half two-spinor of which ((1)) is the spin-up and (
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¥ under rotations (which leave k= 0). We leave it as an exercise to verify that also in the
Dirac representation of the gamma matrices, like in the Weyl representation (see eq. (12.25)),

o ©
045 = Eijk ( @k Ulc) 5 (136)

such that W 4 is easily seen to transform under a rotation as in eq. (12.8) (cmp. the discussion
below eq. (12.25)). There are also two solutions for ky < 0 (kg = —m) of the form

b_(0) = (\I?B) , (13.7)

where likewise U is a spin one-half two-spinor of which (1) is the spin-up and (

0 0) is the

1
spin-down state, which transform under rotations as W 4.
For any frame, i.e. for any value of k£, we will define the four independent solutions of

the Dirac equation as

1 0
VB e = B e e
0 0
0 0
R/ PR T S LY R (i ? P =10 ase)
Jm o+ [kol : (1’

These solutions naturally split in positive energy (u(a)(E) with a = 1, 2) and negative energy
(0@ (k) with & = 1, 2) solutions; for k = 0 and m # 0 easily seen to be proportional
to the solutions W, (0), to be precise u(®(0) = Uo /\/% and v(®(0) = Uo /\/% The
normalisation we have chosen allows us to treat massless fermions at the same footing. In
that case we can, however, not transform to the restframe. This normalisation also implies
that

w@ (B)u® (k) = —0@ (k)o@ (—k) = 2md,5 . (13.9)

For example

_ . (@) 0 t40 B @) 2, (B)
u@ (Fyu® (k) = YVHA M)V K +m)ug”  ug (F+m)ug _

(m + ko)  (mA+ ko)
W (k2 4 om2 (5) 2 (3)
uy (k% 4+ m?® + 2km)uy (k +m? + 2kom)ug
- —omé. ,  (13.10)
where we used k% = m? and u 7“u = 0ap0u0 (see eq. (12.33)). The computation for

v(o‘)(k) is left as an exercise. The fact that we find a result that is independent of k is
consistent with our claim that these spinors can also be obtained by applying the appropriate

boost to k = 0, since E(E)\Il(/;) is a Lorentz scalar.
That these spinors indeed satisfy eq. (13.2) follows from the fact that

(F=m)(F+m) =k —m*=0 . (13.11)
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Note that v(o‘)(/;) can also be viewed as a positive energy solution for the complex conjugate

of the Dirac equation
ko=VE2+m2: (k+mw (k) =0 . (13.12)

It will play the role of the wave function for the antiparticles (the holes) in the Dirac field
theory. To see that our plane waves have the correct amplitude, we use the fact that the
probability density can be defined in terms of the zero-component p(x) of the conserved
four-vector j*(z) = W (x)y"¥(x) (see eq. (12.27)), or

plx) = Ul(2)U(z) . (13.13)
Indeed, W' (k)¥ (k) transforms as a density, i.e. as the energy ko, and we find
u ()P (B) = @ ()P (K) = 2kobag , u (k)P (k) =0 . (13.14)
This can be verified by a direct computation, e.g. (ko > 0)

ot o)t -
ooy _ 0 m = )im = Bl o (k4 K2 4+ m? — 2mker®)of”
o' (k)0\W (k) =
m —+ /{70 m + kO
vé“)T(k:S + k24 m?4 kao)véﬁ)
- = 2kodap (13.15)
m + k’o

using v(()a)Tfy“v(B )= _ 10005 (see eq. (12.33)). We leave the other identities as an exercise.

This implies that the plane wave solutions (ko = (k2 4+ m?2)?)
(a) (k —zkx U(a) (k>

1/2](?0 27'(' 1/2](?0 27'('

are normalised to one (of course, in a finite volume we replace (27)% by V and [ dsk by >r).
As for the scalar field we can introduce a Dirac field

\I/(x):/ T:O - al(

Since ¥(z) is complex, there is no relation between d, and b,. In the quantum field theory
these will play the role of the annihilation operators for the (anti-)particles.

Finally we note that, for m # 0, we can define projection operators (which are 4 x 4
matrices)

Ca=1,2 (13.16)

—»

u® (B)e * 4 df, (F)o® (k)e*r) (13.17)

2 ®u<a(15)_k+m s k) @o@(k) _ —f+m
z:: - oom A-(k) = - az::l 2m om
(13.18)

which can be verified from the explicit form of u and v, or by first computing them in the
restframe where A4 (0) = 1(1 +1°). In that case we find
(EFF+m) (LA (EF+m) Eh+m

As(k) = Am(m + ko) T 2m ’ (13.19)

whose proof requires some gamma matrix gymnastics. Independent of the frame Ay satisfy
AL(R) = As(k) , Ap(R)Ap(k)=0 . (13.20)
Note that Tr(A.(k)) = 2, a result that can also be derived from eq. (13.9).
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14 The Dirac Hamiltonian

In the Dirac equation we encountered an additional difficulty, namely that the negative en-
ergy solutions even arise at the level of the classical theory. In field theory the negative
energy solutions had an interpretation in terms of antiparticles, and the field theory Hamil-
tonian was still positive, and most importantly, bounded from below (see section 2 and
problem 5). The field theory Hamiltonian for the Dirac field no longer has this property.
The Hamiltonian can again be derived through a Legendre transform of the Lagrangian

S = / dyr L = / dyz T ()"0, — m)¥(z) . (14.1)
The canonical momentum is hence
Ta(x) = &Iijx) = (U(z)in"), = iV (z) . (14.2)

such that

_ / dsk ko(R) S (B (K)ba(F) — da(R)dE(R)) . (14.3)

Note the resemblance with eq. (12.1) for the middle term. We used eq. (13.17) for the
expansion of the Dirac field in plane waves. From this result it is clear that the Hamiltonian
is not bounded from below, and this would make the vacuum unstable, as the negative
energy states, described by the da(/;), can lower the energy by an arbitrary amount. It is
well-known how Dirac repaired this problem. He postulated that all negative energy states
are occupied, and that the states satisfy the Pauli principle, i.e. two particles can not occupy
the same quantum state (it is only in that case that we can make sense of what is meant with
filling all negative energy states). This implies that one should use anticommuting relations

for the creation and annihilation operators

{ba(k), 030} = 0 {Ba(k),B5(P)} = Sapds(k —5)
{da(k),ds(@)} = 0 {da(k), d}(D)} = dapda(k — 1)
{da(F), bs(@)} =0, {da(k), b5} =0 . (14.4)

Eoyl =]

a1

Indeed, if we define a two particle state as |k, 7 >= b (k)b (5)|0 > (suppressing the spinor
indices), the anticommutation relations imply that |l§, p>= —|p, k>

A hole in the Dirac sea is by definition the state that is obtained by annihilating a
negative energy state in the Dirac sea. As annihilation lowers the total energy by the energy
of the annihilated state, which in this case is negative, the net energy is raised. The wave
function for the negative energy state is given by exp(ikz)v® (k) /v/ko and has momentum —k
(ko = (K2+m?)2), see eq. (13.8). The reason to associate its Fourier coefficient in eq. (13.17)
with a creation operator dL(E), is that conservation of energy and momentum implies that it
creates an antiparticle as a hole in the Dirac sea, with momentum k and helicity 1 for a = 2,
whereas for a = 1 the helicity is —1 (hence the helicity and momentum are opposite to the
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negative energy state it annihilates). The wave function of an antiparticle with momentum
k is hence given by exp(—ikz)v@ (k)t//ko. If we now use the anticommutation relations of
creation and annihilation operators (as a consequence of the Pauli exclusion principle), we
see that with the present interpretation the Dirac Hamiltonian is bounded from below

H= / dsk ko(K) Y (b (R)ba(K) + di(B)da(F) — 1) . (14.5)

«

As in the case for scalar field theory we can normalise the energy of the vacuum state to zero
by adding a (infinite) constant. Note that this constant has its sign opposite to the scalar
case (and is in magnitude four times as large). In so-called supersymmetric field theories this
is no longer an accident as the Dirac fields will be related to the scalar fields by a symmetry,
which is however outside the scope of these lectures.

Important is also to note that the anticommuting relations are crucial to guarantee
locality of the Dirac field. In this case Dirac fields specified in different regions of space-time
that are space-like separated should anticommute. And indeed, in problem 24 you are asked
to prove that

(U, (2), ¥z} =0 for (z—2)2<0 . (14.6)

Also, as in the scalar theory, we can couple a source to the free Dirac field (we again
introduce € as the expansion parameter for taking the interactions due to the source into
account in Hamiltonian perturbation theory)

L(z) = V()"0 —m)¥(z) — T (2)¥(z) — eV (2)T (2) ,

H(z) = U(2)(—iy 0 + m)V(z) 4+ T (2)¥(x) + e (x)T () (14.7)
where as before the Hamiltonian H is the spatial integral over the Hamiltonian density H(z),
H = [ds% H(x). Note that the sources J(z) and J(z) are independent, as for a complex

scalar field, see problem 17. In problem 24 you are asked to prove that in Hamiltonian
perturbation theory one obtains

< 0| Texp(—i /O " H@)d) 0> BT = 1 / dyzdyy T (@)Gr(z — )T (y) + OE)

_ i e o) ()
eJ eJ
h
where : (x_ )_/ dup e—ip(x—y) _/ dyp (26+m)e—z‘p(x—y) (14 9)
PETI =] enyd p—mrie ) @t p-mitie |

Hence, the Green’s function for fermions is in Fourier space given by Gr(p) = (p—m+ie) !,
which is the inverse of the quadratic part of the Lagrangian, as for the scalar fields. In
problem 24 it will be evident that, nevertheless, the anticommuting properties of the Dirac
field play a crucial role (cmp. section 5). It becomes, however, plausible there is also for the
fermions a path integral formulation, as splitting of a square (cmp. egs. (7.11) and (7.12)) is
independent of the details of the path integrals. This will be the subject of the next section.

To conclude, we note that the coupling to an electromagnetic field A, (x) should be
achieved through the current j#(z), defined in eq. (12.27)

/ dyz j(x)A,(z) = / dyz U (2)y" A (2)U(z) . (14.10)
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Since this current is conserved, which can also be seen as a consequence of the Noether
theorem applied to the invariance of eq. (14.1) (the free Dirac Lagrangian) under global
phase transformations, the coupling is gauge invariant. Using the minimal coupling defined
as in eq. (3.35),

D,V (z) = (0, —ieA,(2))¥(x) (14.11)
one can fix the normalisation of the electromagnetic current to be J#(z) = —ej*(x), since
(cmp. eq. (3.31))

U(z)(iv" D, — m)¥(z) = U(x)(iv"0, — m)¥(z) + ej" A, (z) . (14.12)

The current j#(x) is the charge density current, whose time component p(z) at the quantum
level is no longer positive definite. Using the anticommuting properties of eq. (14.4) one
finds

/ T p(T) = / ds® U ()0 ()

— Qufe+ / dsk Y (B (R)ba(F) — di(R)da(F)) . (14.13)

The vacuum value of this operator is indicated by the (generally infinite) constant Qy/e,
which can be normalised to zero. After all we want the state with all negative energy
states occupied to have zero charge. With the above normalisation of the electric current,
JH(x) = —ejt(x), we see that the b modes can be identified with the electrons with charge
—e and the d modes with their antiparticles, the positrons, with opposite electric charge
+e. To summarise, Z)L(E) corresponds with the creation operator of a spin-up (o = 1) or a
spin-down (o = 2) electron of momentum &, whereas df (k) corresponds with the creation
operator of a spin-up (o = 2) or a spin-down (a = 1) positron of momentum k.

15 Path integrals for fermions

For scalar fields, which describe bosons, we used real or complex numbers (the eigenvalues
of the operators), in order to perform the path integral. For fermionic fields it is essential to
build the anticommuting properties into the path integral.

To this end we introduce a so-called Grassmann algebra, which exists of Grassmann
variables #; that mutually anticommute

In particular, a Grassmann variable squares to zero
0> =0 (15.2)

A Grassmann variable can be multiplied by a complex number, with which it commutes. A
function of a single Grassmann variable has a finite Taylor series

f(@) =ag + (119 s (153)
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and spans a two dimensional (real or) complex vector space. This is exactly what we need
to describe a spin one-half particle. Let us introduce the following notation

|0>:((1)) : \1>:((1]) : (15.4)

With respect to the Hamiltonian
-W 0
( . W) (15.5)

|0 > is the vacuum state (i.e. the state with lowest energy) and we interpret |1 > as the
one-particle state (with energy W above the vacuum). An arbitrary spinor can be written
as a linear combination of these two states

HOZ

NI

U >=ag|0 > +ay|l >= ag|0 > +a,b'|0 > | (15.6)

where b is the fermionic annihilation operator, which in the spinor representation is given

by a 2 X 2 matrix
(0 1 i (0 0
b_<0 0) , b_<1 0) . (15.7)

We note that ? = (b7)? = 0, a property it has in common with a Grassmann variable. We
will now look for properties of 6 such that

V() =< 0|V >= ay + a,0 (15.8)

is a representation of the state | >, similar to ¥(z) =< z|¥U > for the case of a single
bosonic (i.e. commuting, as opposed to anticommuting) degree of freedom. In the latter
case, the normalisation

/d:p W () (2) = 1 (15.9)

is an important property we would like to impose here too (keeping in mind that for path
integrals we need to insert completeness relations). As < 0] = (1,0) and < 1] = (0,1), we
have

<V =< 0laj+ < 1]a} =< 1|blai+ < 1]a} . (15.10)

As in eq. (15.8) (i.e. bf — 0), we anticipate
U (0) =< V|0 >=qif +a] . (15.11)

We wish to define integration over Grassmann variables, such that the normalisation of the
wave function is as usual

< BT >=|aol? + a2 = /de VHO)U(9) . (15.12)

Since the norm should be a number, and as [ df 1 is itself a Grassmann variable, the latter
should vanish. For the same reason [df 6 (which is itself a commuting object, as is any
even product of Grassmann variables) can be seen as a number. Demanding the so-called
Grassmann integration to be linear in the integrand, and using #% = 0, all possible ingredients
have been discussed. Indeed

/d99:1 , /d91:0 (15.13)
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is easily seen to give the desired result. Note that df is considered as an independent
Grassmann variable (which is important to realise when multiple Grassmann integrations
are involved).

We can now study the action of an operator (like a Hamiltonian H) on a state, which in
the spinor representation is given by 2 X 2 matrices.

i My, M12><a0)_<alo>
MW >=|¥' > o <M21 ) () =(2) - (15.14)

Translated to Grassmann variables, this gives
V(0) = ) + d,0 = Myag + Mysay + (Mayag + Mapay )0 = /d@’ MO,0)(@) , (15.15)
provided we define
M(0,0") = M10" + My + Mo10'0 — Moy = M0 + Mg — Mo100" — Moy . (15.16)
Indeed,
/ 46’ M(0,0)U(¢') = / 6" (M0 + Mys — My180' — Maof)(ao + ar6')
— [ 49" {aoMiz — agMant + (a1 Miz + agMi1)' — (agMor + a1 Maz)06'}

= /Cwl 0'{ (a1 Mys + agMi1) + (apMa1 + a3 May)0}
= M12CL1 + MHCLO + (M21a0 —+ M22a1)«9 . (1517)

The 2 x 2 identity matrix is hence represented by (note the sign)
1,0,0)=60"—6 (15.18)
which can be used to write the infinitesimal evolution operator
exp(—iHAt) = 1, — iHAt + O(At?) (15.19)

where H is a (possibly time-dependent) 2 x 2 matrix. In the Grassmann representation this
reads

1,(0,0) —iH(0,0)At = ¢ — 0 — iAt(H,0 + Hiy — Hp 100 — Hapf)

_ / 6 exp(B[15(0,0') — iH(0,0)At]) . (15.20)

The last identity is exact, and a consequence of the fact that the Taylor series of any function
of a Grassmann variable truncates

exp(fz) =1+ 6z | /d@~ exp(fz) = . (15.21)
This is valid both for z a Grassmann variable (in which case the ordering of x with respect

to 6 is important, with the opposite ordering the result is —z), or for x a complex number.
Another useful property of Grassmann integration is that (y is a number)

/d@ exp(fz +y) =xexp(y) . (15.22)

29



To prove this, we use that

> 1 > 1 > B
exp(fr+y) =) —(0r+y)" = —y"+0w ) my” b= (1+0z)exp(y) . (15.23)
n=0 """ n=0 """ n=1 :

In general it is not true that the exponential function retains the property exp(x + y) =
exp(z) exp(y), for x and y arbitrary elements of the Grassmann algebra. It behaves as if =
and y are matrices, as it should since the Grassmann representation originates from a 2 x 2
matrix representation. More precisely

exp(fz) exp(f'y) = (1+02)(1+0'y) =1+ (0 +6'y) + 1(6z + 0'y)* + 1[02,0'y]
= exp (0z + 0y + 1[0z, 0'y]) . (15.24)

This means that the Campbell-Baker-Hausdorff formula (eq. (6.44)) can be extended to this
case. It truncates after the single commutator term as neither fx nor #y can appear more
than once.

Let us apply this to the evolution operator, which in the Grassmann representation is

given by (see egs. (15.19) and (15.20))

< O3 1|U(tig1, 1:)]0; >= Ui (011, 0;) :/ df; exp (éz'[@‘ — Oip1 — iH (t;; 041, 9@')At]) +O(AF)
(15.25)
such that

/d@z < elJrl‘U(tZJrl,tl)wz >< 92|\I’ >=
which can be iterated, first by one step, to

/d@z < 02+2|U(t1+2,t2)|01 >< 01|\II >= /d@HlUHl(@HQ,@Hl) /d@z UZ(QZH,@Z)\II(@Z)
= /d0i+1d§i+1 exp (éi—i—l[ei-i-l — 0o — iH (tiy1; Oiro, 9i+1)At]) X
Note that we have to be careful where we put the differentials, as they are Grassmann
variables themselves. If H is diagonal, as will often be the case for the application we have
in mind, exp (9[12(«9, 0 —iH (0,0 )At]) will be a commuting object (so-called Grassmann
even) and it does not matter if we put one of the differentials on one or the other side of
the exponential. The combination df;df; is likewise Grassmann even, and the pair can be
shifted to any place in the expression for the path integral. Hence, provided of course H is

diagonal, any change in the ordering can at most given an additional minus sign. We now
apply eq. (15.24) to the above product of exponentials,

eXp<9~i+1[9i+1 — Oy — iH(tz‘H; Oy, ‘9¢+1)At]) €xXp (éz[ez —Oip1 — iH(tzG i1, 9z‘)At]) (15-28)

il . )
:exp(z 0,{0; — 0501 — iH (t5; 0541, 0;) At} — SAE [0 H (iga; iz, Oi41), 0 H (£55 0341, 9z)]>
=i
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and evaluate the commutator that appears in the exponent. With the explicit expression for
H (see eq. (15.20)) we find

/d9i+1 (01 H (i1 0ien, 0i1), 0, H (155 011, 0;)] =
20;110; (‘9i+2H21<ti+1>H12(ti) — eiH12<ti+1>H21<ti>) . (15.29)

For H diagonal the commutator term vanishes as was to be expected. In that case, the
Campbell-Baker-Hausdorff formula truncates to the trivial term both in the matrix and in
the Grassmann representations. This does not mean that there are no discretisation errors
in the fermionic path integral when H is diagonal, as can be seen from eq. (15.19). To be
precise, assuming for simplicity that H = —1Wos3, one has

2sin(1WAR)

W ;
which shows that At is effectively modified to 2sin(1WAt)/W (it is interesting to contrast
this with the result we found for the harmonic oscillator in section 6 and problem 10),
whereas H is shifted by a multiple of the identity that vanishes linearly in At.

The generalisation of egs. (15.27) and (15.28) to N steps is now obvious and for H
diagonal one easily proves that the limit N — oo can be taken:

exp(—iHAt) = 1, — i{ H — ;W tan(1W A1) 1, } (15.30)

/d@ <O|U(T, 0|0 >< 0|¥ >= lim /d@o Un(On = 0,00 = 0)T(6)
N-1 5 N-1
= lim H /dﬁjd(?] exp (Z ]+1 (tj;9j+1,9j)At]) \11(90) s (1531)

N—oo =0

where as usual one has At = T/N. In complete analogy with eq. (6.10), reinstating the
dependence on Planck’s constant, we can write

< 0| Texp(—i / H(t)dt/h)|6 >

= Nli_xgo/déo ]\hl/dejdéj exp % Z (#9) —éjH(tﬁ@Hlv@j))]
= lim /d@o ]‘[ /de df; exp % Z (LQ’HQW(Q)M>
= [DTBDY () exp [z /0 dt \IIT(t)(iﬁt—i—W(t))\Il(t)] . (15.32)

Here we have replaced 6 with U (which in this case agrees with ¥, since in one time and no
space dimensions 79 = 1) and 6 with . We have indicated the general case where W can
depend on time, but in absence of this time dependence, W is the energy of the one-particle
state, created from the vacuum. Since we identified  also with b', the creation operator for
the one-particle state, we see that WWTW = Whb' = —H + W, what is to be expected from
a relation between the Lagrangian and Hamiltonian (the term LW is of course irrelevant) .
As for scalar field theories, we will be mainly interested in vacuum expectation values
of the evolution operator. In the presence of a source term this will allow us to derive all
required matrix elements. For the present case we easily find the vacuum wave function to
be
<00>=1 , <00>=60 |, (15.33)
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such that

<00 >= [ <010’ > [ a9 < #|U(T)|0 >< 610 >= [ dvds’ ' < ¢'|U(T)}6 >
(15.34)
The order of the differentials is important here. However, as in the case of scalar field
theories, we do not require the precise form of the vacuum wave function(al) for performing
perturbation theory.
Up to now we have described a spin one-half particle pinned-down at a fixed position.
It is obvious how this can be generalised to include the quantum mechanical description of
a moving spin one-half particle in a one-dimensional potential V(x). If also W depends on
the particle position (W (x)), the Hamiltonian becomes

52
H= <§—m +V(z )) lo — LW (%)os . (15.35)
If we write < z,0|¥ >= ¥(z,0) = ag(x) + a;(z), the path integral is easily found to be
dpod#), dp;d
< 2,0/ | exp(—iHT/h)[z,0 >= Jim ZO i’ H / b 5”] do,d; x (15.36)
N—o0 T

exp

At o At 2

% Ni:l (pj(%‘ﬂ —x) P Viz;) + i0;(8;1 — 6;) AW () (041 + 9j)>

= /D:c(t)D@(t)D\Il(t) exp [% /OT dt (%ma’:Q(t) — V(z(t)) + U ()[io, + W(x(t))]\lf(t))] :

A careful derivation of this formula and a step by step comparison with the matrix represen-
tation in the spin degrees of freedom can be found in sections 1 to 3 of the paper “Fermionic
coordinates and supersymmetry in quantum mechanics”, Nuclear Physics B196 (1982) 509,
by P. Salomonson and J.W. van Holten. For further details see the lectures by L. Faddeev
in “Methods in field theory”, Les Houches 1975, ed. R. Balian and J. Zinn-Justin.

It is now also straightforward to derive the path integral for the Dirac Hamiltonian of
the previous section. Using as a basis the plane waves constructed there, the Hamiltonian
becomes a decoupled sum (in a finite volume) for each k of four fermions, described by
bl (K), bl(k), di(k) and d}(K). Each of which can be described by its own 6. Associating the
annihilation operators with their respective 6, and performing the Fourier transformation
back to coordinate space, it is left as an exercise to show that the path integral for fermions
is given by

| D)D) exp[% sz (U)o, — m)W(x) ~T () () - W(x)j(x))] . (15.37)

Since the fields ¥(z) and ¥(x) are Grassmann variables, also the sources J(r) and J (z) are
Grassmann variables. Their order in the above equation is therefore important, when used
in further calculations. As promised, it is as simple as for scalar field theories to calculate the
dependence of this path integral on the sources. Since Grassmann variables form a complex
linear space we can perform all calculations as in the scalar case, provided we keep track of
the order of the Grassmann odd variables. In particular we can make the replacement

V() — U(a)+ / dt’ Gp(z — )T (@)

T(r) — U(z)+ / dyt’ T(@)Gr(a' —z) | (15.38)
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where Gp(z) is the Green’s function defined in eq. (14.9). The integration measure, as for
commuting variables, is invariant under a shift by a constant Grassmann variable, such that
we obtain (as for the scalar case we normalise the path integral to 1 for vanishing sources)

<O0[Uz7(M)0> = <0|Us=7=0(T)[0 > exp <—i/d4xd4y J(2)Gr(z — y)J(y))
= <O0Us_7-0(T)0> Zo(T,T) . (15.39)

Again, this result holds to arbitrary order in the sources, and agrees with what can be derived
to second order within Hamiltonian perturbation theory (see problem 24).

Interactions are taken into account by adding higher order terms to the Lagrangian, where
the order of the fermion fields is important. For example, the Lagrangian for a fermionic
and a scalar field is given by

L = Lo—V(T,U,0)— J(z

)() ()(SU) V()T (x)
Ly = U(x)(iv"0, —m)¥(x) + 10,

— LM?*0%(x) . (15.40)

QJ
,‘i
3_3/
[N

We find as in eq. (8.6)

i0 i0
6T (x)" 6J(z
20T 3.9) = exp =i [ durduy (4G = )T 0) + T@)Gela—)TW)] - (1541

Z(T. T, T, gn) = exp (-i/d4x wa}ii)’ ))> Zo(T, T, T)

Note the minus sign for the derivative with respect to J(x), which is because the source
stands behind the field component W(x). Derivatives of Grassmann variables are simply
defined as one would intuitively expect

d d d

— 1= —0=1 — ¢ = 15.42
de 0 de T de 0 ( )
together with a generalised Leibnitz rule for functions f and ¢ that are either even or odd

Grassmann variables, a property denoted by the sign or grading s(= +1),

d g (fa)=s;f 99+<59f> : (15.43)

By declaring the derivative to be a linear function on the Grassmann algebra, it can be
uniquely extended to this algebra from the above set of rules. Note that these rules imply
that the Grassmann integral over a total Grassmann derivative vanishes. Comparing with
eq. (15.21) we note that apparently Grassmann integration and differentiation is one and
the same thing. Both project on the coefficient in front of the Grassmann variable. The
vanishing of the integral over a total derivative and of the derivative of an integral is in that
perspective trivial. More importantly, to make sense of eq. (15.41), one easily shows the
following identity to hold

d
20 exp(fz) =z . (15.44)

An example of an interaction between the fermions and a scalar field ¢ is given by the
so-called Yukawa interaction

V(U(x),¥(x),0(x)) = g¥(x)¥(x)o(z) . (15.45)
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We can also consider the interaction of the fermions with the electromagnetic field, whose
quantisation will be undertaken in the next section. For this we can take the minimal
coupling in eq. (14.12) (see also eq. (14.10)), such that

V(U(2), ¥(x), Ay(x)) = —eT(x)y"T(x)Au(z) (15.46)

which will play a dominating role in describing Quantum Electrodynamics (QED).

As before, log Z(J,J,J) is the sum over connected diagrams. Diagrams that involve
fermions necessarily have as many lines ending in a source J as in a source J. This is
because the Lagrangian is Grassmann even, a requirement that can be related to the Lorentz
invariance. It does not in general require the Lagrangian to be bilinear in ¥ and W. In section
19 and problem 30 we will discuss the four-Fermi interaction, W(z)v*¥(z)¥(z)v,¥(z), which
is clearly Lorentz invariant and Grassmann even. However, for many of the theories we
discuss, the Lagrangian is bilinear in the fermionic fields, because higher order terms will
generally not be renormalisable (except in one space and one time dimension). If no higher
order fermionic interactions occur, a fermionic line either forms a loop or it goes from a
source J to a source J. As changing the order of fermionic fields and sources gives a sign
change, this has consequences for the Feynman diagrams too. However, it is cumbersome
to determine the overall sign of a diagram. Fortunately, all we need is the relative sign of
the various diagrams that contribute to the Green’s function with a fixed number of sources,
since the overall sign drops out in our computations of cross sections and decay rates. If one
diagram can be obtained from the other by crossing two fermion lines, this gives a relative
minus sign, as for

XK—— X _X\
% — X/@ ﬁg 6

It also implies that each loop formed by a fermion line carries a minus sign. Intuitively this
follows, as is indicated in the following figure by the dashed box, from the identity above

@ —_— = @ fig. 7
% T~ —L—1 x

[E— [E—

More accurately a fermion loop that connects vertices x; for £ = 1 to n is associated to

= - —i0 )
\I] \I] — — —
L ¥ ~ 11 <6J<azk> w(m)
- Z Tr [’iGF(ZL‘k(l) - :Ek(g))iGF(l‘k(g) - l‘k(g)) s -’iGF(:L‘k(n) - l‘k(l))} s (1547)

{k}

where {k} stands for the various orders in which the vertices are connected. For each vertex
we have only indicated the fermionic part W(x;,)W(x). For the examples of egs. (15.45) and
(15.46), the scalar or vector field contributions are not indicated, as they are not relevant
for the fermion loop. The trace is with respect to the spinor indices which are not displayed
explicitly to keep the notation simple. We used that

i0 —i6
0T (r(j)) 0T (Tr(j41)

W (z7)) ¥ (Tr(is1)) — ) — 1Gp(TrG) — TrG+1)) (15.48)
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where an extra minus sign arises since in log Z»(J,J) (see eq. (15.39)) J comes first, and
has to be anticommuted with §/0.7, before this derivative can be taken. The overall minus
sign comes from the term that closes the loop

\i/(:L‘k(l))A\I/(l‘k(n)) = —A\I/(:L‘k(n))\i/(l‘k(l)) s (1549)

where A is Grassmann even. We contrast this, as an example, with a scalar loop for the field
@ that arises in the theory discussed in section 11, which is described by the Lagrangian
L =10up)* — tm?p? + 1(0,0)* — LM?c? — Lp?0 — Jo — jp. One finds (k(n+ 1) = k(1))

{k}] 1

which completes the demonstration of the extra minus sign for fermion loops. Note that the
factors of 7, associated to the derivatives with respect to the sources, are absorbed in the
vertices for the Feynman rules in the table on page 35, which is why the propagator in that
table equals —¢ times the Green’s function. This is also the Feynman rule for the fermion
propagator. But the extra minus sign in the derivative with respect to the fermionic source
J (see eq. (15.41)) is not absorbed in the vertex in order to guarantee that vertex factors are
assigned as in the scalar theory. That minus sign is, however, absorbed in eq. (15.48) due to
the anticommuting nature of the fermionic variables, which was in the first place the reason
for the extra minus sign in eq. (15.41) to appear. Only the overall minus sign required in
closing a fermion loop remains as an extra factor.

Before we convert these Feynman rules to the ones involved in computing the scattering
matrix, cross sections and decay rates (see pg. 42 and eq. (9.25)), we need to determine
the wavefunction factors to be inserted for the external lines that correspond to the in- and
outgoing fermion lines. For this we express the creation and annihilation operators in terms
of the fermionic fields (at ¢ = 0), such that their insertion in the operator formulation can
be converted in the path integral, as in the scalar case, to derivatives with respect to the
sources. Using eq. (13.17) and the orthogonality relations of eq. (13.14) one finds (cmp.
eq. (7.26))

WD [T g . E st g
ba(K) i /m bz, di(F) = \/%O(E/\/ = b(7) (15.51)

and through conjugation we get

. - (@) (L . 2 - (@) (L
10 / d‘” Feat(e) g ) = [ BT e
2ko (k)

In the Hamiltonian formulation the scattering matrix is given by

,5) in=
)by () - - ch (Ba)]0 >, (15.53)

where in a short-hand notation we separate particles from antiparicles by the helicity index

ot < (171, 041)7 (1727 042)7 Tt (ﬁéa Oéz)|(]§1, 51)7 (Em 52)7 (E
< 0|Ca1 (ﬁl)COJQ (ﬁQ) c o Coy (m)U(Touta ﬂn) (k

a(k)y=bi(k), k) =by(k), cs(k)=di(k), cu(k)=do(k) . (15.54)
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Like in eq. (9.3), the insertion of a field operator at the appropriate time is in the path
integral represented by a derivative with respect to the source

bl () = [Vou(a)%)}a /d:sf ik :25 _ [VOU(Q)<E)L ~ ﬁ—z’é |
V 2k (K) (27)3 0Ja(Z,t = Tin) 2Uo(k) O0Ja(k,t =Th)
it (7 vga>E/§)* / 4y e 19 (k) _ |
2o (K)(2m)3 0Ja(Z,t = Tin) 2o (k) 0T ok, t = Ti)
b (B = uga>£/2)* / 47 10 _ ug@(/{;)j b |
2o () (2m)3 0Ta(Z,t = Tour) 2ko (k) 0T o(— ket = Tou)
CZa(E = 4[700(02(E)L /dgaz e~k E q_ié = hov(a)(l_i)}a 10 )
2o (k) (27)3 0Ja(Z,t = Tout) Uo(F) OTa(—k t = Tou)
such that (15.55)
out< (P1, 01), (B2, 2), -+, (B, ag)| (B, Bu), (K, Be), -+, (K, Ba) >in
= ﬁc Jf[léﬁ (k) exp(Gy ), ey - (15.56)

The é,(k) are of course defined in terms of b, (k) and du(k) as in eq. (15.54). We continue
as in section 9 by first fixing the wavefunction and mass renormalisations in terms of the
connected two-point function (we leave it as an exercise to show that in the absence of
interactions o< (7, @)|(k, 3) >m= = e~ @75 a8

GOT.T) = % kéZ}a A A o
x—@—x , (15.57)

where the self-energy is now a 4 x 4 matrix given by (—ix) the amputated 1PI 2-point

function
IS (p) = b—@—'a | (15.58)

(The 1PI diagram equals Y4(p), when evaluated with the Feynman rules for the reduced
matrix elements of table 4 (pg. 69) by dropping the wavefunction factors.) The convention
for these sort of diagrams is that momentum flows in the direction of the arrow, which points
to the first spinor index (here a). With these definitions the two-point function becomes

@7 7)— _i : (_ 1 5

6NT.9) = =i [ d o) [y G0 - (159)
with between square brackets the inverse of the 4 x4 matrix (p,y* —m—X(p)+i€)ap, which is
the full propagator in the momentum representation for the conventions on pg. 42. As long
as we don’t break the Lorentz invariance, the full propagator near the poles is of the form of
the free propagator with a wavefunction renormalisation factor Zr and a renormalised mass
m, such that on the mass-shell one has (cmp. eq. (9.12))

1

GAT,T) = —in/d4p J(~p) lml Jp) . (15.60)
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Performing the wavefunction renormalisation, we have to modify eqs. (15.55) and (15.56)
accordingly (cmp. egs. (913) and (9.14)).

S ) R S S 1 N B
\/22F R NACE N \/QZF\/méja(—k,t = Thut)

P R SO U N
\/22F [i2 1 20T alk.t = Thn) \/QZF\/méja(—k,t — Tou)

(15.61)

and, with the ¢ (k) defined as in eq. (15.54),
out< (P 01), (B, )+, (B, )| (K, By), (Fa, Bo), -+ (Enuﬁn) >in
= ﬁ i (py ]:[ & (kj)exp(Gr A,y - (15.62)

To compute the wavefunction factors for the external lines we express the n-point function
in terms of amputated n-point functions, as in eq. (9.15), with the difference that there has
to be an even number of external lines, since the number of 7 and J sources has to be equal
(we ignore for the moment any other bosonic fields that might be present, including those
in the external lines will be obvious). The amputated n-point function will now carry the
spinor index of each of the external lines and one has

(\7 \7 /Hd4p]d4k G< >(p1’p2’...’pn;k‘th’...’k )2111(7122 bn X (1563)
7j=1
117 ! —i ~
(k;
13 {j% g [_pj —m = %(=p;) +i5]cjbj lka —m — %(k;j) +i€]ajgdj( J)}

Note that we have assumed one particular ordering for the sources. Relative signs of the
diagrams are determined by the rules that were described above (it is not difficult to convince
oneself that with respect to the fermion lines, any diagram can be generated from a given
one by permuting fermion lines). As in egs. (9.20) and (9.21) we can compute the action of
éi(lg), from which the wavefunction factors will be obtained. Like in eq. (9.19), computing

the action of b*(p) and aAlﬁ“r (p) we can restrict our attention to
. = —i (amp) be..
A= [ g,
() ”j“mk¢—m—zvm+wLb (v

—ie™! (amp)
/ /dt ol [—p () + %L G (p, -y (15.64)

If we define as usual py(p) = /p? + m? and for convenience of notation change p to —p in
eq. (15.64), we find

. e ul® (p)* e~ PoTout (amp),  p
e %REEZJ‘ e e R

; (amp) b
S e Pt G
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which is obtained by deforming the p, integration contour to the lower half-plane (since
Tows — 00), and computing the contribution from the pole at pyg = po(p), taking into account
eq. (15.60). Its residue is proportional to the matrix Zp(p+m)/2po(p), which is most easily
found using 1/(p — m + ie) = (p + m)/(p* — m* + ic). We can now use the fact that the
spinor u(®)(p) satisfies the equations of motion (see eq. (13.2)), such that

uga)(@*(ﬁer)ab _ <(]5+m)Tu(a)<ﬁ)> — (Mu(a)(@> = u@(p), . (15.66)

2po(P) 2po(P) b 2po(P) b
Consequently, eq.(15.65) becomes

amp

W (DA(-- ) = =i (p),\/ (27)1Z - @(2%-)-) 5 oo (15.67)

The wavefunction factor for an outgoing electron is therefore given by u(@ (ﬁ) VZp. The
convention is that the momentum flows out of the diagram, along the arrow (see the table
below), this is why the amputated n-point function has —p as its argument, like for the
scalar case, where we defined for the amputated n-point function all momenta to flow into
the diagram. This means that in the reduced matrix element M the outgoing electron
momenta occur precisely as indicated in eq. (9.18).

By similar arguments we obtain from eq. (15.64)

(7 A - - (N et (amp) . yoe
d+<ﬁ>A< ) \/W/ pO[ ﬁ m— E( )+i€‘|abGC <p7 )

- am
( ]6 + m)ab GE p) (pa T ')b"'eipo(ﬁ)Tin _

i/ (2m)* Zp v (5)"

2po(P) 2po(p)(27)?
amp )
(@ (p),/ (27)4 ePo@hn (15.68)
2po ﬁ) (2m)3

such that the wavefunction factor for an incoming antiparticle (positron) is —v(@ (p),/Zp.
In this case the momentum flows against the arrow of the fermion line, but does flow into
the diagram as is required in the convention of the reduced matrix element.

To compute the action of lA)f‘L () and d°(p), we restrict our attention to

o (amp) —1 ~ B
B( . ) = /d4p Ge (p, e )b [ﬁ o Z(p) T 'l.€‘|ba ja(p) =
/ dap _ [ Glamp)(, Ly - [ 5 m__w;:p) . Z.J Juit) . (15.69)

One finds

b2(B)B(- {/deG AR (., lﬁ— me_ip(;(np) HSL } % _

amp -
/ 7T ) (ﬁ + m)ba 0 (a zpo(ﬁ)Tin —
2 20 @(277) 2po(P) ),
amp
7]’ ) elpo p’)’Tm
e T | e
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and (again for convenience changing p to —p)

am e~ o Tout "ol ()
B {/deG p)( )y [_p_m_g(_p)Jrin}W

7 Do (P ke [ o (@ ~ipo ()T _
—iy/(27) ZF r) T N [7 o >(@]ae D) Tin —

)
i/ (2m) Zp \/% = (@ ()o@ Tom (15.71)
Po

In both cases there is an extra minus sign from pulling 5/5J through J in eq. (15.63). The
wavefunction factor for an incoming electron is hence ub (ﬁ)\/_ with the momentum flow-
ing along the fermionic arrow whereas the wavefunction factor of an outcoming antiparticle
(or positron) is given by —vb (]3)\/_ where the momentum flows opposite to the fermionic
arrow. The minus signs in front of some of the wavefunction factors are irrelevant (they can
be absorbed in the overall sign ambiguity).

In the table below we summarise the Feynman rules that correspond to the fermionic
pieces in computing the reduced matrix elements. We have chosen the convention that
the incoming momenta flow in, and the outgoing momenta flow out of the diagram. This
guarantees that eqs. (9.18), (10.12) and (11.11) (resp. the scattering matrix, cross section and
decay rate), remain valid in the presence of fermions. Consequently, all fermion momenta
in the table flow from left to right. For conventions where momenta always flow in the
direction of the fermion arrow the four momentum for wavefunction factors associated to
in- and outgoing antiparticles (positrons) should be reversed. Signs from fermion loops and
exchanges of external lines will not be implicit in diagrams, as only relative signs are known.

table 4
k3
b ! a = g0 and ky = ko + k3 Yukawa vertex
k1 ko
. ks
b f a = —evh o and ky = ko + k3 photon vertex
k1 ko
T = {k_nl] HJ , fermion propagator
ﬁ?@ = VZp u((f‘)(lg) . ko= \k2+m? incoming electron
a, K—
a - | = VZr v(a)(/;)a . ko= \/k2+m? | incoming positron
o, K—~
I /{;a = VZpu(k) ., ko=1\k?+m? | outgoing electron
o, k—
H = VZp vé“)(g) . ko= k24 m2 outgoing positron
o, k—
—1xif % for each fermion loop
-1 interchange of fermion lines




16 Feynman rules for vector fields

As before, the quantisation for vector fields starts by expanding the field in plane waves and
identifying the Fourier coefficients with creation and annihilation operators.

dsk R S oy
_ / 3" (RN (k)™ + af (k)P (B)e™) (16.1)
2k,

where 5&’“(12)6”’“” are independent plane wave solutions of the equations of motion. The
index \ enumerates the various solutions for fixed momentum. They will be identified with
the spin components or helicity eigenstates of the vector.

We will first discuss the simpler case of a massive vector field, expected to describe a
massive spin one particle. In problem 12 we already saw that its Lagrangian is given by

Ly=—1F,F" +1m?A A" — A, () J"(z) (16.2)

and that the free equations of motion (i.e. J* = 0) are equivalent to
0, A (x) =0 and (9,0" +m*)A,(z) =0 . (16.3)

As usual, this implies the on-shell condition k2 = k2 4+ m?2, but also
kreMk)=0 . (16.4)

It removes one of the four degrees of freedom of a four-vector. Three independent components
remain, exactly what would be required for a particle with spin one. We may for example
choose

eEMO) =6 (A=1,2,3) . (16.5)

in the restframe of the partlcle, which is extended to an arbitrary frame by applying a
Lorentz boost. They satisfy the Lorentz invariant normalisation

g eM (k) e (k) = - . (16.6)
The minus sign is just a consequence of the fact that in our conventions g;; = —d;;. The

spin wave functions also satisfy a completeness relation which is given by

-

k.k,
lW /{7 Z& 8 A - <g/JJ/ - -£ 2 ) ’ (167>

m

most easily proven in the restframe. Since the spin wave functions are by construction
Lorentz vectors, the above expression forms a Lorentz tensor and its on-shell extension to
an arbitrary frame is therefore unique. It is easily seen to project arbitrary vectors w, on
to vectors that satisfy k#w, = 0. The propagator for the massive spin one field was already
computed in problem 12

Kok, -
f\f\lf\f\, _ (gW o ) = Ay (k) . (16.8)

iz v k2 —m? + e k2 —m?2 +ie

Especially for the massless spin one field (i.e. the photon field) to be discussed below, it
is advantageous to decompose the spin with respect to the direction of the particle’s motion,
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which are called helicity eigenstates. We have helicities 0 and +1, described by the spin
wave functions

k| —ko -
eff)(k:):(u,—fkr> eB k) = V2 (e (k) £iE@ (k) (16.9)

M- mlk|
where ky,, e (k), (k) and &) (k) form a complete set of real orthogonal four-vectors.

These new spin wave functions satisfy the same properties as in egs. (16.6) and (16.7) and
are also defined off-shell, where they satisfy

. Kok,
= Z&ELA)<]€)€,(/>‘)<]€) = — <gpy - 22 ) 5 (1610)
A

Sums over A will of course run over the set {0, +, —} in this case. We leave it as an exercise

to verify that rotations over an angle o around the axis pointing in the direction of k leaves
(k) invariant and transforms £ (k) to e=oe(H (k).
The Hamiltonian for the massive spin one particles is given by

H = [ dsfi 1ho(R) S (ad (F)ar(F) + ar(B)al () (16.11)
)
which can be expressed in terms of three scalar fields oy, A =1, 2, 3, as
H = [ dsfi (1B + 552 + m? ) = [ s (373(@) + 3@oa(@)* + 1A (@)

(16.12)
where we defined, as in eqgs.(2.6) and (2.7),

Pa(k) = (ax () + al(=F)) /v/2ko(F) m:g 2ko(K) (al (k) — ax(=F)) . (16.13)

The corresponding Lagrangian would be given by

Lo =3 (30upa(@)? = 4m*@3(2) — pa(2) SV (@) (16.14)

A

where we have added a source for each scalar field. We introduce also a field o for the
component of the vector field along k,. Writing

Gk, + > TN (k)M (k) (16.15)

I
A

A, (k) =

Wk + S BAREDE) . Juk) =

1
m
a simple calculation shows that £, = L, — 1(9,0(x))* — o(x)j(x). We see that o decouples
from the other components and behaves like a scalar particle with the wrong sign for the
kinetic term. This would lead to serious inconsistencies, which are circumvented if we take
0, J*(x) = 0, such that we can put o = 0.

It is important to realise that it is the Lorentz invariance that requires us to describe a
spin one particle by a four-vector. From the point of view of the scalar degrees of freedom,
©a, this invariance seems to be lost when we introduce interactions in the Lagrangian of
eq. (16.14). Nevertheless, if we treat A as a three-vector index (in some internal space) and
demand the interactions to be O(3) invariant with respect to this index (i.e. invariance
under rigid rotations and reflections in the internal space), then we claim that the resulting
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interactions do respect the Lorentz invariance. The reason is simple, because the O(3)
invariance requires that the X index is always pairwise contracted. Eqs. (16.10) and (16.15)
guarantee that such a pair, written in terms of the vector field A,(z), is a Lorentz scalar as far
as it concerns the dependence on A, which is sufficient if the Lagrangian is Lorentz invariant
when treating A as a dummy label. To eliminate the o field we have to enforce 9,A"(z) = 0,
not only on-shell, but also off-shell. This can be achieved by adding to eq. (16.2) a term
—\(2)0,A*(x) (cmp. problem 8). Using

[ PA@)DAR) exp[ i [ i M)A } [ DA TTo0A"H) . (16.16)

we see that the so-called Lagrange multiplier field A\(x) plays the role of removing the un-
wanted degree of freedom. Since we modified the theory off-shell, the propagator in eq. (16.8)
has to be changed also, by replacing A(k) by its off-shell value A(k) (eq. (16.10)). If none of
the vertices or sources couple to the o field, we might just as well replace it by —g,,. There
are a number of other ways to eliminate the o degree of freedom, see e.g. section 3-2-3 in
[tzykson and Zuber. We will come back to massive vector particles in section 19.

For the computation of the scattering matrix we express the annihilation and creation
operators in terms of the vector fields at ¢ = 0, using the relations

- - d A o
ay(k) = 2ko(k ef[\ (k) / ;x e kT
v/ (27)
T NN (T d3@ Ap( = ik@
ay(k) = — 2k0(k)5u (k) A (Z)e ) (16.17)
(2m)?

—10
PO 6Tkt = o)
(16.18)
which is identical to eq. (9.3), when re-expressed in terms of J™. Like for scalar and fermion
fields there will be a mass and wavefunction (denoted by Z4) renormalisation, determined
through the self-energy of the vector field, which is now a Lorentz tensor of rank two. It
is proportional to A, (k) (to guarantee that the scalar field o introduced above decouples
from the other fields; alternatively it can be seen as a consequence of the O(3) invariance
with respect to the index ). We can consequently define

Y (p) = A (p)2alp) - (16.19)

)

The n-point Green’s functions can now be written in terms of amputated Green’s func-
tions that carry four-vector indices for each external spin one line,

- - —iN, ., (pj)
GM(J E/ duns JHi (7. Ui \Pj _Lgamp i, oy
() {31_11 4Pj (p])p§ —mZ — Sa(p;) + ic (p1,p2;" "+, Pn)

(16.20)
Using the fact that on-shell A,”(k)eM (k) = 5()‘)(12) we find for the incoming spin one line

u” (K
a wavefunction factor /Z,e(M (E) and for the outgoing line a factor v/Zae(M (k k)*.

For a massless spin one field (the photon) we would expect the helicity zero component
of the vector field to be absent. First we have to redefine, however, what we would mean

72



with the zero helicity component, because eq. (16.9) is singular in the limit of zero mass.
We take as our definition

£O (k) = n, (k) = 1v2 (1%) D) = (0,5:(F) (16.21)

with k - &4 (k) = 0. These still form with k, four independent four-vectors and s&i)(/g) are
still transverse polarisations. However, it is no longer true that k“e;(?)(/;) will vanish on-shell

(i.e. at k% = 0). This is casily seen to imply that on-shell ag(k) = 0. In other words, on-shell
there is no longitudinal component for the photon. The extra degree of freedom is removed
by the gauge invariance of the massless vector field, as was discussed at the end of section
4 and in problem 9. To perform the quantisation of the theory, one can go about as in the
massive case. Due to the presence of the four-vector n(k) it will be much more cumbersome
to demonstrate the Lorentz invariance. In section 20 it will be shown how in principle in
any gauge the path integral can be defined and that the result is independent of the chosen
gauge. One could then choose a gauge that allows us to show the equivalence between the
path integral and the canonical quantisation. However, it is the great advantage of the path
integral formulation that calculations can be performed in a gauge in which the Lorentz
invariance is manifest. The gauge most suitable for that purpose is of course the Lorentz
gauge 0,A"(x) = 0, see eqgs. (4.21) and (4.22). The propagator is read off from eq. (4.26)

f\f\]f\m _ (gmx - (1 - i)kﬁ?%) — A’(‘O;)U{;) (16 22)
% v k? + ie S kPt |

where « is an arbitrary parameter, on which physical observables like cross sections and decay
rates should not depend. It is in general not true anymore that the self-energy is proportional
to Al(f;)(k), but the gauge invariance does guarantee that 3, (k)j" (k) is independent of o for

any conserved current, i.e. k:uj“(k:) = 0. It can be shown that this in general implies
S (k) = AL (k)S(k) (16.23)

for some, possibly infinite, o’. Apart from a wavefunction renormalisation (Z,), the gauge
fixing parameter o will in principle have to be renormalised too. One still has for any value of
a that A (k) u”el(,i)(/;) = —5#)(15). The wavefunction factors for external photon lines are
therefore identical to the ones for the massive case, except that now only two helicity states
can appear. It is an important consequence of gauge invariance that unphysical degrees of
freedom decouple in the physical amplitudes. It also implies that the self-energy vanishes
on shell (see problem 39), such that it will not give rise to a renormalisation of the mass.
The photon remains massless. That the gauge invariance must be crucial here is clear, as a
massive photon would have one extra degree of freedom. We will come back to this point in
section 19. In the table below we summarise the Feynman rules.

table 5
MUJ/CU\J y = _(gw_,(;;i) :;f;) photon propagator (Lorentz gauge)
M = \/Z_A)Sff‘)(g) incoming photon
W = VZaeDV (k) outgoing photon
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17 Quantum Electrodynamics - QED

QED is the field theory that describes the interaction between the photon and the charged
fermions. In the Lorentz gauge (see egs. (4.21) and (4.22)) the Lagrangian is given by

L=—1F,(x)F"(z) — 1a(0,A" (2 +Z\Ilf —my)We(x) . (17.1)

Here f is de so-called flavour index, which distinguishes the various types of fermions (elec-
trons, protons, etc.). The covariant derivative D, is given as before (see egs. (3.35) and
(14.11)) by

DyVy(x) = (O +iqrAu(z))Vy(z) . (17.2)

For electrons we have ¢y = —e and for protons ¢y = e. For a = 0 the Lagrangian is invariant
under gauge transformations

Ap(x) = Au(e) + 9uMz) -, U p(z) — exp(—igrA(@))Vy(z) (17.3)

The Feynman rules are collected in the table below.

table 6
k —(gu—(1— 1) Lute
AU = ( - E k2+“) photon propagator (Lorentz gauge)
b ,B\Tka = ¢v4 and k; = ko + k3 | photon vertex (fermion charge is )
_ 1 -
T = { p— H.J " fermion propagator

Before calculating cross sections we wish to discuss in more detail the helicity of the
fermions and its relation to charge conjugation C'. The latter relates, say electrons to
positrons, or in general particles to anti-particles, which is an important symmetry of the
theory. It, as well as parity (P) and time reversal (T') symmetry can be separately broken,
but the combination CPT is to be unbroken to allow for a local, relativistic invariant field
theory. The spin components of the solutions in eq. (13.8) were based on a decomposition
along the z-axis in the restframe. Helicity, as for the photon, is defined by decomposing
the spin in the direction of motion, k. Tt is hence defined in terms of the eigenvalues of the

operator R
P k; k.o ©
k-J |];| EijkOjk = < o 1]2; . 5) . (174)

(j is the spin part of the angular momentum operator, the equivalent of 15 for a two-
component spinor.) This holds both in the Dirac and Weyl representations. It is easy to
verify that [k - J, f] =0, e.g. by making use of the fact that in the Dirac representation

k’o].g EO_"
= . 17.
k ( k o —k(]lz) ( 75)
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This implies that we can choose u((]a) and v(()a) to be eigenstates of the helicity operator k- J

(consequently they become functions of k)
(k) . (17.6)

Instead of the label o we can use £ to indicate the helicity and we have

+ 7 (f+m) . A + 7
u (k) = —=——=—==ug (k) , k-Jug(k)==24ug(k) ,
Vm + [kl
ot () = ™) b TuE(h) = FaoE(h) (17.7)

= (k)
Jm+ kol

Note the flip of helicity for the positron wave functions. For k= (0,0, k) these eigenstates
coincide with the decomposition in eq. (13.8). It is clear that we can define

R S%(if) R ) .
ugt(k:) = 0 , k-dps(k)=xpr(k)
0
A 0 A A A
wk)=| 0 , kI xa(k) =Fxx(k) (17.8)
X+ (k)

with ¢4 and x4 each an orthonormal set of two-component spinors. They can be related to
each other by

Xz (k) = —ioaypi(k) (17.9)

Indeed, when we use that

090,09 = —0; , 1=1,2,3 (17.10)

which expresses the fact that SU(2) is so-called pseudo real, we find

ko6 (—ioy i (k) = (—ik - & oaps (k) = (io2 k- Gpu(k)) = F (—ioagi(h)) . (17.11)

As eq. (17.9) relates the components of the electron wave function to those of the positron
wave function, it is the basis of the charge conjugation symmetry, which relates the solutions
of the Dirac equation to solutions of the complex conjugate Dirac equation (see eq. (12.31)),
which indeed interchanges positive and negative energy solutions, i.e. particles and antipar-
ticles. To formulate this symmetry in the four-component spinor language one introduces
the charge conjugation matrix (in the Dirac representation)

— 0.2 _ @ —iag
C=—ivy (—i@ > ) , (17.12)
which satisfies

Cl'=Cl=-C , CypC'=— . (17.13)

This can be proven from the explicit form of the Dirac matrices. The equivalent of eq. (17.10)
is given by
Vv =7 - (17.14)
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It is now easy to verify that

vy (k) = Cuti(k) , us(k)=Co (k) . (17.15)
We just need to prove one of these identities, because charge conjugation is an involution,
i.e. applying it twice gives the identity

= t v T
C(CV') =cfcyfu =v (17.16)
We find
s m) (PN cpem)  (FY
Vm -+ kol 0 Vm+ [kol 0

ke AL . 3}
:<%+)<_Z@0_2 @2) o |=CEEEW L g N Zd  aram

ym+ [kol 0 vm kol \ o (k)

Under charge conjugation the charge that appears in the covariant derivative in eq. (17.2)
should change sign too. To show this we multiply the complex conjugate of the Dirac equation
with iy?

Cl (k) = Crpui(k) = ivu(k) = iy

9 [(=imp(@" = ieA") +m) U] = (v (0" + ieA”) +m) (i*07)
= (=i (0" +ieA") +m) (CT) . (17.18)

That charge conjugation is really a symmetry of the quantum theory, is most convincingly
demonstrated by the fact that the Dirac Lagrangian is invariant under charge conjugation.

Using CT' = Uiy CTyy = —W!C~!, the anti-commuting properties of the fermi fields and
partial integration, we find

t

/d4x ﬁ(m(aﬂ +ieA") —m) Cv' = /d4:p —U'C (i, (0" + ieA") —m) CU" =
¢

/d4x -t (—WZ(@“ +ieAt) — m) U = /d4:p U (i7,(0" —ieA") —m) ¥ . (17.19)

In particular we see that the electromagnetic current generated by the fermi fields transforms
as required for the interchange of particles and anti-particles, under which the charge changes
sign
G =Ty, 0 S T, (17.20)
An important consequence of the charge conjugation symmetry is Furry’s theorem, which
states that a fermionic loop with an odd number of vertices will not contribute to the
amplitude. Consider a fermion loop as in figure (8a) below

k’g k2

(a) () Q fig. 8
]{Zl kn kl kn

for which the Feynman rules lead to the expression (note that spinor index contractions run
against the arrow of the fermion line and 3, k; = 0)

q"Tr 1 ~H1 1 ~H2 1 AH3 Ly ) (17.21)
p—mtic’ pHi—mtic’ pHE+ K —mtie
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Using the fact that for any matrix A we have Tr(A) = Tr(A%) = Tr(CA'C~!), we convert
eq. (17.21) to the expression
1 1 1

3 H2 H1
_Iﬁ_k1_k2_m+i57 _76_%_m+is7 —p—m+ic ’
(17.22)

which is exactly (—1)™ times the result of the Feynman diagram that is obtained by inverting
the orientation of the fermion line (i.e. the vertices are connected in the reversed order) as
indicated in figure (b). As both diagrams will occur, their contributions will cancel whenever
n is odd. It confirms the intuition that particles and anti-particles contribute equally, except
for their opposite charge factors (£q)".

We will now calculate the cross section for electron-electron scattering (the so-called
Mgller cross section). In lowest non-trivial order there are only two diagrams that contribute,
as indicated in the figure.

(—¢)"Tr <7“" ey

k?g,tg P2, S2 k?g,tg Do, So
- \ ﬁg. 9
ki,t1 p1,s1 kyfy PO

The labels t; and s; indicate the helicities of the incoming and outgoing electrons. The
scattering matrix (ignoring the time dependent phase factor) for this process is given by

out< (P1, 1), (P2, 82)\(7;1, t1), (752, ty) >in=

_i(2ﬂ)454(p1 + P2 — ki — k) M({(=p1,51), (=p2, so)} {(kr ), (o, t2)})
V25 (7 (2m)2207 (72) (222681 () (2226 (R) (2m)?

i04(p1 + p2 — k1 — ka) {ﬂsl(pl)ev“utl (k1) g Usy (D2) €7 Uiy (K2)

(P KR (= pi i

U, (p1)er"u, (k2) g lis, (p2) ey us, (k1) } (17.23)

(k?l — p2)2 + 1€
The relative minus-sign is of course a consequence of the so-called Fermi-Dirac statistics,
which implements the Pauli principle. We got rid of the gauge dependent part of the photon

propagator (see table 6) by using the fact that the currents generated by ug(p)y u;(k) are
conserved, such that

us () (k) (pp — k) = as(p)[(p — m) — (F — m)Ju (k) =0, (17.24)

because on-shell (¥ — m)u(k) = 0 (and hence also u(k)(f —m) = 0). Indirectly, through
current conservation, this is related to gauge invariance. It guarantees that the longitudinal
component of the photon does not contribute to the scattering matrix, which is thus seen
not to depend on the gauge fixing parameter «.

The differential cross section for unpolarised electron-electron scattering is given by (see
eq. (10.12), from now on we will drop the distinction between k; and k;)

do = Z ({Sﬁl C{»3}5)2 (27‘(‘)454(}71 + p2 — kl — k‘2) y
& 2p0(P1) (2)3 2po(p2) (27)? 4\/(1€1 k)2 — md

N IM{(=p1ss1), (=p2,s2) . { (ki t), (kas t2)HP 1, (17.25)

t1,t2
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where 137, ; stands for averaging over the polarisations of the incoming electrons. For
the total cross section we should multiply with a factor 1 to avoid double counting the
identical outgoing electrons, or restrict the scattering angle 6 to the interval 6 € [0,7/2],
when integrating over the outgoing momenta. The latter convention will be followed here.
In the center of mass system the scattered particles move back to back in a direction which
is only determined modulo 7, which is why 6 € [0, /2], with 6 measured from the incoming
particle direction (also defined modulo 7).
To calculate |M|? we use

Z s () yutte (k) (1s(p) v (K Z p)Yutte (k) (k)07 v0us(p) =
Tr(fyﬂzt:ut ® u(k fy,,Zus ® us( ) Tr(fyﬂ(k —|—m)fy,,(}6+m)) , (17.26)

which can be represented graphically as follows

k.t | k
p7 f k" t k" t k’, t !
Z e | E Z \g% =Y &y = ECD? . fig. 10
M M W v tou v uS P v
Hence, we add a Feynman rule for the so-called cut fermion propagator
k
a T sign(ko)(£+m)ap - (17.27)

For anti-particles ky < 0 (see eq. (13.18) for the extra minus sign). These results can be
generalised to other fields too, by noting that our conventions have been such that the
propagators can be written as

S da(k) @ ds(k)"

k2 —m?2 + e

: (17.28)

where gbﬁ(lg) are the wave functions for the incoming lines and QEB(E)* for the outgoing lines,
with (3 labelling the internal degrees of freedom (cmp. eq. (16.8)).
We can now use this result to compute | M ?

ijz
> IMP= < §P1p2§ -
81,82,t1,t2

k

= 64{ Tr[y#(§, +m)y” (p, + m)] Trh/ﬂ(kQ +m)7, (P, +m)]
((k1 = p1)* +ig) (k2 — p2)* + 1€)

Tr[y*(§, + m)y" by + m)yu By +m)y (b + m)] }
(k1 — p1)? + i) (k1 — p2)? + i€)

+(pr = p2) - (17.29)

To compute the traces over the gamma matrices we use the following identities (problem 21)

Tr<7M7V) = 4gw/ ) TI'(fVHfYVfYafYﬁ) = 4(guuga6 + 9upYar — gu@zQVﬁ) )
D WV = 4ag 5 DWWV = =207 (17.30)
u H
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and the fact that the trace over an odd number of gamma matrices vanishes. This implies

Tr (3 (K+m)7(p+m) ) = Tr(yudp) +4m> g, = 4(m® =k-p) g +4kp, +4k,p,, (17.31)

and
Z ’7#('% + m)%/(p + m)'yu = _2ﬁ7uk - 2m27v + 4mk, + 4mp1/ : (17'32)
nw

Together with momentum conservation (p; + p2 = k1 + ko) and the on-shell conditions
(p? = p2 = k? = k2 = m?), which imply identities like p; - po = ky - ko, we find

16(9’”(”12 — k1 -p1) + KpY + ki/plf) (guu(mQ —ky-p2) + kipl + kﬁpi)
((kﬁl — p1)2 + Z€> <(k32 — p2)2 + 'LE)
T (2" + 2 — 4kt — dmpt )y + )y + )|
((l{;l —p1)?+ ia) ((k1 —po)? + ie)
_ 3264{ (ky - k) & (ki - pa)* & 2mP (ks - po — k1 - a)
= 2
((k’l — p1)2 + Z€>
(k?l . k2)2 — 2m2k1 . k’g
((/{71 — p1)2 + 28) ((kl — p2)2 + 1

> e =ef

51,52,t1,t2

. }+ (1 o p)

—K

)} Fnop) . (733)

The parameter r determines the relative sign of the “crossed” diagrams in eq. (17.29),
which arise from multiplying the direct electron-electron scattering diagram with the complex
conjugate of the one where the outgoing fermion lines were crossed. For Fermi-Dirac statistics
k = —1. By keeping track of the dependence on k one sees how scattering experiments can
be used to verify the anticommuting nature of the electrons.

We finally perform some kinematics and express the differential cross section in terms of
the scattering angle #. We define in the center of mass frame

Defining 6 to be the angle between k and p,ie. p- k= k2 cos 0, we have
ky-ky = E? + k2 =2F2 - m? . ki-pr :E2—EQCOSQ:EQ(I—COSQ)+m2COSQ,

(pr — k1)? = —4k2sin®(20) , ky-py= E*+k?cosf = E*(1 + cos) — m? cosf |
(po — k1)? = —4k2 cos®(20) , (kg - k1)? —m* = 4E*(E® — m®) = 4k*E* . (17.35)

Finally we use the identity (€2 is the solid angle, d€) = sin 8dfd¢)
/dsﬁ1d3172 O4(p1r+p2—hk1—ky) = /pzdeQ 4 (2\/172 +m? —2Vk2 + m2) = /dQ LE|k|

(17.36)
Collecting all terms we find for eq. (17.25) the result

do 1 2m) 1Bk | ) 1 )
— = : 1 MPP= ——— M)
A 2B gJuizg 2 MP=opam 2 M

51,52,t1,t2 51,52,t1,12

(17.37)
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with Y, o0, [M|? given by

3264{ (2E°—m?)*+[E*(1+cosb) —m2cosi9]2—l—2m2 [E2(14cos 0) —m?cos 0+m?—2E?] N
16(k2)2sin*(10)
(2E%~m?)%+[E?*(1—cos 0) + m?cos 0]+ 2m?[E?(1—cos §) +m?cos 0 +m?—2E?
16(k2)2 cost(16)

2(2E%—m?)(2E%*-3m?) }
16(k2)2 sin®(10) cos?(16)

_32¢! { [(2E*~m?)*+ B4 (E?— m?)%cos?® +2m?(m>— E?)](cos*(10) +sin*(16)) N

sint @

cos 02 E2(E*~m?)+2m?(E*~m?)](cos*(6) —sin?(10)) 2(2E*—m?)(2E%-3m?)
sin* 0 " 4sin? f

_ 16e! (B —m?)? A2E°-m?)*  3(2E*—m?)’—m'+k(2E*—m*)(2E%—3m?) (17.38)
(k2)2 sin* 4 sin? 6 ’ '
yielding (a, = % = ﬁ;e A 137 is the fine-structure constant and x = —1)

do  a2(2E2 —m?)? { 4 3 (E2—m?) (1 L i)} (17.39)

aQ AF?(E? —m?)? |sin*0  sin®0 = (2E2 — m?)? sin @

This cross section is invariant under § — 7w — @, such that we cannot tell the two outgoing
electrons apart, as it should be. For electron-electron scattering we have to put x = —1, but
we see from the dependence on k in eq. (17.38) that one can easily distinguish experimentally
if electrons behave according to the Fermi-Dirac statistics.

In problem 29 electron-positron scattering is studied with in the final state an electron
and a positron (Bhabha scattering) or a muon and an antimuon. Both for e"e™ — e~e™ and
e~et — e~e™ one cannot take 6 too close to zero (or w for e"e”). Apart from the fact that
the detector would be in the way of the beam, it is fundamentally impossible to distinguish
the scattered particles at § = 0 (and 6 = 7 for e~ e™) from those in the beam. The divergence
of the differential cross section was therefore to be expected. For e"et — pu~pt this
divergence is absent and one can define the total cross section by integrating over all angles.
For E > m, and E > m,, one finds (see problem 29) o = ira2h’c?/E* = 21.7nb/ E?(GeV).

We now discuss electron-photon scattering, also known as Compton scattering. The
resulting cross section is called the Klein-Nishina formula. There are again two diagrams
that contribute in lowest non-trivial order to the scattering matrix.

/o
k: t p78 k,t p/’sl
' o + E fig. 11
p s k,t p’S k,,t,

The cross section is now given by

—

do =7 dsp” dsk'  (2m)'ou(p+p —k —K)
o7 200(P) (2m)% 2k (K7 (2m)3 Alp - k|

iz;\M({(—p’,S'),(—k',t')},{(p,S%(kat)})\Q ;- (1740)
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where, as for electron-electron scattering, we will discuss unpolarised cross sections. This
requires averaging over the polarisations of the incoming particles (at the end we will mention
the dependence on the photon polarisations). Note that the photon has also two helicity
eigenstates, together with the electron >, ; contains four terms. The reduced matrix element
for the two diagrams is given by

iy (p)ex el () (p +  +m)er”el) (k)us(p)

M= (p+ k)2 —m? +ie

+ ((k,t) — (=K,t") . (17.41)

We leave it as an exercise to verify that the cut photon propagator, for the choice of polari-
sations discussed in eq. (16.21), is given by (k? = 0)

k n n
e, = ;53)(k)5(yt)(k)* = — (g;w _h V(Z) Z(Z’; “<k)> . (17.42)

Like for electron-electron scattering, we can compute |M|* graphically by

s - @ ~M o
S$1,582,L1,12

Teg g+ f -+ )y (p )y (b + + )y (f + )
(p+ k)2 = m? + iz
e+ f o+ m)y (ﬁ+m)7”(15—%’+m)’v”/(zﬁ’+m)]}><

(p+ k)2 —m? +ie) (p— k)% — m? + ic)

S ek 25@ + (K +—— —k) . (17.43)

t'=+

The gauge invariance, i.e. conservation of the fermionic current, is again instrumental in
decoupling the longitudinal component of the photon field. In this case the argument is
somewhat more subtle. Consider for example the term from the cut photon propagators
that contains k,. It gives rise to the combination (using that p* = m?)

G+HE+mk(+m) = GP+E+m{G+E—m)—F-—m)}P+m)
= ((p+k)2=m>Pp+m) . (17.44)
This means that one of the photon vertices is removed. There remain two diagrams, each
with one fermion loop and with an odd number of vertices. Furry’s theorem tells us that

these two diagrams add to zero. We may therefore just as well replace the cut photon
propagator by —g,,. Using this we find

> _ af T B+ K+ m)y (B + )y B+ K+ m)y @ +m)]
5, = ((p+ KP —m £ i)’

Tr[y"(p+ ¥ +m)y” (b +m)y.(p — ¥ +m)v (' + m)]
((p+k)> =m? +ieg) ((p— K)? — m? + ie)

+

81,82,t1,t2

} (K o —k) . (17.45)

Taking the incoming electron at rest (p = (m,0)), following similar steps as for electron-
electron scattering, one will arrive at the result

do o2 (KN (ko K|
7 - % (Zo) (X0 2 17.46
a0 om? <k0> <kg TR ) (17.46)
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where 6 is the angle of the scattered photon with the direction of the incident photon. From
energy and momentum conservation one finds that
! kO
ko =
1+ (ko/m)(1 — cos @)

(17.47)

For a detailed derivation we refer to section 5-2-1 of Itzykson and Zuber and to section 86
of Berestetskii, e.a. (see section 1 for the reference).

In Itzykson and Zuber, as for most other textbooks, the result is derived by choosing the
photon polarisation such that (k) - p = 0 (keeping (k) - k = 0). With this choice it is even
possible to determine the polarised cross section (the polarisation of the electron is assumed
not to be observed)

do o (KN\? (ko K
as _ Y [ DMy e)2 -9 174
<dQ>pol 4m? <k0> <k6 " ko e ’ ( ®)

where € and ¢’ are the polarisations of resp. the incident and scattered photon. When
k{ < m one obtains the well-known Thomson formula

da) o?
— =—<(e-¢)* . (17.49)
(dQ pol m?

The unpolarised cross section in this limit is obtained by summing over the scattered and
averaging over the incident polarisations

do o? 8ma’
— =—<(1 2 = = 17.
=3 5(I4cos’f) and o P (17.50)

18 Non-Abelian gauge theories

Quantum Electrodynamics is an example of a U(1) gauge theory. U(1) is the group of the
unimodular complex numbers and determines the transformation of the charged fields

U(x) — exp(—igA(x))¥(z) = g(x)¥(x) . (18.1)

It forms a group, which means that for any two elements g, h € U(1), the product is also in
U(1). Furthermore, any element has an inverse g~!, which satisfies gg~! = ¢g7'g = 1. The
unit 1 satisfies g1 = 1g = ¢, for any g € U(1). U(1) is called an Abelian group because its
product is commutative. For every g, h € U(1), gh = hg.

It is now tempting to generalise this to other, in general non-commutative groups, which
are called non-Abelian groups. It was the way how Yang and Mills discovered SU(2) gauge
theories in 1954. Like for U(1) gauge theories they made the SU(2) transformation into a
local one, where at every point the field can be transformed independently. (It should be
noted that they were originally after describing the isospin symmetry, that relates protons
to neutrons, which form a so-called isospin doublet.)

The simplest non-Abelian gauge group, for which no longer gh = hg, is SU(2). This
group is well-know from the description of spin one-half particles. It has a two dimensional
(spinor) representation, which can also be seen as a representation of the rotation group
SO(3). As a local gauge theory it does no longer act on the spinor indices, but on indices
related to some internal space, giving rise to so-called internal symmetries. The way the
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gauge group G acts on the fields ¥ is described by a representation of the group G. A
representation defines a mapping p from G to the space of linear mappings Map(V'), of the
linear vector space V' into itself.

p:G—Map(V), plg): V-V . (18.2)

Mostly, V' will be either IR"™ or €™, in which case p(g) is resp. a real or a complex n X n
matrix. For p to be a representation, it has to preserve the group structure of G

p(g)p(h) = p(gh) ,  p(1) =idy . (18.3)

We will generally restrict the gauge symmetries to Lie-groups for which one can write any
group element as an exponential of a Lie-algebra element

g=exp(X), Xels . (18.4)

This Lie-algebra has a non-commutative, antisymmetric bilinear product (required to satisfy
the Jabobi identity, as defined in eq. (18.12))

(X,Y)€ Lg x Lg — [X,Y] € L . (18.5)

The Campbell-Baker-Hausdorff formula expresses that the logarithm of exp(X)exp(Y’)
is an element of the Lie algebra, i.e. the product of two exponentials is again an exponential.

(18.6)
This formula will be of great help in finding a simple criterion for p to be a representation,
satisfying eq. (18.3). Apart from the group structure of Map(V), it also has a Lie-algebra
structure (the commutator of two n xn matrices is again a n xn matrix). The representations
of the group can be easily restricted to the Lie-algebra.

p: Lg— Map(V) |, (18.7)

in a way that preserves the Lie-algebra structure

p([X,Y]) = [p(X), p(Y)] = p(X)p(Y) = p(Y)p(X) (18.8)
It is more or less by construction that we require
plexp(X)) = exp(p(X)) (18.9)

where on the left-hand side p is the group representation and on the right-hand side it is
the Lie-algebra representation. Without causing too much confusion we can use the same
symbol for the two objects. As a Lie-algebra forms a linear vector space we can define a
basis on L.

Z=> zT"€ls, zec€R(axC), T"cLe. (18.10)

a=1

In here n is the dimension of the Lie-algebra (and the Lie-group if, as we will assume
throughout, the exponential is locally an invertible mapping). The commutator, also called
Lie-product, is completely determined by the structure constants f,.

[T, T =3 fareTC (18.11)
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Using the Jacobi identity
X[V, Z)) + [V, [Z.X]) + [Z.[X, Y]] =0, (18.12)

applied to X =T, Y = T® and Z = T¢, we find (from now on sums over repeated group
indices are implicit)
fbcdfade + fcadfbde + fabdfcde =0 . (1813)

This precisely coincides with the commutation relations of the so-called adjoint representa-
tion
(Ta)se = Paa(T"oec = faer - (18.14)

Indeed, one easily verifies that

[pad<Ta>7 pad<Tb)] = fabcpad<T6> . (1815)

In general, since a representation preserves the commutation relations, it also preserves
the structure constants in terms of p(7) = T}, which forms a basis for the linear represen-
tation space which is contained in V. They are called the generators of the representation.
With the help of eq. (18.6) we easily verify that p is a representation if and only if

[Tganl))] = fabchf . (1816)

This is because under the action of p one simply replaces T by T7

pexp(z,T")) = plexp(X)) = exp(p(X)) = exp(zaT5) . (18.17)

Similarly, the Campbell-Baker-Hausdorff formula, when expressed with respect to the Lie-
algebra basis {7}

exp (xaT“) exp (beb) = exp ({xa + Yo + 2T0Yefoea + %5 (TaToYe + YayvTe) foce faca + - - -}T“) :
(18.18)
directly determines the multiplication of the representation of group elements by replacing T¢
by T7, provided eq. (18.16) is satisfied. Note that the structure constants are antisymmetric
with respect to the first two indices. They are also invariant under cyclic permutations of
the indices. This follows from the cyclic property of the trace

fard Te(TTS) = Te([Tg, TTS) = Te(TST5, Ts]) = foed (T3 TY) (18.19)
and from the fact that for compact groups the generators can be normalised such that
Tr(Tf(Illde%d) = —30ab (18.20)

where 7§ ; are the generators of the so-called fundamental or defining representation of the
group G. This matrix representation is usually identified with the group (or algebra) itself,
which till now was seen more as an abstract entity. The simplest example is SU(2), the set
of complex unitary 2 x 2 matrices with unit determinant. Its fundamental representation
coincides with the spinor or spin one-half representation. The structure constants and the
generators of the fundamental and adjoint representations were considered in sect. 12 (see

eq. (12.9)) .
1
Tf(rlui = _éo-a ) fabc = Eabc 5 pad(Ta) =L . (1821)
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Because the Campbell-Baker-Hausdorff formula plays such a crucial role in the theory
and in the practical implementation of group representations, we will now provide a more
abstract derivation of eq. (18.6) to all orders. The proof simply states how in the Taylor
expansion products of Lie-algebra elements are regrouped in multiple commutators. A crucial
ingredient for deriving the Campbell-Baker-Hausdorff is the so-called derivation D, that maps
a product of Lie-algebra elements into a multiple commutator.

DX =X s DXth'g s Xis = [Xi17 [XZ'Q, s I:Xis—17Xis:| c . H s s>1 . (1822)

We also define for these products the adjoint map, ad, introduced in eq. (12.12)
adX;, X;, -+ X;, = adX;ad X, ---adX;, (18.23)
which is easily seen to satisfy
ad([X,Y]) = [adX,adY] . (18.24)
It is more or less by definition that for any two products u and v of Lie-algebra elements
D(uv) = aduDv . (18.25)
For two Lie-algebra elements X and Y, it can easily be shown that
D[X,Y]|=D(XY)—-D(YX) =adXDY —adYDX = [X,DY]| + [DX,Y] (18.26)

and this allows us to prove by induction that a monomial ) (a polynomial of which all terms
are of the same order) of degree m in terms of Lie-algebra elements X;, i = 1,2,---,5s is
an element of the Lie-algebra (i.e. can be written as multiple commutators, called a Lie-
monomial) if and only if DQ = mQ@). If this equation is satisfied it is clear from the definition
of a derivation that @) is a Lie-monomial. So it is sufficient to prove that the equation is
satisfied for ) a Lie-monomial. In that case () is a sum of terms, each of which can be
written as ad(X;, )Q®) with Q) a Lie-monomial of degree m — 1. Using eq. (18.26) therefore
yields Dad(X;,)QW = ad(X;,)DQW +ad(X;,)QW. Induction in m gives the required result.

Now it is trivial to regroup the terms in the Taylor expansion of eq. (18.6) in multiple
commutators. From the fact that any group element can be written as the exponent of a
Lie-algebra element, we know that F'(X,Y) € L (at the worst one needs to restrict X and
Y to sufficiently small neighbourhoods of the origin in Lg). Consequently, in the Taylor
expansion of F'(X,Y) the collection of all terms at fixed order m, denoted by F,,(X,Y), is
a monomial in X and Y and F,,(X,Y) is an element of the Lie-algebra, such that

FX,Y)=Y F.(X,Y), F.(X)Y)= %DFm(X, Y) . (18.27)

It is not difficult to work out the Taylor expansion for F'(X,Y)
k
Xiyi —1)k-1 Xiyi
F(X,Y) =log (exp(X)exp(Y)) =log {1+ > — :ZL > — ,
itj>0 U k k i+j>0 vJ:
(18.28)

from which we easily obtain the explicit expression for the Campbell-Baker-Hausdorff formula
in terms of multiple commutators,

F(X.Y)=3 2

k
" kYT pita;=m, pi+q;>0}

(_l)k—l D (Xp1Yq1Xp2Yq2 .. ,kaqu)
km pilai!p2!qa! - - prlay!

(18.29)

85



We leave it to the industrious student to verify that

R(X,Y)=X+Y, FB(XY)=3XY], FXY)=4{(adX)? + (ady)?X},
Fy(X,Y) = —4LadXadYadX(Y),
F5(X,Y) = =& { (@dX)"Y + (adY ' X } + 15 {adX (adY)*X + adY (ad X )*Y'}
— 5 {adXadY (adX)*Y + adYadX (adY )X} . (18.30)

After this intermezzo we return to the issue of constructing non-Abelian gauge theories.
The simplest way is by generalising first the covariant derivative. U(1) gauge transformations
act on a complex field as in eq. (18.1), and the covariant derivative is designed such that

D, ¥(z) — g(z)D,V(x) . (18.31)

Since the gauge field transforms as in eq. (17.3), this is easily seen to imply that the covariant
derivative is defined as in eq. (17.2) (these formula are of course also valid for complex scalar
fields, compare eq. (3.36)). For a non-Abelian gauge theory we consider first a field U that
transforms as an irreducible representation (i.e. there is no non-trivial linear subspace that
is left invariant under the action of all gauge group elements)

U — 90 =p(g)¥ . (18.32)

In the following, as in the literature, we shall no longer make a distinction between g and
p(g). It will always be clear from the context what is intended. The vector potential should
now be an element of the Lie-algebra Lg (more precisely a representation thereof)

A, = AT (18.33)

For U(1), which is one-dimensional, we need to define 7' = i. The Lie-algebra of the group
consisting of the unimodular complex numbers is the set of imaginary numbers, Ly = iRR.
Note that as an exception this generator is normalised different from eq. (18.20), so as not
to introduce unconventional normalisations elsewhere. The real valued vector potential A,
will now be denoted by A}L and we see that under a gauge transformation

A, —9A, =gA97 " — ¢ (0,9)97 = gAgT +q 90, (g7 . (18.34)

This is the form that generalises directly to the non-Abelian gauge groups with the covariant
derivative defined by
DV =(0,+qA,)Y¥ |, (18.35)

where A, = AT is a matrix acting on the fields W. We leave it as an exercise to verify
that under a gauge transformation, eq. (18.31) remains valid for the non-Abelian case.

It is now a trivial matter to construct a Lagrangian that is invariant under local gauge
transformation. Assuming the representation is unitary, for a scalar field ¥ one has

Ly = (D, V) DM — m?ute (18.36)

whereas if ¥ is a Dirac field, carrying both spinor (representation of the Lorentz group) and
group indices, one has

Lo =T ("D, —m)¥, W=0lh | (18.37)
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where W' is the hermitian conjugate both with respect to the spinor and the group (repre-
sentation) indices.

The part of the Lagrangian that describes the self interactions of the vector field A,
has to be invariant under local gauge transformations too. In that respect U(1) or Abelian
gauge theories are special, since the homogeneous part of the transformation of the vector
potential is trivial, gA,g~' = A,. For non-Abelian gauge transformations this is no longer
true. For U(1) one easily verifies that

D,D,V — D,D,V = [D,,D,]¥ = iqF. ¥ (18.38)

where F;, = 0,4, — 9,4, is the electromagnetic field strength, compare eq. (3.27). Because
the covariant derivative transforms in a simple way under gauge transformations, this formula
can be directly generalised to non-Abelian gauge theories

F.=q"'D,D,)%gF.,g " . (18.39)

For U(1), where g is a number, this means that the field strength is gauge invariant, as was
noted before. For non-Abelian gauge theories the field strength itself is not gauge invariant.
Nevertheless, it is simple to construct a gauge invariant action for the gauge field

Ly=LTr(F,F*)=—1F" F™ | (18.40)

ursoa

where F7, are the components of the field strength with respect to the Lie-algebra basis,
Fu = Fp,T% = (9,45 = 0,A% + qfu ALAS) T (18.41)

We see from L4 and Ly that ¢ plays the role of an expansion parameter. For ¢ = 0 we
have n = dim(G) non-interacting photon fields. They couple with strength ¢ to the scalar
or Dirac fields. For non-Abelian gauge theories, in addition the vector field couples to itself.
These self-interactions guarantee that there is invariance under the gauge group G, which
is much bigger than U(1)", which is the symmetry that seems implied by the ¢ = 0 limit.
The non-Abelian gauge invariance fixes the “charges” of the fields with respect to each of
these U(1) gauge factors. Without the non-Abelian gauge symmetry there would have been
n independent “charges”.

The Lagrangian L 4 is the one that was discovered in 1954 by C.N. Yang and R.L. Mills.
The Euler-Lagrange equations for the Lagrangian £4 are called the Yang-Mills equations.
One easily shows that

OuFY + qfasc ALFI =0 or  [Dy, F*] = 0,F" +q[A,, F*™]=0 . (18.42)

For the coupling to fermions we read off from eq. (18.37) what the current for the Yang-Mills
field is
Ly =V(iy"D, —m)¥ = U(iy"d, — m)¥ + igAsUy"T*T (18.43)

The current is therefore given by
Ji = —iqWry, T°0 . (18.44)
The coupled Yang-Mills equations read
OuF + qfapc ALFM =T (18.45)

In problem 31 it will be shown that the current is not gauge invariant, unlike for Abelian
gauge symmetries. Closely related is the fact that it is no longer true that the current is
conserved, i.e. 9"J; # 0. Instead, it will be shown in problem 31 that 9" .Jj —i—qfabcAgJﬁ =0.
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19 The Higgs mechanism

We have seen in problem 30 that the four-Fermi interaction in good approximation can be
written in terms of the exchange of a heavy vector particle. In lowest order we have resp.
the diagrams in fig. 12a and fig. 12b

>< >m%< fig. 12

(a) (b)

The first diagram comes from a four fermion interaction term that can be written in terms
of the product of two currents J,J#*, where .J, = U~,¥. Here each fermion line typically
carries its own flavour index, which was suppressed for simplicity. Fig. 12b can be seen to
effectively correspond to

e (= ) (19.1

At values of the exchanged momentum k% < M?, one will not see a difference between
these two processes, provided the coupling constant for the four-Fermi interactions (fig. 12a)
is chosen suitably (see problem 30). This is because for small k%, the propagator can be
replaced by g,,/M?, which indeed converts eq. (19.1) to J*J,/M?. It shows that the four-
Fermi coupling constant is proportional to M2, such that its weakness is explained by the
heavy mass of the vector particle that mediates the interactions. Examples of four-Fermi
interactions occur in the theory of g-decay, for example the decay of a neutron into a proton,
an electron and an anti-neutrino. In that case the current also contains a v° (problem 40).

It turns out that the four-Fermi theory cannot be renormalised. Its quantum corrections
give rise to an infinite number of divergent terms, that can not be reabsorbed in a redefinition
of a Lagrangian with a finite number of interactions. With the interaction resolved at higher
energies by the exchange of a massive vector particle, the situation is considerably better.
But it becomes crucial for the currents in question to be conserved, such that the k,k,
part in the propagator has no effect. It would give rise to violations of unitarity in the
scattering matrix at high energies (the o field defined in eq. (16.15) has the wrong sign for
its kinetic part). To enforce current conservation, we typically use gauge invariance. But
gauge invariance would protect the vector particle from having a mass. The big puzzle
therefore was how to describe a massive vector particle that is nevertheless associated to the
vector potential of a gauge field.

The answer can be found in the theory of superconductivity, which prevents magnetic
field lines to penetrate in a superconducting sample. If there is, however, penetration in the
form of a quantised flux tube, the magnetic field decays exponentially outside the flux tube.
This would indicate a mass term for the electromagnetic field within the superconductor.
The Landau-Ginzburg theory that gives an effective description of this phenomenon (the
microscopic description being given by the BCS theory of Cooper pairs) precisely coincides
with scalar quantum electrodynamics.

L=—1FuF" 4+ (Duyp)" DFo — kp*o — 1A (9*0)” . (19.2)

In the Landau-Ginzburg theory ¢ describes the Cooper pairs. It is also called the order
parameter of the BCS theory. In usual scalar quantum electrodynamics we would put x =
m?, where m is the mass of the charged scalar field. But in the Landau-Ginzburg theory of
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superconductivity, it happens to be the case that x is negative. In that case the potential
V() for the scalar field has the shape of a Mexican hat.

fig. 13

The minimum of the potential is no longer at ¢ = 0, but at p*p = —2x/\, and is
independent of the phase of ¢. To find the physical excitations of this theory we have to
expand around the minimum. With a global phase rotation we can chose the point to expand

around to be real,
wo =/ 2K/ . (19.3)

But this immediately implies that the terms quadratic in the gauge field give rise to a mass
term for the photon field

Dol = 0 A AN = AMPAAY . M =2e\/—k/X . (19.4)

Furthermore, from the degeneracy of the minimum of the potential it follows that the fluc-
tuation along that minimum (the phase in ¢ = ¢gexp(ix)) has no mass (this is related to
the famous Goldstone theorem, which states that if choosing a minimum of the potential
would break the symmetry, called spontaneous symmetry breaking, there is always a mass-
less particle). However, this phase x is precisely related to the gauge invariance, and can
be rotated away by a gauge transformation. On the one hand x corresponds to a massless
excitation, on the other hand it is the unphysical longitudinal component of the gauge field.
But the photon became massive, and has to develop an additional physical polarisation,
which is precisely the longitudinal component. In a prosaic way one states that the massless
excitation (called a would-be Goldstone boson) was “eaten” by the longitudinal component
of the photon, which in the process got a mass (“got fat”).

This means we have four massive degrees of freedom, three for the massive vector particle
and one for the absolute value of the complex scalar field (its mass is determined by the
quadratic part of the potential in the radial direction at ¢ = ¢y). This is exactly the same
number as for ordinary scalar electrodynamics where k > 0, because in that case the massless
photon has only two degrees of freedom, whereas the complex scalar field represents two
massive real scalar fields. It looks, however, that there is a discontinuity in the description
of these degrees of freedom, when approaching x = 0. But the interpretation of the phase
of the complex field as a longitudinal component of the vector field is simply a matter of
choosing a particular gauge. To count the number of degrees of freedom we implicitly made
two different gauge choices

k>0: 0, A" =0, Lorentz gauge
k<0: Im p =0, Unitary gauge . (19.5)
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There is a gauge, called the 't Hooft gauge, that interpolates between these two gauges
F = 0,A" — 2iefpolm ¢ = 0, 't Hooft gauge . (19.6)

Rather than adding to the Lagrangian the gauge fixing term Ly = —1a(9,A*)?, one adds
Ly = —taF? At € = 0 this corresponds to the Lorentz gauge, at £ = oo to the unitary
gauge. For the choice 't Hooft made (§ = 1/a) the terms that mix (¢ — ¢o) and A, at
quadratic order disappear and one easily reads of the masses. Gauge fixing will be discussed
in the next section, where it will be shown how extra unphysical degrees of freedom appear in
the path integral, so as to cancel the unphysical components of the gauge and scalar fields.
The scalar field, whose interactions give the gauge field a mass, is called the Higgs field.
Problems 34 and 35 discuss the Higgs mechanism in detail for the Georgi-Glashow model,
which is a non-Abelian gauge theory with gauge group SO(3), coupled to an SO(3)-vector
of scalar fields p®.

20 Gauge fixing and ghosts

The quantisation of gauge theories in the path integral formalism requires more discussion,
since the gauge condition (like the Lorentz gauge 9, A" = 0) seems to remove only one degree
of freedom of the two that are eliminated in the Hamiltonian formulation (see section 16).
From a simple example it is easily demonstrated what the effect of gauge fixing on a (path)
integral is. For this we take f() to be a function on IR?, which is invariant under rotations
around the origin, such that it is a function f(r) of the radius r = |Z| only. The symmetry
group is hence SO(3) and we can attempt to compute the integral [ dsZ f(Z) by introducing
a “gauge” fixing condition like zo = x3 = 0. But it is clear that

[ s (@) # [ ds 8(22)0(x) () = [ dos f(a1) (20.1)
We know very well that we need a Jacobian factor for the radial integral
/ dsi f() = 4 / T2 f(r) (20.2)
0

This Jacobian, arising in the change of variable to the invariant radial coordinates and
the angular coordinates, can be properly incorporated following the method introduced by
Faddeev and Popov. The starting point is a straightforward generalisation of the identity
[dz |f'(z)|0(f(x)) = 1, assuming the equation f(x) = 0 to have precisely one solution (in a
sense the right-hand side of the equation counts the number of zeros). It reads

1 = / Dy | det (M(9A) |6 (F(PA)) (20.3)

where F(A) € Lg is the gauge fixing function (with the gauge condition F(A) = 0, e.g.
F(A) = 0,A" = 0). The gauge transformation g of the gauge field A is indicated by 94, see
eq. (18.34). Furthermore, M(A) : Le — L¢ plays the role of the Jacobian,

OF(9A)  OF(9A)
dg 0X

Equivalently, with respect to the Lie-algebra basis, where F(A) = F,(A)T“, one has

M(PA) =

at X =0 . (20.4)

dfa (exp(th)A)

Map(4) dt

at t=0 . (20.5)
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To relate this to the previous equation, one makes use of the fact that
"oA) =104 (20.6)

which states that two successive gauge transformations, g and h, give the same result as a
single gauge transformation with hg.
As an example we consider the Lorentz gauge, with F(A) = 9, A*, for which

F0 4) - F(A) = —g710,D4(A)(X) + O(X?) (207
where D (A) is the covariant derivative in the adjoint representation
DE(A)(X) = 0" X + ¢[A*, X] . (20.8)
With respect to the Lie-algebra basis this gives
IMo(A) = —000,0" + @ fare (DA + AZO) . (20.9)

For an Abelian gauge theory the structure constants fu,. vanish and M(A) becomes in-
dependent of the gauge field. This means that det(M(A)) can be absorbed in an overall
normalisation of the path-integral. For non-Abelian gauge theories this is no longer possible.
Before describing how the A dependence of det(M(A)) is incorporated, it is important to
note that we assumed the gauge condition F(YA) = 0 to have precisely one solution, which
can be arranged with the help of eq. (20.6) to occur at g = 1, in which case A is said to
satisfy the gauge condition. This is in general not correct, as was discovered by Gribov.
Even in our simple problem on IR?, the gauge condition z, = x5 = 0 does not uniquely
specify the gauge, because we can go from (r,0,0) to (—r,0,0) through a rotation over 180
degrees. We have to introduce a further restriction to get the identity

[ s £(@) = 4m [ a7} 5(w2)3(w0)0(0) [(F) (20.10)

where 0(x) = 0 for x < 0 and #(x) = 1 for x > 0. In perturbation theory only the gauge
fields near the origin in field space are relevant, and gauge conditions are chosen so as to
avoid this problem in a small neighbourhood of the origin. The Lorentz gauge is such a
gauge condition, and the gauge fixing or Gribov ambiguity is not an issue for computing
quantities in perturbation theory in q.

We still need to define what we mean with Dg in eq. (20.3). It stands for the integration
measure [, dg(x), with dg(x) for every = defined as the so-called Haar-measure on the group.
It is best described in the example of SU(2), which as a space is isomorphic with S®. When
5% is embedded in IR* as a unit sphere, ni = 1, it is not too difficult to see that g = ny+ioxny
gives an element of SU(2), whereas exp(ixsgor) = cos(x) + i sin(x)sxoy, with s; = 1, shows
that any element of SU(2) can be written in terms of n,. The Haar-measure coincides with
the standard integration measure on S®, [dsn § (ni — 1). The Haar-measure is in general
invariant under the change of variables ¢ — hg and g — gh, for h some fixed group element.
We can insert eq. (20.3) in the path integral to obtain

Z = / DA, Dy det (M(9A)) 5 (F(OA)) exp (iS(A)) . (20.11)

We now use that the action S(A) is invariant under gauge transformations. We leave it as
an exercise to verify that likewise DA, is invariant under the change of variables A — 9A,
which trivially implies that

7 = / DA, Dy det (M(A)) 5 (F(A)) exp (iS(A)) . (20.12)
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The dependence of the integrand on g has disappeared, and the integration over g gives an
overall (infinite) normalisation factor, which is irrelevant. We next note that Z has to be
independent of the gauge fixing function F, in particular F(A) — Y is just as good for the
gauge fixing (provided of course we show that F(94) = Y has a solution). This modification
does not affect the so-called Faddeev-Popov operator M (A) and we find

Z = / DA, det (M(A)) 5 (F(A) — Y)exp (iS(A)) | (20.13)

independent of Y. Suitably normalising DY we can define

/DY exp (—% /d4:c Yf(x)) -1 (20.14)
2
which combined with the previous equation gives
z - / DY DA, det (M(A)) §(F(A) — Y) exp <z / duz L(A) — %Yj(@)
= [ DA, det (M(A)) exp (z [ di £(4) - %J—jf(A)) . (20.15)

For U(1) gauge theories with F(A) = 0, A" this precisely reproduces the action of eq. (4.22)
in the Lorentz gauge, and in that case det(M(A)) is a constant.

For non-Abelian gauge theories we are left with the task of computing det(M(A)) for
each A, which is no longer constant. But here the path integral over Grassmann variables
comes to the rescue. In problem 25 we have seen that

[ DDy exp (z [ i ﬁa(sc)qMab(A)nb(:c)) _ det(M(A) (20.16)

up to an overall normalisation. This implies that the path integral can also be written in
the Lorentz gauge as

2 = [DADIDy exp i [din £(4) =5 @0,44(0)*+ 07 () 0" (@) + @Al @) (@)}

(20.17)
Since 7 and n are auxiliary fields, they should never appear as external lines. They are
therefore called ghosts. Ghosts can only appear in loops and because of the fermionic nature
of the ghost variables, every such loop gives a minus sign. The Feynman rules for the Lorentz
gauge are given in the following table.

table 7
no external ghost lines
k 5.,
QT ; = (aM)H(A=0)g = 2% ghost propagator (Lorentz gauge)
Ko, k3
it = —iqfack! ghost vertex (Lorentz gauge)
b, k’g a, k?l
—1xif % loop factor
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Because one can easily derive that for a complex scalar field (up to an overall constant)

/ Dy*Dy exp (l / dyx sOZ(fU)qM“”(A)sOb(x)) = m , (20.18)

we can view a ghost as the elimination of a complex degree of freedom. It is in this way that
in the path integral the two unphysical degrees of freedom of a Lorentz vector are eliminated.
For QED both the ghost and the unphysical degrees of freedom have no interactions, and can
not appear as external lines either, which is why in QED the introduction of ghosts was never
necessary for a consistent description of the theory. For non-Abelian gauge theories, because
of the interaction of the ghost with the gauge field, ghosts can no longer be ignored. To
have the ghosts eliminate the unphysical degrees of freedom, one should have the “masses”
(poles) of the ghosts to coincide with the “masses” of the unphysical degrees of freedom.
Furthermore the couplings of the ghost and unphysical fields to the physical fields should be
related. This is verified explicitly for the Georgi-Glashow model in problem 35. In general it
is guaranteed by the existence of an extra symmetry, discovered by Becchi, Rouet and Stora,
called the BRS symmetry s, which for example acts on the gauge field as follows

sA¥ =Dl . (20.19)

This is precisely an infinitesimal gauge transformation. For more details see Itzykson and
Zuber, section 12-4-1.

21 The Standard Model

The standard model describes the electromagnetic and weak interactions, unified in the so-
called electro-weak theory of Glashow-Weinberg-Salam with the gauge group U(1)xSU(2)
and the strong interactions, known as Quantum Chromodynamics (QCD) with gauge group
SU(3). Theory and experiment, where tested, agree very well up to about 100 GeV, the
energies reached by presentday accelerators. Now the top quark has been found, at a mass
of 174 GeV, only the Higgs particle remains to be detected. Its mass should be smaller
than 1000 GeV (i.e. 1 TeV=Terra electronvolt) according to presentday theoretical insight.
Gravitation has been left out so far. Its natural scale in energy where quantum effects would
become important is the Planck energy, E, = /hic®/G ~ 10! GeV. It is very well possible
that a number of the fundamental parameters in the standard model will be determined,
either directly or indirectly, by gravitational interactions. The standard model should then
be considered as an effective field theory. The theory for which the standard model describes
its effective low-energy behaviour is called a unified theory. An intermediate stage, which
does not yet include gravity is a so-called Grand Unified Theory (GUT). The simplest ver-
sion unifies the electro-weak and strong interactions using a gauge group SU(5) (which has
U(1)xSU(2)xSU(3) as a subgroup), thereby reducing the number of free parameters consid-
erably. These GUT’s predict proton decay, albeit at the tremendously low rate of one decay
in every 1039~3lyears. Nevertheless, a swimming pool of (10m)? contains enough protons to
verify that the proton decay is slower than can be comfortably accommodated by GUT’s.
Candidates that unify the standard model with gravity in the form of string theories and
supergravity have been unable to provide predictions that either rule them out experimen-
tally or provide evidence in favour of these theories. Much is therefore still to be discovered,
in particular because theoretical insight of the last ten years has shown that a Higgs field is
most likely not fundamental, although it is not yet ruled out that it will show its structure
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only at Planck energies. If that is the case the mass of the Higgs should, however, not be
much bigger than 100 GeV.

The standard model consists of gauge fields B, (for U(1)), W (for SU(2)) and Aj (for
SU(3), where a runs from 1 to 8, to be discussed later). These gauge fields have interactions
with a Higgs field ¢ € ¢, which transforms under SU(2) as a spin one-half representation
(i.e. the fundamental representation) with a coupling constant g. Under U(1) this Higgs
field transforms with a coupling constant —1¢’, whereas it is neutral under SU(3). These
couplings are represented in the covariant derivative

Dy = 0,0 — 20/ Byt~ %iwgm . (21.1)

The potential for the Higgs field causes spontaneous breaking of part of the symmetries
V(g) = %(gf)Tqﬁ — FY)?=kolo + %(nggb)Q + const. (21.2)
where K = —LAF?. In this case the minimum of the potential, also called the vacuum, is

degenerate on a three dimensional sphere, specified by ¢f¢p = F? (¢ € €% ~ R*), which
would give rise to three massless scalar particles according to the Goldstone theorem, but
all three will be “eaten” by longitudinal components of the gauge fields to which the Higgs
field couples. We note that there are four gauge field components, B, and W for a = 1,2
and 3. Indeed one combination among these four will not have something to “eat” and will
therefore stay massless. It plays the role of the photon field as we got to know it in QED.
To see this write

_ (0 ¥\ — Y1
¢_(F)+(902)_¢0+(<P2) ’ (21'3>
such that
92F2 1\2 212 F? / 312
(Duo) Dy = T (W) + (W2)) + o' By — g W2 (21.4)

Apparently, the vector fields W;’z will have a mass My, = iv/2gF, whereas the linear
combination
'B, — gW3 !
e AT sin Oy B,, — cos QWWS , tanfy = g , (21.5)
9*+9g° g

Z

I

receives a mass my = 1v2F(g>+¢' 2)% = My / cos Oy . The linear combination perpendicular
to Z,,
AT = cos Ow By, + sin GWij , (21.6)

remains massless. This gauge field defines a U(1) subgroup of SU(2)xU(1) that leaves
¢o invariant. This U(1) subgroup is a combination of the U(1) subgroup of SU(2) gener-
ated by exp(iyos) and the phase rotations exp(iy) associated with the explicit U(1) group
with B, as its gauge field. It is trivial to verify that the product of these group elements,
exp(ix) exp(iyos) indeed leaves ¢q invariant. The gauge symmetry associated to this so-
called diagonal U(1) subgroup therefore remains unbroken and corresponds to electromag-
netism.

The Higgs field has three massless components Re 1, Im 1 and Imes, all eaten by the
vector particles W and Z, and one massive component n = Re ¢ with a mass

my =V—2k=VAF . (21.7)
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It is this component that is called the Higgs field. It does not couple to AF", because like
©o, also 7 is not affected by the transformation exp(iy) exp(ixos). Alternatively, this can be
seen from the covariant derivative

D, <¢1) = {au Zg(mW;} + 0’2W2) + L(COSQ Owos — sin® Ow) 2,

V2 2 ’ 2 cos Oy,
Zg . em ©®1
= sinfy (o3 + 1) A5 } <¢2) . (21.8)
Using the fact that
2 0
ag+1:(0 0> (21.9)
it is clear that s has no electric charge, whereas ; has a charge ¢ = —gsinfy. As

these are would-be Goldstone bosons, “eaten” by the vector fields, it will turn out that the
combinations W= = 1v/2(W F iW?) are charged with an electric charge of +e, where

e=—gsinfy . (21.10)

As a consequence, the two coupling constants g and ¢’ are determined by the electric charge e
and the so-called weak mixing angle 6y, also called the Weinberg angle. From experiment it
follows that sin” Ay ~ 0.23. The Z vector field will remain neutral under the electromagnetic
interactions. To verify the charge assignment to the vector fields, we have to find the coupling
of the various fields to A7™. For this it is sufficient to consider the following part of the
Lagrangian

Lwp = 4 (0.8 — OW + geancWIWE)" = 3 (9,8, — 9,B,)° . (21.11)

with the obvious short-hand notations like (F SV)Q = Fj, F!". After some algebra the above
equation can be rewritten as

Lwp = —3(F +ie(Wiw, —w;w,))
1 (0,2, — 0,2, + ig cos b (W, W, — W W)
—L DWW, — DWW, —ig cos Ow (Z,W, — Z,W,))> (21.12)
where we have defined
D™ =0, —ieAT | Fo=0,AM — 9,A™ . (21.13)

We immediately read-off that our charge assignments for Z and W= have been correct. Note
that the vector field Wj has an extra magnetic moment, because of its coupling to F7"

Lmagn.mom. = —ieF WiWw, | (21.14)

which is a direct consequence of the spin of the vector field (the magnetic moment for the
Dirac field is discussed in problem 32).

We now introduce the fermions in the standard model. They are arranged according to
families. The first family with the smallest masses consists of the electron, the neutrino,
the up and the down quark. Essential in the standard model is that invariance under parity
is broken explicitly by the weak interactions (as has been observed in the beta decay of
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Cobalt-60, see problem 40). This is achieved by coupling the left- and right-handed helicity
eigenstates of the fermions differently to the gauge fields. It should be stressed that the
standard model does not explain why parity is violated; it was put in “by hand”. For each
fermion we define

Ur=1(1—y)0 , UF=1(1+47)T . (21.15)

The Dirac Lagrangian in terms of these helicity eigenstates can be written as
Ly = T(ir"0, —m)¥ = T (iy"9,) U + T (ir"0,)¥F — m(T 0" + T UR) | (21.16)

such that different transformation rules for W enforce m = 0, i.e. the absence of an
explicit mass term. The beauty of the Higgs mechanism is that it also provides a mass for
the fermions. This is achieved by coupling the scalar field ¢ to the fermions, using a Yukawa
coupling

Lyys=—y(T oMl + T puh) | (21.17)

where y is the Yukawa coupling constant. It also immediately fixes the representation to
which W% should belong. Since the Lagrangian has to be invariant with respect to the
gauge symmetries, and since the scalar field is in the fundamental representation of SU(2),
we require that W% is also in the fundamental representation, i.e. it is a doublet. On the other
hand U is taken to be invariant under SU(2) (also called the singlet representation). The
couplings of the fermions to the gauge field B, have to be chosen such that the Lagrangian
is neutral. This coupling is parametrised by the so-called hypercharge Y, in units of —1¢'.

Ye=Y(@)=1 , Y=Y, -1 , Yzp=Y(U) . (21.18)

The mass of the fermions is now read-off from eq. (21.17) by replacing ¢ with its so-called
vacuum expectation value ¢

Loy =—yFP@"WL+TIOR) (21.19)

where the index on W* indicates the so-called isospin index, the spinor index of the two
dimensional fundamental representation for the internal SU(2) symmetry group. We also
see that Ul remains massless and this is exactly the neutrino. The electron is identified
with the pair (U ¥L) and has a mass m, = yF. We want the neutrino to have no electric
charge and this fixes the hypercharge of W%, It is most easily determined from the covariant
derivative, acting on the left-handed fermion, defined as in egs. (21.1) and (21.8), since both
are in the same representation (electron and neutrino are also neutral with respect to the
strong interactions. The situation for the quarks will be discussed below).

1g

T oos 0 (cos® Oy os — Y sin®Oy) Z,
w

ig
D" = {9, - S (W, + ol +

1g sin Oy,

5 (03 + Yp) A jwrt (21.20)

To make WL decouple from the electromagnetic field we require
Yp=—-1 , Yr=-2 . (21.21)

This also allows us to find the electric charge of W% to be gsinfy = —e, which as it should
be, coincides with the electron charge. The right-handed component should of course have
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the same electric charge. In that case the covariant derivative is given by

/L'g’ ’Lgl . em
DV% = (9, - TYRB;L)\I’R = (0 — 7YR[Sm Ow 2y + cos b A} DA%

= (0p —ieAS™ —ictan Oy Z,) 0" | (21.22)

with the expected coupling to the electromagnetic field. Note that we can summarise our
assignments of the electric charge by introducing the charge operator in terms of the hyper-
charge and the so-called isospin operator I3

Q™ =LY +I3)e . (21.23)

On a doublet (UL and ¢) one has I3 = Log, whereas I3 = 0 on a singlet (¥F).

We now discuss quarks. Also there the weak interactions act differently on the left- and
right-handed components. The left-handed up and down quarks are combined in a doublet
representation for SU(2). If we denote the quark fields by ¢, we assign ¢F to the left-handed
component of the up-quark (also denoted by u”) and ¢t to the left-handed component of
the down-quark (d%). This doublet gets a hypercharge Y (¢) = 1, from which we read off
the electric charges

o - () - () 2121

The right-handed components of both the up and down quarks are singlets under SU(2) and
their hypercharges are chosen to insure that they have the same electric charge as for their

left-handed partners

Y(uR)zg and Y(dR):—g : (21.25)

The quarks transform non-trivially under SU(3), the gauge group of the strong interac-
tions. They form complex vectors in the three dimensional defining or fundamental repre-
sentation of SU(3). The generators for SU(3) are given by

/0 1 0 (0 —i 0 /1 0 0
m=—211 00|, ==2i 0 o, T=-1l0 -1 0],
210 0 0 2 0 0 o0 280 0 o
(0 01 S0 0 i S0 00
T4=—5 00 0], T5:—§ 00 O ,Tﬁz—5 00 1],

10 0 i 00 01 0
(000 8 . (10 0 -
T——1o 0 —i|, T™=—""V01 0| |, 21.26

2 0 i o 2v3 1\ o0 -2

normalised in accordance with eq. (18.20). (In terms of the so-called Gell-Mann matrices
one has T* = —i\,/2.) We leave it as an exercise to determine the structure constants. Note
that the Lie-algebra for the group SU(N) is given by traceless and antihermitian (X = —X)
complex N x N matrices. The dimension of this Lie-algebra is easily seen to be N? —1. Note
that det(exp(X)) = exp(Tr(X)), such that exp(X) has determinant one. Also, exp(X )™=
exp(—X) = exp(XT) = exp(X)' guarantees that exp(X) is a unitary matrix.

The fractional electric charge of the quarks is not observable (otherwise we would have
had a different unit for electric charge). The reason is that quarks are conjectured to always
form bound states that are neutral under SU(3). This can be achieved by either taking
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three quarks in an antisymmetric combination to form a SU(3) singlet, or by combining a
quark and an antiquark. In the first case one has a baryon, of which the proton (uud) and
the neutron (udd) are examples. The quark-antiquark bound state is called a meson, of
which the pions are examples (e.g. 77 = ud and 7~ = ud). The bar over the symbol of
a particle of course denotes the antiparticle. Rather prosaically one associates to the three
SU(3) components of the quark field the property colour. Choosing the three basic colours
red, blue and green makes a bound state of three quarks in an antisymmetric wave function,
where hence all colours are different, into a colourless composite. Similarly, combing a quark
and an antiquark gives a colourless combination. It is not too difficult to show that a bound
state of quarks and antiquarks is a singlet under SU(3) if and only if the net colour is white.
It is now also easily verified that with the particular fractional electric charges assigned to
the quarks, a colourless combination always has an electric charge that is an integer multiple
of the electron charge. For this note that both quarks have modulo e an electric charge
equal to —1le, whereas both antiquarks have modulo e a charge of ie. Three quarks bound
together therefore have zero charge modulo e. The same holds for a quark-antiquark bound
state.

That the strong interactions really are strong, follows from the fact that a quark and
antiquark can not be separated without creating a quark-antiquark pair from the vacuum,
to make sure that the separated components remain neutral under SU(3). This is achieved
by combining the quark (antiquark) of the pair created with the antiquark (quark) we try
to separate. The mechanism that prevents free quarks to appear is called confinement,
which still lacks a solid theoretical understanding. Because the coupling constant is strong,
a perturbative expansion is no longer applicable. That nevertheless the theory of the strong
interactions is believed to be the correct theory to describe the forces amongst the quarks
(and therefore indirectly the nuclear forces) follows from the remarkable property that at
high energies the effective coupling constant is small; at infinite energy even zero. This is
called asymptotic freedom and will only briefly be discussed in the next section. For a more
detailed discussion we refer to Itzykson and Zuber. In the table below we list the gauge
particles of the standard model.

Gauge particles table 8
name charge |spin | mass force
~v | photon 0 1 0 electromagnetism
A |gluon 1 0 strong force
W+ | W-particle | +e 1 |80 GeV weak force
7, | Z-particle 0 1 191 GeV weak force

The strong interactions do not break parity invariance, i.e. the eight gluons A}, couple to
the left-handed and right-handed components of the quark fields in the same way. However,
the so-called Cabibbo-Kobayashi-Maskawa (CKM) mixing with two other families of quarks
(the strange and charm quark on the one hand and the bottom and top quark on the other
hand) gives in a very subtle way rise to violation of C'P, that is the combination of charge
conjugation and parity (equivalent to time reversal T, since C'PT is conserved). The electron
and neutrino, called leptons, in the first family are replaced by the muon and its neutrino
for the second family and by the tau and associated neutrino for the third family. The
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experiments described in the introduction (see problem 37) have shown that there are not
more than three of these families with massless neutrinos. In the standard model there is
room to add a right-handed partner for the neutrino field, which couples to none of the gauge
fields. With a suitably chosen Yukawa coupling the neutrino can be given an arbitrarily small
mass. It is experimentally very hard to measure the mass of the neutrino; only upper bounds
have been established. The table below lists the properties of all the fermions observed in the
standard model (the top quark was only discovered in 1994 at Fermilab). For much more on
the standard model see in particular the book by J.C. Taylor mentioned in the introduction.

Fermion families table 9

name charge |spin | mass

d | down quark -e/3 1/2 |10 MeV

u | up quark 2¢/3 |1/2 | 5 MeV
e |electron -e 1/2 | 511 keV
Ve |neutrino 0 1/2 |0(<10 eV)

s |strange quark |-e/3 1/2 |250 MeV
¢ |charm quark |2e/3 |1/2 | 1,5 GeV

4 | muon -e 1/2 106 MeV
v, | muon-neutrino | 0 1/2 ]0(<0,5 MeV)
b | bottom quark |-e/3 1/2 | 4,8 GeV
t | top quark 2¢/3  |1/2 |174 GeV
T | tau -e 1/2 | 1,8 GeV
v, |tau-neutrino 0 1/2 |0(<164 MeV)

22 Loop corrections and renormalisation

Up to now, we have only considered the lowest order calculations of cross sections, for which
it is sufficient to consider tree-level diagrams that do not contain any loops. Loop integrals
typically give rise to infinities, which can be regularised by considering for example a cutoff in
momentum space, as was discussed in sect. 7. Another possibility of regularising the theory is
by discretising space-time, amounting to a lattice formulation, see eq. (7.5). In both of these
cases there exists a maximal energy (equivalent to a minimal distance). The parameters,
like the coupling constants, masses and field renormalisation constants will depend on this
cutoff parameter, generically denoted by an energy A or a distance a = 1/A. How to give a
physical definition of the mass in terms of the full propagator and why field renormalisation
is necessary was discussed in sect. 9. For the renormalisation of the coupling constant it is
best to define the physical coupling constant in terms of a particular scattering process, as
that is what can be measured in experiment. Alternatively, as these are strongly related,
the physical couplings can be defined in terms of an amputated 1P n-point function, with
prescribed momenta assigned to the external lines, all proportional to an energy scale called
i << A. As an example consider the self-interacting scalar field, with a four-point coupling A
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(see for example eq. (21.2)). We define the physical four-point coupling constant in terms of
the 1P four-point function with the momenta on the amputated lines set to some particular
value proportional to p (the precise choice is not important for the present discussion). It
is clear that this gives a function Aeg(A, i1, A). The dependence on other coupling constants
and the mass parameters is left implicit.

The theory is considered renormalisable if we can remove the cut-off by adjusting A
(also called the bare coupling constant) in such a way that at a fixed value u = pg the
renormalised coupling Ag stays finite and takes on a prescribed (i.e. measured) value. It is
then obvious that the renormalised coupling constant Ag(pt) = Areg(A(A), 1, A) is a function
of u, coinciding at o with the prescribed value Ag. Since the physical coupling constant is
computed in terms of the full 1PI four-point function, the dependence on the energy scale is
caused by quantum corrections. Since the vacuum in field theories is not really empty, as was
discussed in the context of the Casimir effect in sect. 2, the computation is not much different
from calculating effective interactions in a polarised medium. In this case the polarisation is
due to the virtual particles that describe the quantum fluctuations (zero-point fluctuations)
of the vacuum, and is therefore also called the vacuum polarisation. The energy dependent
couplings are called running couplings. It should be emphasised that the running of the
couplings is a manifestation of an anomaly (called the conformal anomaly), which is the
breaking of a symmetry of the Lagrangian by the quantum corrections. In the absence of
a mass, the scalar field theory with a ? interaction is at the classical level invariant under
scale transformations, ¢(z) — kp(x/k), where k is the scale parameter. It is obvious that
the regularised couplings are not invariant under such a rescaling, because of the presence of
a cutoff. What is not obvious is that, for the simple field theories we have been considering
in four dimensions, the scale independence can not be recovered by removing the cutoff (i.e.
taking A — 00).

By adjusting the bare coupling constants of the theory as a function of the cutoff A,
to ensure that all regularised couplings stay finite when the cutoff is moved to infinity, the
calculations can be arranged such that nowhere explicit infinities occur. When we say that
the contributions of the loops diverge, we mean that without adjusting the bare coupling
constant, their contributions are infinite in the limit A — oco. A theory is called renormalis-
able if only a finite number of bare coupling constants needs to be adjusted to have all 1PI
n-point functions finite. This can be shown to be equivalent to all 1P n-point functions to
be completely determined as a function of a finite number of renormalised couplings, called
relevant couplings. It is only in such an instance that quantum field theory has predictive
power. Renormalisability is therefore a necessary requirement for the theory to be insensitive
to what happens at very high energies with a maximal amount of predictive power. The
standard model falls in this class of theories.

Theoretical studies of the last five years or so have shown that the self-coupling of the
Higgs field will most likely vanish if we really take A — oo, albeit in a logarithmic way.
Losely speaking the running of this coupling is such that the renormalised coupling increases
with increasing energy. The only way it can be avoided that the renormalised coupling will
become infinite at some finite energy, is to either take the renormalised coupling equal to
zero or to keep the cutoff finite. It depends on the parameters of the model, in particular
the Higgs mass, how large the cutoff should be. If the Higgs mass is relatively light, this can
be at the Planck scale and has little consequence for the theory. If, however, the Higgs mass
turns out to be in the order of 1 TeV, the cutoff has to be roughly smaller than 10 TeV.

As we can measure the self-coupling of the Higgs field and related quantities to be non-
trivial (which is of course crucial for the spontaneous symmetry breaking and giving a mass
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to the W and Z particles), the scalar sector of the standard model depends in a rather subtle
way on what happens at higher energies. This sensitivity to high energies is, however, much
and much weaker than in non-renormalisable theories like for the four-fermi interactions.
It is outside the scope of these lectures to describe the computations necessary to make
the above more precise. In the following we give a sample calculation that will provide the
technical ingredients to perform such calculations and to illustrate some of these issues in a
simple setting. Also, problems 2(!), 38 and 39 illustrate further ingredients that are pertinent
to renormalising field theories.

Let us end this discussion by noting that a running coupling can of course either increase
or decrease at increasing energy. The Higgs self-coupling and the electromagnetic coupling
constant e are examples of couplings that increase at high energies. For the electric charge e,
this increase is very tiny and the cutoff can be chosen much bigger than the Planck energy.
The analogy with a polarised medium is that the virtual particles in the field of a charged
particle will screen its charge at large distances. When we probe the charged particle at
ever smaller distances the effective charge becomes less screened and increases. Due to the
self-interactions of a non-Abelian gauge field, its charges show the effect of anti-screening.
Here the effective charge becomes bigger at larger distances. For the strong interactions this
is one way to understand confinement. The energy of a single quark within a spherical shell
would increase without bound with increasing radius. A free quark would carry an infinite
energy. To the contrary, at decreasing separations, the effective charge becomes weaker and
weaker and the quarks start to behave as free particles. This is the asymptotic freedom
mentioned in the previous section.

We will now consider to one-loop order the self-energy for the scalar field ¢ with a mass
m, coupled to two flavours of fermions with masses m; and ms, coupled through Yukawa
couplings described by the Lagrangian

L= %(a“(p)Q _ %m2g02 _ %)\4,03 -+ ZE(’) (ny“&u — mz)\Il(Z) — gy (@(1)\1’(2) + E(g)\p(l)) . (221)

The self-energy for the scalar field in one-loop order splits in two contributions »; and >
from a fermion and a scalar loop (in this order Z = 1).

mi, k k
)y =X+ =— + . 22.2
w=m+m=- (g + () (222)
ma, ¢tk gtk
The numerical expressions for »; and ¥, are given by
o %+m1)(%+¢+m2))
1= : ;
—mi +ig)((k + q)* — mj + ie)
2)\ 1
Y, = /d k . 22.
? 2(2m)* (k2 —m? +ie)((k + q)?> — m? + ig) (223)

Using eq. (11.1), requires us to employ the Feynman rules of table 3 to obtain these expres-
sions. (Alternatively the Feynman rules of table 2 can be used, provided the self-energy is
defined through eq. (9.9).) These integrals are obviously divergent. Introducing a momen-
tum cutoff A we find X; ~ A? and 33 ~ log A to lowest non-trivial order in 1/A. One says
that ¥; is quadratically and >, logarithmically divergent. To simplify the integrands we
discuss the Feynman trick

ld 1
ab /o x(ax—i—b(l—x))Q ’

(22.4)
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which we can apply to the computation of 3; by substituting a = (k + ¢)? — m3 + ic and
b = k* —m? +ie. For ¥y we have the same assignment, with in addition m; = my = m.
It is useful to also have the generalisation of the Feynman trick for an arbitrary product of
scalar propagators.

i o k 1 k k -

i=1

which is proven by induction. In here I'(z) is the gamma function, which satisfies I'(z + 1) =
2I'(z), T'(n+1) =n! and T'(1) = /7 (see problem 2b). Consequently we find

4 K+ k-
21 = Zg /d4k/ dx + q+m1m2 2
k: +(1—2)¢)? + (1l —x)¢®? —a2m? — (1 — 2)m3 + iz—:)
1
S, = / dik / dz . (22.6)
2(2n)* k +(1—2)¢)*+z(1—x)g>? —m?+ is)

We will show how to regularlse these two integrals in two different ways. First we use
dimensional regularisation introduced by 't Hooft and Veltman (see problem 2) and then
discuss Pauli-Villars regularisation. In dimensional regularisation the loop integrations are
replaced by integrals in n, instead of 4, dimensions. The momentum integrations are always
of the form

I o d,k 22.7
oM / (k% — M2+25) ( )

We can evaluate this integral by performing the so-called Wick rotation, where we replace

the integral over Reky by an integration over Imky. The integral over the two quarter circles
indicated in the figure, will vanish as the radius tends to infinity. As there are no poles inside

the contour of integration, we find
: 4} fig. 14
L " Rek &

2\«
Lnap(M) = i(—l)“_ﬁ/dnk G +<]]\€/[3 e =k k. (22.8)
We note that the integrand is a purely radial integral and as the surface area of a n di-
mensional sphere is analytically known (S, = 27%2/I'(n/2), e.g. Sy = 2w, S3 = 4,
S, = 272+ +), we obtain

Imko

n/2 2a

. g 2T el T
Ihas) = A= e fretar (r2 + M? —ic)?
i(=1)*Ba 2 (o 4+ n/2)T(B — a —n/2)

= . 22.
(2 — iz)F-o T (B)(n/2) (229)
We used the integral representation of the beta function
I'(n)I'(k) o0 21
B(n, k)= ———= = / dz ——— . 22.10
S Ol S FE (22.10)
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Shifting the integration variable k — k — (1 — x)q we find

5, — 4zg /d /{:/ . (1 —=22)k - q+mimo + z(x — 1)¢> ’
(k% — Miq + ig)?
X2 = / dnk / d : 22.11
2 27T o + 25) ( )
where
M, =ami+ (1 —2)mj—z(l—2)¢* and M) =m’—xz(l—2z)" (22.12)
which allows us to express ¥; in terms of the integrals I, o g(m)
dig> X , .
X o= - (27)? /0 dx {In7172(Mm7q) + (mimg — (1 — x)q )In,O,Z(Ma},q)} ,
X 7M2 1 dx 1, M. 22.1
2 o 2(27T)4 /0 £z n7072< ny) . ( . 3)

Substituting the expressions for I, , 3(M) from eq. (22.9), we find

5, — dg*m"/? /1 iz T2 - n/2) (mams —.:c<1 —o)g?) Id +ln/2>F(1 —n/2) ’
(2m)* Jo (M2, —ie)>/20(2) (M2, —ie)'="/2(2)[(n/2)

\2qn/2 1 I'2—-n/2)
AN / . 99.14
2= 50t by MR, i) (22.14)

This can be further simplified using
F(1+n/2)I'(1—-n/2) n

= 22.15
['(2—-n/2)T'(n/2) 2—n ( )
such that
5 4g*7™2T(2 — n/2) /1 p (mimy — z(1 — 2)¢%) n/(2 —n)
= X ~ - ~ )
1 (2m)! 0 (W2, —ie)rnl2 (N2, — ie)in2
NP2 - n/2 1
S, = / d . 22.16
2 2021 o —ie)zn/2 (22.16)
The divergent part is now fully contained in F(Q —n/2), because
Fl+1i(4—mn)) 2
2 = — o4 - 22.17
re—n/2) = =IO 2ol (22.17)
where v = 0.57721 - - - is the Euler constant. We expand ; around n = 4
$, - g° ( 2 7) (n=)/2 /1 dr mymg — (1 —Ax)QQ +(2+4(4 - ”))Miq
(2m)2 \4—n 0 (M2, — ic)d-m/2

7 9 1
= ( — ,Y) /0 dx {(mlmg —32(1 — 2)¢* + 2am7 + 2(1 — x)mé) X

(2m)2 \4—n
) R Z(_l)
{1 —1(4—n) log(ﬂ[Miq - 25])} + %(4—n)M§’q} = 41_ ( )+(’)(4 —n),
A2 1 9 . 2 2571) (0)
D = gy /0 dr (log(r[M2, — i]) +7) = 7=t = 7—+T{+O(4 — n) (22.18)
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Note that ¢*> = g2 — ¢* and that the coupling constant A for the scalar three-point coupling
(-1

has the dimension of mass. We have split the result for ¥; in a pole term with residue %;
and a finite part EEO) for n — 4.

2

0 = L ldx M2 —log(m[M?, —ie]) +~ ¢ x
1 - 0 x,q g x,q ’Y

472

<m1m2 + 3z(z — 1)¢® + 2zm3 + 2(1 — x)m%)) :

oo

O .

n® W/o dz (log(x[M2, —ic]) +7) .

ni=b — 9 (mamg + mi +m3 — 1¢°%) oyt =— ¥ (22.19)
1 92 1Ma2 1 2 34 ) 2 (47?)2 )

We now note that the pole terms are of the same form as the tree-level expressions
obtained from the following extra term in the Lagrangian

AL = ta(d,p)* — 1bp® . (22.20)

This means that we can choose a and b so as to precisely cancel the pole terms. To lowest
order we therefore have

S (L4 AL) =S, (L) +b—ai? =S + 50 + O(n—4) | (22.21)
from which we can solve for a and b in terms of Zg_l)
2 2 2
g 1 A g : 9 1
- _ i h=|—u — 2 — . 22.22
“ (2m)24—n ((47?)2 272 (mama i+ my) 4—n ( )

Note that as long as we stay away from n = 4 everything is well defined, including a
and b. The limit n — 4 is to be taken after we have expressed everything in terms of the
renormalised coupling constants and masses. We have taken here a slightly different approach
for renormalising the theory. Rather than computing at n # 4 physical processes to fix the
renormalised couplings, we have started with renormalised couplings and determined how
they have to depend on the bare couplings so as to cancel any infinities that might arise as
n — 4. It is clear that these two procedures are equivalent. For the physical interpretation
the first procedure (due to Wilson) is more transparent, in a loop expansion the second
procedure is more natural. To find the bare mass and the field renormalisation (for the bare
A coupling we should have considered the 1PI three-point function with three ¢ external
lines) we write to one-loop order

m2+b

Lp=L+AL=1(0upp) — impehs , my ra

; @Bz@¢:v1+a¢
(22.23)
Often it can be determined by power-counting (of momenta) which diagrams give rise to
divergencies for n — 4 or A — oo. The infinities correspond to local counter terms (i.e with
a finite number of space-time derivatives) in the Lagrangian. For the theory in eq. (22.1),
power counting easily shows that the ¢ four-point function is logarithmically divergent at
one-loop order, see the Feynman diagram below.
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We therefore need to introduce an independent parameter for the ¢ four-point coupling, so
as to adjust its bare coupling to depend in the proper way on the cutoff, to ensure that
we can remove it. It can be shown that after adding to the Lagrangian in eq. (22.1) the
term — ;0" /4!, the theory becomes renormalisable to all orders in the loop expansion. The
relevant parameters are m, my, msg, g, A and 4.

As we have seen in section 11, ¥, (¢) should have a non-vanishing imaginary part if the
scalar particle is unstable. It is clear that the scalar particle itself can not decay in two scalar
particles, but when m; + my < m it could decay in two fermions. Indeed, it is not difficult
to show that on the mass shell (¢ = m?) 5O is real

)\2
8(2m)?

1
9 (g* = m?) = /O dz log[(x — 1)* + 2] + v + log(m?n) € R . (22.24)
We will show that ImX{” (¢ = m?2) # 0 if and only if ¢ > (m; + ms)?, called the threshold

for decay. The only way Ego) can develop an imaginary part is when the argument of the
logarithm in eq. (22.19) becomes negative. The threshold is therefore determined by

min{MiqM € [0,1]} = min{zm? + (1 —2)m3 —2(1 —2)¢*|z € [0,1]} <0 .  (22.25)
Let us first consider the simplest case of equal fermion masses, m; = ms. In that case
min{Miqm €[0,1]} =mi —1¢* (m1=my) (22.26)

and the threshold is determined by ¢? > 4m? = (my +my)%. For the general case of unequal
fermion masses, the minimum is obtained for z = 1(1 + (m3 — m?)/q?). After some algebra
we find

2

_ 2 2
min{1/2 |z € R} = qz (1 _ (m q2m2) ) <(m1 ;m) - 1) , (22.27)

which is indeed negative for ¢> > (my;+mg)?. The value of x where this minimum is attained
does not lie in the interval [0, 1] if [(m? — m3)/¢?| > 1, which can be used to rule out the
other region, ¢*> < (m; — my)?, where eq. (22.27) is negative. This therefore proves that
the kinematically determined threshold coincides with the threshold for Im¥(q) # 0, as was
assumed in section 11.

A major advantage of dimensional regularisation is that it preserves the Lorentz and
gauge invariances. Furthermore, it is a local regulator. The lattice regularisation also can
be arranged to preserve the gauge invariance, but locality and Lorentz invariance are only
valid at distances much bigger than the lattice spacing a. A momentum cutoff breaks both
the Lorentz and gauge invariance. Pauli-Villars regularisation is aimed at having a regulator
that preserves the Lorentz invariance. We will describe it for the Lagrangian of eq. (22.1),
using again the computation of ¥,(g) to one-loop order as an illustration. For each of the
original fields ¢ and W(; one adds extra (ghost) fields, with either the same (e, > 0) or
opposite (e, < 0) statistics. This means that a loop of these ghost fields gets an additional
factor e;. Furthermore, the mass of these ghost fields is shifted over M, with respect to the
original (“parent”) field (alternatively, if the original field is a boson, one can shift m? over
M}, see problem 39. With the present prescription we can treat bosons and fermions on the
same footing). By defining ey = 1 and My = 0, the index ¢ = 0 describes the original fields
of the model. We define furthermore M, = b,A with A > m, my, my. To regularise ¥, by
Pauli-Villars” method, we choose

e =(1,-1,2,-2) and b, =(0,4,3,1) , (22.28)
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in other words the scalar and two fermion fields each have three ghost fields associated to
them but with non-standard weights for the loops. We could stick to standard weights, such
that these ghost fields can be described in terms of either grassmann or bosonic variables by
taking |e,| fields, having either the same (e, > 0) or reversed (e, < 0) statistics with respect
to the original (“parent”) field. It is straightforward to give the self-energy including the
contribution of the ghost fields

3
2V (g) = 3 ee{ Sulmy + bk, my + beAs @) + Ta(m + behiq)} (22.29)
=0
in an obvious notation. The weights are chosen such that the momentum integrals can all
be performed. Nevertheless, the masses of the ghost particles, all proportional to A, now
play the role of a momentum cutoff, as the Lagrangian will at that energy scale no longer
describe a physical theory. It is still convenient to evaluate the integrals in n, rather than
in 4 dimensions. We will see that eq. (22.28) guarantees that the terms proportional to
(4 —n)~! exactly cancel. Indeed, using eq. (22.19)

|
3

[M]

e (2571)0”1 + by, mae + beA; q) + Egﬁl)(m + beA\; q)) = (22.30)

~
Il
o

Mw

e 3 (b b ) ~ 55— )

~
Il

2

2 2 2
g-{mim +mi+m l m +m g
( 1 12 D) 2 2 E €y + ! 2 —A E ngg + —A2 E egbe =0.

The finite result that remains (replacing £~V in the equation above by ©(?) is nevertheless
still dependent on A. To keep the following computation transparent we take m; = msy

22V (q)

) (29—;2/01”;”{1‘37‘310@ (ﬂ<m1+bm>2—w<1—x>q2])} (140 (1)’
+%/01dx264{10g (W[(m+bﬂ\)2—x(1—x)q2])Jw}

- (si) /1 d$z£:eé log ((ml + bgA)2 —z(l — x)q2) [(ml + bzA)Q — (1 — ZL’)qQ}

_'_8(;\71')2 /01 dxzz:ef log ((m + bgA)2 — x(l _ SL’)QQ)

mQ—x(l—x)QQ)— (m%—x(l—x)qQ) [m%—x(l—x)qﬂ

a1 A? + asA + azlog A + asq®log A + as + agq® + O(1/A) . (22.31)

The precise values of the coefficients a; are not very important, but can be calculated ex-
plicitly with some effort. All A dependent terms can be absorbed in a redefinition of Z, and
the mass of the scalar field, such that

ng(q) = / dx log —z(1— x)qQ) {m% —z(l— x)qﬂ

+8(27r) log ( — (1l — x)qz) + a5 + agq® . (22.32)
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Note that in dimensional regularisation (pr) we found the result 2§°’ + 2&0), or

ZER(Q) = _(gi)Z /01 dx {log {7‘(‘ (m% — ZL‘(l — :L‘)qQ)} +y— %} [m% _ ZL‘(l o ZL‘)QQ}
+8(;)2 /o1 du {1°g [W (m2 — (1 - x)qz)} + 7} : (22.33)

However, the difference X2V (q) — X2%(q) = a5 — by + (ag — b2)¢®, where

5 N(y+logm)  ¢*m3(3y+3logm — 1) 5 g*m3(3y + 3logm — 1)
1 pu— _— 2 pu—

8(27)? (27)? ’ 6(27)2 ’

(22.34)

can be absorbed in a finite redefinition of the mass and of Z,. If we define the renormalised
coupling in terms of some physical scattering process, such an ambiguity of course cannot
arise. In that case there is a unique relation between the bare and renormalised parameters.
This relation, however, depends on the regularisation used.

We will now discuss, without a detailed derivation, the renormalisation of gauge theories
to one-loop order in dimensional regularisation. The bare Lagrangian is given by

;C = —i(@"AE — 8"A’]_§)2 — %aB(GMA%)Q +WB(’L’)/M6M — mB)\IfB + GBA%WB’)/M\I/B . (2235)

In n dimensions we still want the action to be dimensionless (A = 1), which implies that
L/u" is dimensionless. From this we derive the dimensions of the fields and the parameters
in n dimensions,

[A%] = Y Jap) =1, [Wg)=[Usl=p2""2, [mpl=p, les)=p>". (22.36)

NI

If we define (as is customary) € = 4 — n, one finds (for details see Itzykson and Zuber, e.g.
sections 7-1 and 8-4. They use slightly different notations.)

1

1 1 62 1 2 - 362 1
A%EM 3¢ /ZAAN:,LL 25<1_@g+> Al" mB:me:<1_@g+ m,
1
1, [ 1 e 1 2 2 1
Up = pu 5€ ZgV = 26<1_@'§+”'>\P’ 043=Za04:<1‘|‘@‘g+”‘>04,
_beze— (1 Ly (22.37)
ep = pu2Z.e = i TR e . .

We note that to one-loop order A* = eg A’y and ap/e% are finite for n — 4. This is not
an accident, but the consequence of a so-called Ward identity, which as a consequence of
the gauge symmetry (through the BRS invariance mentioned at the end of sect. 20) relates
different Z factors,

72=Zy=1/Z4 . (22.38)

It is therefore sometimes much more convenient to use

1 « — . .
L= =7 (0" A" = 0" A")" = é@fw)? +Up(iv" Dy —mp)¥p , DH=0¢—iA"

€B
(22.39)
To all orders in the loop expansion the field A* and the gauge fixing parameter a//e® remain
free of renormalisations. The same holds for non-Abelian gauge theories. By absorbing the
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charge ¢ (called coupling constant g = g henceforth) in the gauge field, the Lagrangian can
be expressed as

1 _

L= —Te(F2) + “2Tr(9,A")? + Up(ir" D, — mp) ¥y (22.40)
295 g 9B

where the gauge field and the gauge fixing parameter receive no renormalisations, in other

words they are already the renormalised field and gauge fixing parameter. The field strength

F,, and covariant derivative D, are now given by (compare eqs. (18.35) and (18.41))

D,=0,+4, , F.,=0A —-0A,+[A,A] . (22.41)

If the gauge group is SU(N) and there are ny flavours of fermions the renormalisation of the
coupling constant is given by (see Itzykson and Zuber sect. 12-3-4)

1. 1. 1IN —2ns)g* 1
9 = 13 Zyg = 2 (1—( 487T2f) 'g+--->g : (22.42)

Aslong as the number of fermion flavours is small enough, we see that the one loop corrections
to the bare coupling constant differs in sign from the equivalent expression for the Abelian
case. It is the self-interactions of the non-Abelian gauge fields that are responsible for
the asymptotic freedom of its running coupling constant. The running of the coupling is
expressed in terms of the so-called beta-function

B(g) = Mé‘g(gg(»f),méf)

5 , (22.43)

where the derivative is taken at fixed € and gp (9 = gr). For non-Abelian gauge theories
one finds (g is an integration constant)

(11N — 2ny)g?
4872

+0) QQEM) B (11]\2]4;22nf) log(p/ o) + (9(92(#)222744)

Blg) = —

whereas for QED (coupled to n; flavours of fermions)

_ nye
1272

LOW) g = g B/ ) + O (22.45)

Ble)

For other regularisations the computation of the running coupling constant is similar, except
that ¢ is replaced roughly by 1/log(A). To the order displayed, the beta-functions do not
depend on the regularisation scheme.

It is perhaps appropriate to end these lecture notes with as classic an experimental test
of renormalisation effects in field theory as the one for the Casimir energy in section 2. It
concerns the Lamb shift, measured in 1947, which is the very small energy splitting of the
28 1 and ZP% orbitals in hydrogen atoms, receiving a contribution from vacuum polarisation
effects (for a discussion of the other contributions see section 7-3-2 of Itzykson and Zuber).
In problem 39 it will be shown that to one-loop order the photon vacuum polarisation is
given by (compare egs. (16.22) and (16.23). In the Landau gauge, a — oo, we can drop the
A® factors)

Sw(@) = =A% (@)(P9" — ¢’ )w(P)AD (@) . (22.46)

108



From the results of problem 39, where w is computed with Pauli-Villars regularisation, it
can be deduced that (m is the electron mass)

w(q®) = alog(A/m) +b+cqg® for ¢*—0, A—oo . (22.47)

The precise values of the coefficients a and b are not very important, as the combination
alog(A/m) + b can be absorbed in the field renormalisation (this means that a can be
read off from Z, given above). In section 7-1-1 of Itzykson and Zuber it is shown that
c = €2/(60m*m?). In the static limit, as is relevant for the hydrogen atom, ¢*> = —¢? and the
photon exchange can be accurately described by the Coulomb potential

o2 2 [ DT
—_ = — 7 22.48
T KL = (22.48)
which due to the vacuum polarisation is replaced by
) . eiq'-F 2/ ~ 1 . e2 et .
_ d - _ d il co | el — — S
‘ / MR rwl-) " <(72 e ) ‘ T~ gomz s

(22.49)
The extra delta-function interaction, that arises from the vacuum fluctuations, only affects
the wave functions that do not vanish in the origin. Consequently, only the energy of the S
orbitals will be shifted by this correction

4ma e?

153 0 YT ap

AE(nSy) = (22.50)

where n is the radial quantum number and «, is the fine-structure constant.
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