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I. Introduction: the need for a quantum theory of fields

Quantum field theory (QFT) is the formalism that unifies quantum mechanics (QM)
and special relativity (SR), and enables us to understand what matter is made of.

Various types of experiments are used to explore the fundamental constituents
of matter. In fized-target experiments a beam of particles is focused towards a piece of
material (target), see Fig. 1. Particles in the beam can be deflected, and even change
in number and/or nature if the energy is high enough. From the characterization
of the scattered particles and their angular distribution, we can infer the properties
of the interactions of the beam particles with the target ones. These experiments
mimic in the laboratory what happens when cosmic rays (protons or nuclei) hit the
atmosphere (target) and produce showers as depicted in Fig. 2.

The birth of particle physics can be traced back to the study of the structure of
the atom by Rutherford and others in fixed-target experiments, and to the discovery
of new particles in cosmic rays. These experiments enabled us to establish the
substructure of the atom, the atomic nucleus, and its constituents (i.e. the proton
and the neutron). Furthermore they revealed the existence of many exotic and
short-lived particles beyond those present in ordinary matter.
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Figure 1: Classic experiment by Lord Rutherford that demonstrated the structure
of the atom.

In collider experiments (eg. LHC or LEP) two beams of simple particles are
accelerated in opposite directions and collide in the center of a detector. These
experiments are easier to interpret because the complex substructure of the target
disappears: we smash simple particles into simple particles. They are also more



Primary Cosmic Rays

Figure 2: Cosmic Rays
efficient in reaching higher energies.
The type of measurements we can do, and would like to predict accurately, are:
e The nature of the scattered particles

e The number of particles per unit incoming flux that get deflected as a function
of the scattering angle, 6.

The theoretical prediction of these observables requires that we understand quan-
tum mechanics in the relativistic limit. QFT achieves this goal and allows us to
understand and predict the dynamics of particles in the subatomic domain.



Figure 3: LHC proton-proton collision

1.1  Duality in quantum mechanics

As we know in quantum mechanics (QM) there is a duality between particles (e.g.
an electron) and waves (e.g. the electromagnetic field). Particles of momentum p
behave as de Broglie waves with wavelength

h

A= —. (1.2)

p
Similarly electromagnetic waves of frequency v behave as bunches of quanta in the
photoelectric effect or in Compton scattering. These are Einstein’s photons, ~y, that
have energies given by

E = hv. (1.3)

However a full unification of both concepts, particles and waves, is not achieved
in QM, where the treatment of photons is completely different to that of electrons.
Particles are described in terms of wave functions that satisfy the Schrédinger equa-
tion, but the electromagnetic field is usually treated classically.

In processes such as the photoelectric effect, the electromagnetic field is a classi-
cal wave that induces a time-dependent potential leading to transitions of electrons
between atomic energy levels.

Instead, in Compton scattering, the shift in wavelength of light scattered at an
angle 0 on electrons at rest

h

MeC

AN =

(1 —cosb), (1.4)



can be easily derived from simple particle kinematics assuming elastic scattering
of an electron and a photon: e + vy — e + «, which clearly assumes a particle
interpretation of the photon involved. However QM does not provide a method to
quantify the probability of this process, which would require computing a transition
amplitude between two states of one electron and one photon.

The same situation occurs in the case of spontaneous emission in which an
electron in an excited atomic state decays to the ground state emitting a photon of a
fixed frequency in the absence of any perturbation. In contrast with the photoelectric
effect, there is no classical electromagnetic radiation present. The kinematics of
the process can be easily understood with the same particle picture of the photon,
but the probability of this process, which is related to the lifetime of an atomic
state, requires a mathematical formulation of the photon as a particle, which is only
achieved by the quantization of the electromagnetic field.

1.2 Quantum mechanics of relativistic particles

From a different perspective, the successful quantum treatment of particles in the
non-relativistic regime does not extrapolate straightforwardly to the relativistic do-
main either. Several paradoxes demonstrate a clash with causality when we try to
localize particles of mass m within distances smaller than their Compton wavelength
h
Ao = —. 1.5

c= (1.5)
The origin of these paradoxes lies in the fact that the number of particles is not
conserved in this regime. Let us suppose we manage to localize a particle within a
distance of the order of half of the reduced Compton wavelength:

Ac
Ax < ==, 1.6
= 47 (1.6)
The uncertainty principle implies
h h h
AzAp> - = Ap> — > — > 1.
PP = AP EoRs T e = (.7)

for a relativistic particle E ~ pc and therefore
AE = cAp > mc?, (1.8)

which is the rest energy of a particle, and therefore particles can be created in the
process.

Surprisingly the solution to these paradoxes brings us to the same point as
the need for a particle picture, or quantization, of the electromagnetic field, i.e.



a theory of quantum fields. QFT is the mathematical framework that achieves a
complete unification of the classical concepts of particles and fields in relativistic and
local quantum fields (see Fig. 4) which represent operators that create/annihilate

particles.
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Figure 4: Quantum theory of fields

We will see that in QFT observables are not arbitrary Hermitian operators
as in quantum mechanics: they must be constructed out of local quantum fields.
Causality will not derive from the localization of particles but from the localization
of interactions. We will see that quantum fields ensure relativistic invariance and
an essential property of the laws of physics called cluster decomposition. This refers
to the fact that measurements performed in well separated regions of space do not
interfere, e.g. we can perform measurements locally in our lab, and they will not be
affected by what is happening in the Moon.

QFT will deal with basic processes that we can measure in the lab. We would
like to describe in a precise and quantitative way the two key ingredients in a particle
collision:

e Asymptotic states: what are stable states of free particles?

E.g. what are their masses, spin and charges

e Spectrum of unstable particles

E.g. what are their masses, spin, charges and lifetime

e Scattering processes: what is the probability that a number of particles in
some prepared incoming state arrive to an interaction region and “turns into”
a different state of particles (same particle in a different state or even different
particles)

We will see that QF'T can answer these questions quantitatively and extremely
accurately in some cases, up to the highest energy scales, we have explored so far,
E ~ 10'3eV, that correspond to the smallest distances, ~ 10719m. There is little
doubt that this abstract mathematical framework describes nature!



In the rest of this chapter we are going to introduce quantum fields as a way to
solve apparent paradoxes that arise when trying to mix quantum physics and special
relativity. We will start by briefly recalling some basic facts about both quantum
mechanics and special relativity — and discuss why a naive extension of quantum
mechanics to the relativistic domain fails, and why the new concept of quantum field
is needed.

We are going to employ natural units throughout:

h=c=1. (1.9)

In some cases, for aesthetical reasons some of these factors will be kept.

1.8 Non-relativistic QM in a nutshell

Quantum mechanics modifies in an essential way the classical concepts of the state
of a system, of observable, and measurement.

e One-particle quantum states are vectors in a Hilbert space (the space of
quadratically integrable complex functions, Lo(C')) that evolve in time

(W (t) ), (U[¥) =1 (1.10)

When expressed in the so-called complete position basis, |x), the components of the
state vector in this basis constitute the Schrodinger wave function:

(x[U(t)) = ¥(x,1). (1.11)

The position basis is a complete basis, even if the basis states are not square-
normalizable:

/dx Ix)(x| =1, (x|x')=0d(x—x). (1.12)

Another important basis that is often used is the momentum basis, |p):
(x|p) = P>, (1.13)
Bl = [ datplx)(xlp) = [ dPx P Px = 256 < p), (110

and the completeness condition® is

3
/ (dp3|p><p| — 1 (1.15)

We could have equivalently normalized the states to eliminate the (27)® in egs. (1.14) and (1.15)
and included a factor (27)™%/% in eq. (1.13).



e Observables are Hermitian operators in Hilbert space
0, (®|0T) = (0OD|V). (1.16)

As in finite vector spaces, these operators have real eigenvalues and the basis of
eigenvectors forms a complete basis of physical states.

e The possible results of a measurement of an observable are exclusively the
eigenvalues of the corresponding operator, and the probability of measuring one of
these eigenvalues, e.g. o, when performing a measurement on a state |¥) is

Prob(o,) = [{0n| W) %, (1.17)
where |o,) is the eigenvector corresponding to the eigenvalue oy, ie.
Olon) = on|on). (1.18)

Three observables/operators have a prominent role in NRQM: position, X , momen-
tum P; and the energy or Hamiltonian, H. Their eigenbasis are respectively, the
position states, the momentum states and the stationary states:

X|x) =x[x), Plp)=plp), H|E) = E|E). (1.19)
Position and momentum operators do not commute:
X, Pj] = idiy, (1.20)
which implies the Heisenberg uncertainty relation on any state:
1
AX; AP, > 3 (1.21)

where AO = (V|0?|¥) — (¥|O|¥)2.
e States evolve in time according to the Schrodinger equation, which in the
position basis is a wave equation:

h2
’Lhaatw(x, t) = (—2mv2 + V(X)) ’lﬁ(X,t), (122)
or in a basis-independent form:
mimf) = H|U) (1.23)
' ’ '

where H is the quantum Hamiltonian operator, which for a non-relativistic particle
of mass m in a potential V(x) is:

N 2 .
H=— X). 1.24
o+ V(X) (1.24)



It is therefore the classical Hamiltonian with the substitution
p—P=—inv, x—X. (1.25)

The Schrodinger equation establishes that the time evolution of a quantum state is
controlled by the Hamiltonian. It is easy to formally solve eq. (1.23) for Hamilto-
nians that do not depend explicitely on time:

U (1)) = e HE=00)/Mg (1)) (1.26)
The quantum time evolution operator is therefore

Ult, to) = e iHE-t0)/h (1.27)

e There are equivalent pictures in NRQM. We can equivalently say that states
change with time and operators do not or the opposite. The first is the Schrédinger
picture, while the second is the Heisenberg picture. Let us see how we pass from
one to the other.

Let us consider the expectation value of the operator O in a state |W(t)) in the
Schrodinger picture:

(W (B)[O[()) = (W(0)|e MO W (0)) = (W1 (0)|On (1) Wu(0)).  (1.28)

The expectation value is the same as in the Schrodinger picture but the Heisenberg
operator depends on time while the states are fixed at ¢ = 0, where they coincide
with the Schrodinger ones.

In the Heisenberg picture, the Schrodinger equation is substituted by the oper-
ator equation (since only operators evolve in time):

d A SR A
%OH(t) =i[H,Og]. (1.29)
An intermediate picture which is useful in the context of perturbation theory is
called the interaction picture. If the Hamiltonian can be separated as H = Hy+ Hiyt,
where Hj is the free Hamiltonian and Hj,; includes the interaction, both states and

operators evolve
(W(O|O[W(1)) = (¢TTo0w (1) Tt Qe ot Mot (1)) = (W ()| Or (1) W (¢)). (1.30)

The operators satisfy therefore

d A A
5 01(t) = i[Ho, O1l, (1.31)
while the states
d F iH —iH 3
12 Wr(t) = —Hol¥r(t)) +e Mot Fre Mot 1 (1)) = Hy(8)| W1 (1)) (1.32)
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1.4 Quantum harmonic oscillator

Since your first course in QM you have become familiar with the quantization of the
system of a particle of mass m attached to a spring, or harmonic oscillator. The
classical Hamiltonian is given by:

P’ 1
H(z) = o T imwQ(fL‘ — z0)2. (1.33)
The canonical quantization of this system proceeds by constructing the quantum
Hamiltonian according to egs. (1.25).
The stationary states can be found by solving the Schrodinger equation, but it
can be done much more easily by an algebraic method ? defining the raising/lowering

operators as combinations of the momentum and position operators:

1 ( - . 1 A .
a= —— 2P+mwX>, dei(—zP—i—mwX). 1.34
vV 2hwm vV 2hwm ( )
The Hamiltonian can be written as

A 1

H:m(cﬂa+2), (1.35)
and using eq. (1.20),

la,a') =1, [af,a"] =0, [a,a] = 0. (1.36)

The eigenvalues can be shown to be quantized according to

E, = hw <n+;> (1.37)

with n any integer. The operator a' acting on the eigenstate corresponding to
integer n, |n), produces another eigenstate with integer n + 1, while the operator a
transforms the state |n) — |n — 1). More precisely,

alln) =vn+1ln+1), aln)=vnjn—1). (1.38)

We will see that there is a different interpretation to the rising and lowering
operators of the harmonic oscillator. We can imagine that when we move from en-
ergy level B, — FE,11 we are adding or subtracting a quantum of energy hw. Such
quantum of energy can be viewed as a particle like Einstein’s photon. The opera-
tors @' and @ in this picture are particle creation and annihilation operators. We
will see that this interpretation is precisely what provides the particle interpreta-
tion of the quantized electromagnetic field, since the canonical quantization of the
electromagnetic field will lead to a infinite set of harmonic oscillators.

2For those not familiar with this formalism, please read Chapter 2 of Griffith’s book on Quantum
Mechanics.
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1.5 Multiparticle states and Fock space

It is not surprising that when we move to the relativistic domain, it becomes neces-
sary to extend the one-particle Hilbert space to include states with different number
of particles, since interactions in this regime will generically modify the number of
particles when the energy available is greater than the rest energy of one particle,
E > mc?.

A state of N free identical particles can be described by a state which is a
superposition of the direct product of one-particle states in Hilbert space:

|\IIN> = |\11a1>®|\11a2>®....|\11a1\,> EH(N), (139)

where each of the factors, |W¥,, ), represents the state of particle k.

It is a postulate of quantum mechanics (that becomes the spin-statistics theorem
in QFT) that not all possible states of this form are physical. Only the combina-
tions of such states that are either completely symmetric (bosonic) or completely
antisymmetric (fermionic) under the exchange of any two identical particles i <+ j
are physically acceptable states. If we define the permutation operator Pij of the
i-th and j-th particles, physical states of N identical particles must be combinations
of states of H ) that satisfy

Pyj|Wn) = £[U), (1.40)

for any ¢, j. The 4 correspond to bosons/fermions and whether it is one or the other
depends on whether the spin of the one-particle state is integer or half-integer.

The full symmetrization or antisymmetrization of states of N particles implies
that any such state is fully determined by the occupation numbers, N;:

N; = #number of particles in state |¥;), (1.41)

and whether the particles are bosons or fermions. Up to a normalization:

Ni terms Ny, terms

UN)B/F ~ Z (—=DPT) @ L |¥) @ [Tg) @ ... @ |Pg) (1.42)

perm

with

> N;=N. (1.43)

We can therefore denote the state by

IN1, e, Nk) £y Z N; = N. (1.44)
i=1k
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We will omit the sub-index F'/B in the following.

When in a process we can change the number of particles, we need to enlarge
this space to include all states with an arbitrary number of particles. This is called
Fock space, which is defined as the direct sum of the Hilbert spaces of any number
of particles

.9
F= & H(N), H(O) = |0>7 (1.45)
N=0

where the state with no particles is called the vacuum state, |0).

We can define operators that transform states with different number of particles,
in particular operators of creation a;r and annihilation a; of a particle in a one-particle
state of energy Fj:

d;-f : H(N) — H(N+1)
a; : H(N) — H(N—l)- (1.46)

For bosons we define the operators of creation and annihilation as:

;| N1, ., Niy o No) = /Ni|lNy, ..., Ni — 1,...N,),
al|N1, .o, Niy . N) = /N + 1Ny, .., Ni +1,...N,,) (1.47)

It is easy to check the following properties:
° NZ = &;rdi is the ¢ — th number operator since

Ni|N1, ..., N, ...; Np) = Ng| N1, ..., Ny, ..., Ny g (1.48)

e they satisfy the following commutation relations:

la,al] = 655, [as,a5) =0, [af,al] =0, (1.49)

79

e any state in Fock space can be constructed from the vacuum by acting with
creation and annihilation operators

1

T @D @) o) (1.50)

Ny, . N =

indeed this state can be shown to be properly normalized and completely
symmetric.

12



In the case of fermions, the occupation numbers can only be 0,1. The cre-
ation/annihilation operators are defined as:

a;i|N1,...;Niy . Ny = (=1)""N;|N1,...; 1 = Ny, .. Ny ),
al|Ny, ooy Niy o N) = (=1)%(1 = Np)| N1, ooy 1 = Ny, o Ny) e, (1.51)
with v; = Z_:lo Nj.. As before the number operator is NZ = &3&1‘7 while the conmu-
tation relations in this case are found to be
{ai,al} =65, {asa;} =0, {al,al} =0, (1.52)

and any state can be reconstructed from the vacuum by
IN1, ... N e = (@)™ (af)N|0). (1.53)

Although this formalism of creation/annihilation operators is extremely useful
to discuss states with many particles, it can also be applied to the Hilbert space of
one-particle states, and in this context we talk of the second quantization formalism.

‘ 1st quan ‘ 2nd quan
States | W) ay|0)
(V] (Olay
W) = [, Ip)(p|¥) al, = [, (plW)ap
Operators | O = 2, 510)(al01B) (8] | O = 3, 5dhis(alOlB)

Among the creation/annihilation operators, a special case are those correspond-
ing to the position basis, that is the operators that create a particle at position x,
also called field operators:

U, =al, al]o) = |x). (1.54)

It is very important to note that despite the similar notation, the field operators
must not be mistaken with wave functions, as they are operators and not complex
numbers (i.e. the components of the state vector in the position basis). Note that
the field operator can also be written as

Ty = /<p|x> al, :/ e P g, (1.55)
1 1

We will see that these are the basic building blocks in the construction of quan-
tum field theories. The quantization of the electromagnetic field is equivalent to that
of a set of quantum harmonic oscillators, where the raising/lowering operators can
then be interpreted as momentum basis creation/annihilation operators in a Fock
space, and this is what gives a precise definition of what we mean by a photon.

Causality as we will see will be ensured by the locality of the field operator.
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7

Figure 5: The parameter space of the rotation group in 2D is isomorphic to a unit
circle. The parameter o parameterizes the group element R(«aq), which is the well-
known rotation in 2D. R(«;) = R(S(a;)) is a matrix representation of the group
element S(aq), which lives in the abstract, mathematical space of group elements.

1.6 Symmetries in QM

Symmetries in quantum mechanics are transformations of state vectors that leave
observables and probabilities invariant. Symmetries under translations, rotations
and boosts are expected from the principle of relativity. Other internal symmetries
such as gauge symmetries are fundamental in the dynamics of elementary particles
as we will see. Symmetry transformations have a group structure since:

e there is an identity transformation (i.e. to do nothing)

e the product can be defined as the ordered composition of two transformations
that also belong to the group

S251 = apply first transformation S and afterwards So. (1.56)

e an inverse can be defined (i.e. undo the transformation)

e associative product

S3(5251) = (S352)8,. (1.57)
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All the examples of continuous symmetries in physics that we will be dealing with
are Lie groups®, where the elements are functions of a set of real and continuous
parameters, «, and the multiplication rule depends smoothly on them, meaning that
there is some notion of “closeness” in the group: if two elements S(«y) and S(a2)
of a group S are close together, then the parameters a; and asg are also close. Take
as an example the group U(1) of rotations in a 2D plane depicted in fig. 5.

Wigner’s theorem establishes that symmetry transformations in Hilbert space
are implemented by either unitary and linear operators (in most of the cases) or
antiunitary/anti-linear operators (in the case of time inversion). We will be con-
cerned with symmetries that are represented by unitary operators:

S(a) : [¥) — U(S(a)|¥), U(S(a)U(S(a)) = 1. (1.58)

We say that these operators in Hilbert space are a unitary representation of the
symmetry group.

When we consider infinitesimal transformations, very close to the identity (the
element corresponding to o = 0, the unitary operators representing a Lie group can
be approximated by a Taylor expansion in the parameters:

U(S(a)) ~ 1+ ia,T* + O(a?). (1.59)

It is easy to show that the operators T =T w are Hermitian and are called group
generators which form an algebra:

[Taa Tb] = Z'fabcTc- (160)

These generators and their commutation relations are all we need to describe the
group elements and group multiplication close to the identity.
The generators of the familiar symmetry operations:

e Spacial translations: under a translation of the origin of coordinates by —a, a
particle localized at x will appear localized at the point x + a, therefore

U(T(a))|x) = |x + a). (1.61)

Using this relation, it is easy to show that the generators of infinitesimal trans-
lations are the three components of the momentum operator:

Ty =i—=—P', (1.62)
and the unitary operator that represents finite translations is

U(T(a)) = e =P, (1.63)

3 An excellent group theory reference for particle physicists: Lie Algebras in Particle Physics, by
H. Georgi [].
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e Time translations: under a translation of the time origin —tg
U(T(to))[¥(t)) = [¥(t +to)), (1.64)

and using the Schrodinger equation it follows that the generator of time trans-
lations is the Hamiltonian. A finite time translation is implemented by the
evolution operator

U(T(ty)) = e~ (1.65)
This is of course the expected result according to eq. (1.27).

e Rotations: under a generic rotation R~! of the coordinate system, the position
space basis vectors change as

U(R)|x) = |Rx). (1.66)

Using this property it is easy to show that the generators of rotations around
the coordinate axes are the angular momentum quantum operators, L;, that
satisfy the algebra:

We say that a dynamical system is invariant under a symmetry if the Hamil-
tonian commutes with the unitary operator that represents the group in Hilbert
space:

[H,U(S)] =0, (1.68)
which immediately implies that it commutes with all the generators
[H,T;] = 0. (1.69)

It then follows that the expectation values of the generators (which are Hermitian
and therefore valid observables) are conserved quantities:

d

ﬁm;ﬁ\q}) = 0. (1.70)

1.7 Special relativity in the quantum domain

The group of space-time symmetries in relativity is the Lorentz group, SO(3,1) (or
the Poincaré group when translations are also included). This is the group of linear
coordinate transformations that preserve the Minkowski metric:

o' = A2, g AEANY = gor (1.71)

16



where
Juv = 1 . (1.72)

It is easy to see that this change of coordinates preserve the inner product in
Minkowski space:

xumyguu = x/uxwguu- (173)

Property 1: the speed of light is constant

Let us consider (t,x) as the coordinate separating two events. If these two
events correspond to a light ray being emitted at the origin at ¢ = 0 and reaching x
at ¢, since the light speed is one in natural units:

x| = t, (1.74)

therefore the norm in eq. (1.73) is t2 — x? = 0 and since this norm is invariant
according to (1.73) it should also be the same in all reference frames. In a different
reference frame where the point has coordinates (#,x’), the norm ¢? — x> = 0 and
therefore in this new frame the light ray also moves at the speed of light.

Property 2: the speed of light is the mazimum speed

In Fig. 6 we show on the plane (¢, |x|) the so called light-cone, that is the region
satisfying

t2 — |x2 >0, (1.75)

corresponding to a signal emitted at the origin at ¢ = 0 with a velocity below than
one and reaching |x| at time ¢. This is a time-like event. The limit of the light-cone
corresponds to the light rays, with ¢t = |x].

The region outside the light cone satisfies

2 —|x|* <0, (1.76)

and corresponds therefore to a velocity above one, these are the space-like events.
Let’s now consider a Lorentz transformation: (¢, |x|) — (¢, |x/]) for time-like
and space-like events. They must be necessarily on the curve:

t? — |¥'|* = a, (1.77)
with a > 0 for time-like and a < 0 for space-like events. The curves are shown in

Fig. 6.
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Figure 6: Light-cone, time-like and space-like events.

For time-like events, if ¢ > 0 in one frame, ¢’ > 0 in any frame. For space-like
events, this is not the case and two events that are causally connected (one occurs
after the other) might occur in the opposite order in a different frame. Causality is
therefore not preserved for space-like events.

The velocity of light is therefore a maximum if we want to preserve causality.

Generators of the Lorentz group
There are six generators of Lorentz transformations. If we consider an infinites-
imal transformation around the identity:

AP~ 58wl + O(w?), (1.78)
and substitute in eq. (1.71), we obtain the relation
Wﬂggw' = _qu—go'l/ — Wrg = —Wor- (1.79)

wyy is therefore an asymmetric real matrix and it depends on six real parameters
that correspond to the three space rotations and boosts.

When defining a one-particle state we need to know how it transforms under
Lorentz/Poincaré transformations. It might do so trivially and then we talk about
a scalar object, its wave function, (x|¥), would just be a complex number such that
under a Lorentz Transformation

UN)|T) = |T') = ¥'(x) = (x|¥) = (x|U(A)T) = (A x|¥) = T(A1x). (1.80)

However it is an experimental fact that there exists one-particle states that transform
non-trivially under the Lorentz group. It is possible to classify all the irreducible

18



representations of the Lorentz group — as we will see later. In this case the wave
function is not fixed by one complex number but has another index running up to
the dimension of the representation such that

Uy, (x) = (x|U(A)T) = R(A)qPs(A"'x). (1.81)

We will consider several of these non-trivial representations later on.

1.8 Relativistic QM versus causality

Let us consider a free particle in position xg at time ¢ = 0:
2(0)) = [xo). (1.82)

We want to calculate the probability that the particle is found at time ¢ at position
X, which is given by the square of the amplitude:

(e o) = /dp(X\p><p\xo>e“\/‘m

(2r)?
- / <2dp)s /PU0) ity R, (1.83)
s

where we have assumed that the relativistic relation E = /p2 + m? holds at the
operator level. We are interested in the answer when the points (¢,x) and (0,xq)
are causally disconnected, ie.

2 < (x —x0)*. (1.84)

Assuming this condition holds, the integral can be expressed in terms of Bessel
functions:

1 oo 1 27 ) '
eq. (183) = / p2dp/ dCOSH/ d(ﬁ 61p0059|x7x0\671t\/m
0 -1

(2m)? 0
R e e
272 Jo |x — %0

imt 0 (Kl(m T2—t2)> (1.85)

222 op V2 — 2

r=|x—xo|

The integral is different from zero which implies that there is a non-zero probability
that the particle has moved faster than light if it has reached x in time t. It is
clear that the concept of causality clashes with the description of particles in terms
of wave functions, when there is no restriction for these wave functions to extend
beyond causally connected regions. There is a loophole in this argument and it is
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that we have assumed we could localize a quantum particle as much as we wished
and it would still be described in terms of a one-particle state. This is of course not
possible since the more we localize the particle the greater the momentum, and at
some point it is possible to create more particles.

However, fields in classical physics, such as the electromagnetic field, extend
generically over causally disconnected regions, and this does not violate causality
provided information cannot be exchanged between these regions. In QFT this is
assured by the restriction of observables to being local 4. Causality will then ensured
if local measurements in causally disconnected regions cannot interfere with each
other. This implies that the set of observables localized in causally disconnected
regions of space-time must commute:

[O(z),0(y)] =0, (xz—y)*<0. (1.86)

The construction of observables such as the Hamiltonian in terms of local quan-
tum fields, satisfying eq. (1.86), underlies three fundamental properties of nature:

e Spin-statistics connection: half-integer spin particles have antisymmetric wave
functions while integer spin particles have symmetric wave functons

e CPT is a symmetry

e The existence of antiparticles

4One cannot measure in the lab a property of an electron in the Andromeda galaxy, so all
observables must be local to some extent.
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II. Canonical Quantization of Relativistic Scalar Fields

Historically the first derivation of quantum fields came from the canonical quanti-
zation of the electromagnetic field. We will consider first the canonical quantization
of a simpler field, the Klein-Gordon field, and postpone to a later chapter the extra
complication of dealing with gauge invariance. We start with a quick reminder of
basic facts of classical fields.

2.1 Classical field theory

A classical field theory is just a mechanical system that is described in terms of
a magnitude or set of magnitudes, ¢(x), that need to be defined for each point of
space at some fixed time. For example a classical field is the density of a fluid,
p(x), or the electric field E(x). Such fields usually depend on time as dictated by
some classical equations that can be derived from a least-action principle, where the
action is defined in terms of a Lagrangian density, a functional of the field and its
partial derivatives:

5= [ ds Llo(@). 0,000 2.2

The least action principle states that the fields should be such that the action remains
invariant under arbitrary infinitesimal variations of the fields, ¢ — ¢ + d¢:
0+ =—

oL
0=6S = |[d'%2|= 9,0
/ ’ [a¢> somo  000u0) |ssp " 4

- forlE a5 e} e

The integral of the second term depends on the values of the fields in the asymptotic
boundaries that we will assume to vanish. The first term must vanish for arbitrary
field variations and this is only possible if

oL oL
2~ (a@@) - 24

These are the Euler-Lagrange equations.
Let us consider the simplest field theory, where the field is a scalar ¢(z), and a
Lorentz-invariant Lagrangian

oL

L= 1046 4”000 — Jm6. (25)

It is easy to check that the Lagrangian remains invariant under a Lorentz transfor-
mation:

o' = Az, ¢(2)) = d(z) = o(A™'2), (2.6)
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or
¢ (@) = p(A ). (2.7)
The Euler-Lagrange equation is the Klein-Gordon equation:
(8,0" +m?)¢ = 0. (2.8)

Performing a Fourier transform of ¢ in space,

3 . ~
ot:%) = [ - Feit.) (2.9

and substituting back in the KG equation we find

2
“30(t,p) = ~(B? + m?)(t.p), (2:10)

which is the equation of motion of a classical harmonic oscillator with frequency
w = +/p?+m2. As we will see, the canonical quantization of the KG field will give
a superposition of quantum harmonic oscillators.

2.2 Symmetries and Conservation Laws

As we know, symmetries in classical particle mechanics lead to conservation laws.
This is also the case for classical field theories and it is the content of the famous
Noether’s theorem. Let us consider the following infinitesimal field transformation:

¢(x) = ¢(x) + ald(z), (2.11)
that leaves the Lagrangian invariant or is changed by a total derivative®
L(x) = L(x) + a0, T", AL(x)=ad,J". (2.12)

We can also write the variation of the Lagrangian as:

oL oL or
AL(z) = al¢ <a¢ - 8“0’(8;@)) + ad), (WM) : (2.13)

the first term is zero because of the equations of motion. Using egs. (2.12) and (2.13)
we obtain

o ((55.3) 22) = 07" (2.14)

5A total derivate would not contribute to the action.
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and therefore a conserved current exists:

oL
ot =0, jH(z) = Ao — TJH, 2.15
which in turn implies a conserved charge:
dQ _ d 3,0 / 3 .
=_ = _ =0. 2.1
7 dt/d:vj A’z Vj=0 (2.16)

Important examples are the invariance under a global rephasing or the symmetry
under space-time translations.

Rephasing invariance
Let us consider a KG field that is complex ¢(x). The Lagrangian in this case is

L=0,0'g"0,¢ —m?plp. (2.17)
It is easy to see that this Lagrangian is invariant under the transformation:
o(x) — (). (2.18)

For an infinitesimal a, eq. (2.11) implies A¢ = i¢. Noting that we now have two
fields, ¢ and ¢, the previous derivation of the conserved current of eq. (2.15) results
in a summation over the two fields,

Lo oL 4
= 50,0 B (219

which simplifies to
=i |(@"¢")o - (@"9)e! . (2.20)

When this complex KG field is coupled to the electromagnetic field we will see that
the associated conserved charge is nothing but the electromagnetic charge.

Space-time translations
Let’s now consider space-time translations

Ty = 1y, = —ay, (@) = é(x) = (2 + ), (2.21)
such that if we consider infinitesimal translations in the p direction,

d(x) = d(x + a) = ¢(z) + aHOup(z) + ...

we find that the field variation is
al'Ayo(z) = ¢ (z) — p(x) = a0, = Ayp = 0,0. (2.22)
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This transformation law applies to any field and, in particular, for the Lagrangian
itself, which is a scalar:

AL =o"0,L = a“&,(éijﬁ), (2.23)
which means that
ju” = 5Z£. (2.24)

The conserved current, eq. (2.12):

. oC oL,
T = 50,5700~ T = 5,500 ~ O (2.25)

is the energy-momentum tensor.® The conserved charges associated with time and
space translations are respectively the Hamiltonian and the three momentum:

H = /d%; T P = /d% Y. (2.26)

Ezxercise: Derive eqs. (2.20) and (2.25). Show using the equations of motion
that they are conserved currents.

2.8 Canonical quantization of the real KG field

By canonical quantization we refer to a procedure of quantization which is parallel
to what we do for the system of one particle. There, we promote the position, g,
and momentum, p, to operators in Hilbert space:

4,p = 4, p, (2.27)
that satisfy the canonical commutation relations:
(g, p] = i. (2.28)

The Hamiltonian that controls the temporal evolution of the system is a function of
p, q and therefore also an operator.

H(q,p) — H = H(4,p). (2.29)

For a continuous system, in order to determine the classical state of the system
at any fixed time, we need to specify a field value at all space points, therefore a
single position becomes an infinite set of field values:

q(t) — o(t,x). (2.30)

5The index v is the index of the current, while p is the label of the translation direction.
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The corresponding momenta are obtained in analogy with the discrete system:
oL . 0
m(t,x) = ———, t,x) = —o(t,x), 2.31
(%) = o 40X = 0. (2:31)
where L is the Lagrangian density. The Hamiltonian density is therefore
H = é(t,x)p(t,x) — L. (2.32)
For the Klein-Gordon field in eq. (2.5) we have

%m2¢2. (2.33)

1, 1 2
H=gn’ 4 (Vo) +

Quantization proceeds by promoting the classical field and the momenta to opera-
tors:

(t, %), 7 (t, %) = G(t,x), 7 (t,x), (2.34)
satisfying the equal-time commutation relations:
[b(t,x), #(t,y)] = i6@ (x = y), [6(t,%), ¢(t,y)] =0, [F(t,x),#(t,y)] = 0. (2.35)

The Hamiltonian is therefore the operator:

H= /d3:v <;7r2 + %(VW + ;m%@?) : (2.36)

From here onwards we eliminate hats to refer to operators.
Let us consider the Fourier transform:

3 . ~ 3 .
o(t,x) = / (;lﬂ])’g ePXG(tp), Tt x) = / (%g P X7 (1, p). (2.37)
Substituting in eq. (2.36) we find
3 ~ ~
1= [ o2 |5t -prem) + 507 - mt)i -pdep)| . (239)

Since ¢ = ¢!, 7 = 7',

¢(ta _p) = ¢(ta p)*v %(t’ _p) = fr(ta p)* (239)

We can make the connection to the harmonic oscillator, see eq. (1.34), more precise

by defining
=2 (dte.p) 2L, (2.40
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with

wp =/ p?+m?, (2.41)

Using eq. (2.39) it is easy to see that

&uﬁnzzvgh,mp+aig,fuup>:—4 2 (ap — al ). (2.42)

From eq. (2.35), the commutation relations in momentum space read

[6(t,p), 7 (t,q)] = i(27)°0(p + q), (2.43)

[¢(t,p), ¢(t,q)] = [7(t,p),7(t,q)] =0 (2.44)
and from these, it is easy to derive:

lap. al,] = (27)36®) (p — p'), [ap,ap] =0, [al,al]=0. (2.45)

It is easy to show that in terms of the new operators, the Hamiltonian takes
the simple form:

1= [ o, (chan+ Hamap)) = [ 00 (chan+ 32m5900)) (249

The second term is an infinite constant, often called the vacuum energy, which is
normally unobservable (at least if we ignore gravity) and so it can be substracted.
We eliminate it by normal-ordering the Hamiltonian,

d®p
H: = / Wwp CLLCLP, (247)

i.e. reordering the lowering operators always to the right of the raising operators. In
this form, it is clear that the system corresponds to a sum of harmonic oscillators,
see eq. (1.35), one for each p, with energy, wy.

We can also interpret the raising/lowering operators as creation/annihilation
operators in a Fock space of identical particles of energy w,. From the commutation
relations, eq. (2.45):

[H, afo] = wpaT

b [H,ap] = —wpap, (2.48)

it follows that for any eigenstate of H with energy E, the state an\E) is also an
eigenstate of H with energy E + wy:

Ha}|E) = ([H, al)] + aLH) |E) = (w, + E)a},|E). (2.49)
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Similarly
Hap|E) = (—wp + E)ap|E), (2.50)

which is consistent with the Fock space picture in which aI, creates a particle with
energy w, and ap destroys a particle with the same energy.

Ezercise: from eq. (2.35) show egs. (2.43) and egs. (2.45).
Ezercise: show eq. (2.46) and the commutation relations eq. (2.48).

To further characterize the particle, we can evaluate the momentum, using
eq. (2.26). Going to Fourier space and changing variables to a,a’, we find, after
normal ordering that the total momentum is given by:

. 3 d3p .
P = —:/d T wo;p: = / (271_)3;01@;&}-,. (2.51)
The commutation relation

[P, al,] = pian, (2.52)

implies that the particle created by aI, has momentum p, since then
:P":|p) = :P":a}|0) = p'al|0) = p’[p), (2.53)
and therefore satisfies
E? =w? =p° +m?, (2.54)

the relativistic dispersion relation of a free particle with mass m.

Furthermore the commutation relation in eq. (2.45) implies that the particles
created by the operators aI, obey Bose statistics: the wave function must be sym-
metric, this is because

alal |0) = al

Lal L ak]0). (2.55)

p

A one-particle state in this Fock space is therefore proportional to aI,\O>. What
is the correct normalization?

2.4 Relativistic normalization of one-particle states

In non-relativistic quantum mechanics, the one-particle momentum states are nor-
malized as

(plp’) = (2m)*3(p — p'), (2.56)
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and the completeness relation of the momentum basis reads

3
1= [ alviol (257

However this normalization is not Lorentz invariant.
Defining

Ip) = \/2wp|p), (2.58)

we can rewrite the

3 3
N Ny B T

4
= /(57335(192 —m?)8(po)|p)(pl, (2.59)

where we have used the following relation

/dpgé(pz — m2)0(po) = /dpo (5(290 — wp) N (po +wp)> 0(po) 1 (2.60)

2wp 2wp

The measure in the last equation in eq. (2.59),

4
(;$aﬁ—nﬂﬂm» (2.61)

is manifestly Lorentz invariant under p — p’ = Ap since, p? = p'?, sign(po) = sign(pf,)
and |det(A)] = 1.
The Lorentz invariant normalization of the one-particle states is therefore

p) = \/2wpal,|0). (2.62)
2.5 Quantum fields

We can now reconstruct the quantum field from egs. (2.37) and (2.42) in terms of
the creation/annihilation operators:

d®p
ot = [ o
(2m)3/ 2wy
Finally we can solve for the time evolution. We consider the Heisenberg picture,

where only operators change in time, and states do not change. The operators satisfy
the Heisenberg equation

d . . d
= iH,ap] = —iwpap,  —

[ap (t)eiPx + a;r)(t)e_ipx] . (2.63)

al, =i[H, aL] = z'wpa;r), (2.64)



which can be solved
ap(t) = e “rlap(0),  af(t) = e“r'af(0), (2.65)
therefore

d3p

o(z) = o(t,x) = /W

[ap(())e—iw +ab(0)e ], (2.66)
where px = w,t — px.

Summarizing, we have found that the canonical quantization of the real KG
field results in a quantum field operator that creates/annihilates relativistic and
bosonic particles of mass m localized at point x.

Ezxercise: according to the particle interpretation, ¢(0,x) acting on the vacuum
is the state |x). Show that the state

{0[6(0,x)[p) = (x|p)- (2.67)

Ezercise: demonstrate that the quantum field satisfies the KG equation starting
from the Heisenberg equation:

0 .o
Frie ilH, ). (2.68)

Ezercise: demonstrate that under space-time translation by a:

ePag(z)e P2 = p(z 4 a). (2.69)

2.5.1 Causality

The quantum field ¢(z) is Hermitian and local. It is therefore an observable. We
can show that it satisfies the property of eq. (1.86):

[6(z),9(y)] =

(e—z‘pzeiqy [ap, aTq] + eiPTiay [aL, aq])

/ d3p / d3q
@m)P /2w, | (27)7\/22,

d3 d3 L . 4
_ / b q (efszezqy . eszefzqy) (271')3(5(]) o Q)

(@n)3 /2, ) (2n) /2,

There are several ways to show that this integral vanishes for space-like separations
of z,y: (x—y)? < 0. One way to show this is using eq. (2.60) which shows that A(x)
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is Lorentz invariant under proper orthochronous Lorentz transformations. However
if (x —y)? < 0 we can always choose a reference frame where z, = 3. In this
frame, it is trivial to show that A(x —y) = A(y — x) and therefore [¢(z), ¢p(y)] = 0.
But since this commutator is Lorentz invariant, the same result should hold in all
reference frames.

Microcausality ensures that any observable constructed as a function of this
causal field is also causal: there is no interference between measurements of this
local observable in causally disconnected regions of space-time.

2.6 Canonical quantization of the complex KG field

Let us consider now a complex scalar field ¢(z) # ¢f(x). The Lagrangian is
L= 0"¢Y(2)gd d(x) — m*d(z) ¢ (), (2.71)
and the Euler-Lagrange equations
(V2+m?)p=0, (VZ4+m?)e' =0. (2.72)

We have seen in Section 2.2 that this Lagrangian is invariant under a rephasing of
the field ¢(x) = e'*¢(x), which implies that there is a conserved current:

i =i (00 - 61010) . (2.73)

We can proceed with the canonical method to quantize this theory. 7 The
momenta associated with the ¢ and ¢' fields are:

)
B 8(]5(15, X)

and the equal time commutation relations:

oL

e (¢, %), (2.74)

m(t,x) = QBT(t, X), wT(t, x)

[6(t,x), 7(t,x)] = id(x — X'), [0 (t,x), 7 (t,x)] = id(x — '), (2.75)

all the commutators of any two (7, w1, ¢, ¢') vanish. We can go to Fourier space and
write:

¢(t,X) :/(;l,].rz)?fiezp.xﬁs(ta p)a W(t,X) :/(;ir})??,ezp.xﬁ-(tvp)v (276)
o) = [ e di-p). wl) = [ e —p). 277

It is possible to separate the real and imaginary parts and quantize them independently as real
KG fields (leading to agrp, arp), with the identification ap = arp +iarp, bp = arp —iarp and noting
that m = 7 — imy.
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The non-vanishing commutation relations in Fourier space are

[G(t.p), 7 (t, —p")] = i(2m)°5(p — P'), [§'(¢, p). 7' (t, —p')] = i(27)’6(p — D) (2.78)
We can again take the Hamiltonian to a familiar form by the following change of

variables:
1

P \/ 2wp

From which we have

1

\/ 2wp

|7 (t.~p) + wpb(t.p)| . by = —o= [iF(t.p) + (1, ~p)| (2.79)

B10:0) = = (apl0) + 00, 7(0:0) = =iy 00—l (1), (250)

which reduce to the expressions egs.(2.42) for a real field if b = a. It is easy to show
that these operators satisfy the raising/lowering operator commutation relations

lap, al,] = 27)%5(p — P), [bp,bl,] = (27)%(p — P'), (2.81)

while all other combinations commute. The Hamiltonian simplifies to:

A d?
H: = /(2:;3\@2 +m? (ahap + bhp ) (2.82)

where we have subtracted the vacuum energy terms. The Hamiltonian therefore
corresponds to two infinite sets of harmonic oscillators that have the same particle
interpretation as in the real case, but now there are two particles with the same
energy \/p? + m?, one created by aI, and the other by bI,. Both are bosons, since
wave functions of two or more particles are symmetric, but they are not the same
particles. This can be seen by looking at the conserved charge:

Q = /d?’zjo :/d?’m' (WQZS—WTQZ)T) (2.83)
3

w22 (i)

We see that the total charge of a state counts the number of b particles minus the
number of a particles, therefore the charge of the a particles is opposite to that
of the b particles. The b particles are therefore antiparticles of the a particles and
viceversa: they have the same mass and momentum but opposite charge. We can
construct one-particle and antiparticle states by:

p)+ = /2Eab|0),  |p)- = \/2E,bl|0). (2.84)

Two observations are in order. We will see that when a charged scalar particle is
coupled to the electromagnetic field, the electric charge coincides with the one we just
found. That antiparticles must have opposite charge applies to the electromagnetic
charge and to all conserved charges (gauge or global). The existence of antiparticles,
before they were discovered,® was first formulated by Dirac for spin 1/2 particles

8The first antiparticle seen was the positron by C.D. Anderson.
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and was one of the most spectacular and deep implications of the combination of
relativity and quantum mechanics.

Ezercise: show that Qa};|0) = aL|O>, QbL|O> = —bI,|O>, which means the states
aI)|O> and bI,|0> have well defined and oposite charges.

The time dependence of the a,b operators can be derived as in the real case
from the egs. (2.65) and the Heisenberg quantum field is finally:
d3p
)= [ ————
o) / (2m)3\/2E,

Therefore ¢ creates a anti-particle or destroys an particle, localized at x, and carries
therefore charge -1, while ¢f(x) does the oposite and carries charge +1.

[ap(o)e—im’ + bL(O)eim} . (2.85)

Ezercise: show that [Q,¢(x)] = —o(z) and [Q,¢'(z)] = ¢'(x) and use this
to show that given any state with a well-defined charge Q|¥,) = q|¥,), the state
@' (x)|¥,) has charge ¢ = +1.

As in the real case, the existence of two terms is fundamental to ensure micro-
causality — that is the commutation of the fields in causally disconnected points:

[6(x),6"(1)] =0, (z—y)*<0 (2.86)

Ezxercise: demonstrate eq. (2.86).

Note that the field is not observable in this case since it is not Hermitian, but
relation eq. (2.86) ensures that the same will be true for any Hermitian operator
built out of the quantum field and its complex conjugate.

The quantization of the KG field has resulted in a Fock space with bosonic and
scalar particles, meaning that they transform trivially under Lorentz transforma-
tions, i.e. only the coordinates of the fields change. Particles of this type include
all the mesonic states (formed by quark-antiquark bound states) such as pions and
kaons. The neutral pion, 7, is its own antiparticle and is represented by a real KG
field. The recently discovered Higgs particle might be the first elementary particle
of this type. The charged pions 7,7~ are a particle/antiparticle pair represented
by a complex KG field. The neutral kaon, K, is not its own antiparticle, because it
carries an almost conserved charge, i.e. strangeness, and therefore must have an an-
tiparticle with opposite strangeness: the K° meson. Both are therefore represented
by complex KG fields.

The field theory we have quantized has led us to an infinite set of harmonic
oscillators that have enabled us to understand what is a one-particle state of energy
and momentum (F,p) associated to this field: namely it is the state created from
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the vacuum by the creation operator of frequency, w, = E. The theory can be solved
exactly because it is a theory of free particles. The Lagrangian cannot be as simple
as eq. (2.5) if it has to represent particle interactions.

33



III. Interacting Quantum Fields: Particle scattering

The theory of the real KG field generically will contain self-interactions. There is
no reason to consider only a quadratic Lagrangian of the form of eq. (2.5),

1 1
— Nz o242
L 2u¢g 09 2m¢~

We could add terms that contain arbitrary powers of ¢ and 9,¢g"0, ¢, which are
also Lorentz-invariant:

—AL = Polynomial of [¢(x), 9,¢0"¢] = > Ad" + > am(0,00"¢)™ + ... (3.2)

n=3 m=2

Obviously, in the limit of small couplings A,, a;,, — 0 we recover the free theory.

The action, that is the integral of the Lagrangian density over space-time has
the same units as /i and therefore has no units in our natural system of units. This
means that the Lagrangian density must have units of energy?,

[£] = 4. (3.3)
Since [0,] = 1, the first quadratic term in eq. (2.5) then implies
6l =1, (3.4
and therefore [m] = 1 and
An] =4 —n,am]) =4—4m,... (3.5)

The terms that contain couplings that have a dimension of energy to a positive power
are called relevant, the only one in the polynomial above is that corresponding to
n = 3. The effect of these terms in scattering amplitudes are expected to be of order
O(%), where E is the typical energy of the process. One would then expect that
they become irrelevant at high enough energies, F > A3 and relevant only at low
energies. For ¥ > m, we can ensure that they are small provided A3 < m < FE.
The terms with dimensionless couplings are called marginal, ie. the case of n = 4
above. The effect of such a term will be small provided Ay < 1, independent of
the energy. Finally there are many terms with couplings that have negative energy
dimensions (n > 4,m > 1 above). They are the irrelevant terms. On dimensional
grounds, those terms are expected to contribute to the scattering amplitudes as
OME" ™, 0, EY™~%) s0 they will be significant at high energies and irrelevant at
low energies, ie. for E" 4 < A1 B4~ < o L.

We will see in the final chapter the Wilsonian interpretation of these irrelevant
terms: they represent the effect at low energies of new particles with a characteristic
mass scale, A, such that A"~%)\, = O(1). At energies E < A, these new particles
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cannot be produced in the scattering of the ¢ particles, because they are too heavy,
but they can modify the interactions of the light particles represented by ¢ in the
form of irrelevant terms. At sufficiently low energies, £ < A we can nevertheless
neglect all irrelevant terms and keep only the relevant and marginal terms. A theory
that includes only those terms is called renormalizable.

Let us set A3 = 0 (for example this could be justified by assuming a discrete
symmetry ¢ — —¢) an consider the only renormalizable marginal interaction possi-
ble in this theory:

1 1 A
L= 50u0(2)g" 0,0(x) = 3m*é(w)* — 116", (3.6)

where we have added a 4! which is a convenient normalization.
The theory including this term is no longer a set of decoupled harmonic oscil-
lators. The Hamiltonian has an extra term given by

N A . A A N
H = Ho+ Hint, Hint = 4|/d3113¢(35)4~ (3.7)
Still the exact solutions in the limit A — 0 are the starting point of perturbation
theory.

Firstly, we will set up the formulation of scattering processes. This will involve
the following steps:

1. Define the S-matrix, that is the time-evolution operator in the interaction
picture, that contains all the physical information about a scattering process

2. Find a perturbative approximation to the S-matrix: the so-called Dyson series

3. Establish a methodology to evaluate the terms in this expansion using the
Wick’s theorem and Feynman rules

4. Relation of the S-matrix elements with observables: cross-sections and decay
widths

3.1 Particle scattering: the S-matriz

The scattering process we want to describe is the evolution of a system described
by the canonically quantized field theory of eq. (3.6) from some initial time ¢t = —T'
when the system consists of a bunch of one-particle states very far apart so that we
can assume they are free, see Fig. 7. Obviously this requires them to be wave-packets
and not just momentum states, since otherwise they will be completely delocalized.
The particles approach a region where they interact and scatter. At some large
asymptotic time ¢ = T they have evolved again into bunch of particles sufficiently
far apart so that they can be considered free again. For the time being we will ignore
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Figure 7: Scattering event

the difficulty of precisely justifying the assumption of particles being free when they
are far apart and assume it is the case.

The in-state is therefore a solution of the full Schréodinger equation with the
boundary condition:

d .
i i) = Alia), T, [Yia(t)) = (=T, (3.8)
and similarly
d .
i%hﬁout) = H’wout>a tlgr% ‘wout(t» - ’¢<T)>, (39>

lo(t)) and |¢(t)) for large |t| are solutions of the free theory:

d - d .
— @) = H, —|¢) = Hp|op). 1
i—le) = Holg), i—|¢) = Holo) (3.10)
The probability that the in-state becomes the out-state is therefore

‘(¢out"¢z’n>‘27 (3.11)

that can be evaluated at any time for example at ¢ = O:

[{$out (0)[ i (0))[*. (3.12)

Using the time-evolution operator

wm(o) = U(Ov_T)¢m(_T)a
YVour(0) = U0, T)ou(T), (3.13)
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and since U(t,t') = UT(¢',t) and U(t, t"\U(¥',t") = U(t, ") we have

<¢out(0)|¢m(0)> = <wout(T)|U(T7 O)U(Ov —T)Wm(—T»
(o(DIU(T, =T)|p(=T)). (3.14)

We can finally rewrite this amplitude in terms of the free-Hamiltonian Heisenberg-
picture free states:

[0 e = 1¢(0)), lp)m = [#(0)). (3.15)

Using now the free time-evolution operator, Uy(t, '), that evolves the free fields:

lp(=T)) = Uo(=T,0)|¢)n,

(1)) = Uo(T,0)[¢)m, (3.16)

we arrive at
(Vout (0)[¥in(0)) = (ou|Uo(0, T)U(T, =T)Uo(=T,0)|em)| = (¢u|Ur(T, =T)|em)
= (oulSlen)- (3.17)

The S-matrix is the operator Uj(T, —T), that is the time-evolution operator in the
interaction picture:

Us(t, ') = Uo(0, ) U (¢, U (', 0) = ety (¢, ') e ot (3.18)

By comparing eq. (3.17) with eq. (3.11), it is clear what we have achieved.
Instead of in and out states, we can express the transition probability in terms of
the matrix elements of a complex unitary operator on the basis of simple free-theory
Heisenberg states that could represent, for example, two colliding particles with
momenta pip, p2:

|YE) = |p1,pP2) = \/2wp1\/2wp2a;r)la;r)l|0>. (3.19)

3.2 Dyson series

From eq. (3.18), it is easy to show that the time-evolution operator in the interaction
picture satisfies the equation:

d N
iUt ) = Hi(0)Ui (¢, 1), (3.20)
where
Ai(t) = et Fypeifhot, (3.21)
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is the Hamiltonian in the interaction picture. The initial condition is Ur(¢',t") = 1.
Let us assume that the parameter \ is small so that we can write down the solution
to eq. (3.20) in a Taylor expansion in A:

Ur(t,t) = > U (4. t), (3.22)

where U™ = O(A).
Substituting this series in eq. (3.20) and taking into account that Hj is O())
we obtain order by order the following equations:

dU](O)(t,t/) — 0,

7

dt

Uy = i)

d A

ZEUF)(t,t') = HOUM(tt), (3.23)

and UI(O)(t’,t’) =1 and Ul(n)(t’,t’) =0 for n > 0.
The equations can be easily integrated:

UI(O) (t, t/) = 1
t

vty = —i | dnHi(ty),
t/
(@) g "4
U7t = (=) [ dtnHi(t) | dtoH (ts),
4 t!

We define the time-ordered product, T'(), as the operation that takes a product of
fields at different times in order of decreasing times. Therefore

T(Hr(t1)Hi(t2)) = 0(ty — to)Hy(t) Hr(ta)) + 0ty — t1)Hy(ta)Hp(ty).  (3.24)

We can rewrite

t o t t X
iyt [ diafli(ty) = / dtr [ty (1) (82)0(t — t2)
t t t t’
1 t t R .
- 2 / ity [ dsT(B ) ), (3.25)
24 t

and more generally

t t1 tn—1 R R R 1 [t t N . N
/ dtl/ dtg.../ dt Hp(t) Hy(ts). H(tn) = n,/ dtl.../ dt, T(Hr(t) Hr(ts)...H1(t)).
t/ t/ t/ . t/ t/
(3.26)

38



Finally,

t

U](t,t/) = Z (71)71 /t/t dtl... /t/t dtnT(ﬁ](tl)ﬁ[(tg)...ﬁ[(tn)) = Texp <—i

n!
n

HI(z)dz> .

(3.27)

t/

This is Dyson’s series of the S-matrix.

3.8 Wick’s theorem

Using Dyson’s series, the evaluation of the S-matrix element requires that we com-
pute

(Su|T(H(t) Hy(t2)...Hi(tn))|Ym), (3.28)

where the initial,|1fr), and final state, |¢r), will be multiparticle free Heisenberg
picture states constructed from the vacuum with creation operators. For example if
the initial state are two particles approaching each other with momenta, p; and pa:

|y = \/2wp1w/2wp2a};1al,2]0>. (3.29)

The Hamiltonians are functions of the quantum fields and will also bring in powers of
creation and annihilation operators. As usual, this computation of the expectation
values of eq. (3.28) can be simplified if we take all annihilation operators to the
right (that is to a normal order). Wick’s theorem provides a useful relation between
time-ordered and normal-ordered products of operators.

3.3.1 Feynman’s propagator
Let’s first consider the time-ordered product of two free quantum fields:
T($(2)p(y)). (3.30)

Let us call qu = ¢ + ¢, where ¢T contains the G term and ¢~ contains the af, that
is

3 ) 3 )
ot (x) :/(%_;éf}%apezm’ ¢ (x) :/(27r)i\]}ma;f,e’m. (3.31)

Since

we can use

A~

S(@)y) = ¢*(2)¢T(¥) + 7 (@)d () + 6 (@)0T (v) + ¢~ (V)T () + [$7(2), 67 (1)]
= . (



and the fact that fields under the normal-ordered symbol commute, i.e. gb(z)q@(y) =
qg(y)qg(w) Combining the regions xg > yo and yo > z¢ it follows
T($(x)d(y)) = (@)d(y) : + Oxo—y0)[67(x), ¢ (v)]
+ 0(yo — 20)[¢7 (y), ¢ ()] (3.34)
We define:

1

¢ (2)9(y) = 0(z0 — yo)[o* (2), 6~ ()] + O(yo — 20) [ (), ¢~ (x)]. (3.35)

From egs. (3.31), we obtain

_ipajeiqy [a;m ag]

- B d*p d*q
@0l = [ it |

d3p —ip(x—
/(27[_)32%76 P y), (336)
therefore
U d3p A d3p ,
— _ _ 2 8F  —ip(z—y) _ ip(z—y)
¢(:E)¢(y) (9(1'0 yO)/ (27T)32Wp€ +9(y0 xO)/ (27_(_)32wpe )
d* ) .

lim P ! e~ Pa=y) (3.37)

e—0 ) (2m)* p2 —m?2 + e

where the final equality is easy to derive from a complex contour integration of pg
shown in Fig. 8: in the lower half-plane for x¢ > y¢ and the upper half for yy > xg.
The pole pg = wy, —ie is inside the integration region for the former and py = —w +ie
for the latter.

The vacuum expectation value of the time-ordered product of two free fields is
called Feynman’s propagator:

| — |

Ap(z —y) = (0[T($(2)$(y)|0) = & (2)d(y). (3.38)

It is easy to show that Feynman’s propagator is the Green’s function of the
Klein-Gordon equation:

(00" + mQ) Ap(z —y) = —id(z — y). (3.39)

Feynman’s propagator is the building block in more complex expectation values
of T-ordered products. Wick’s theorem establishes that a general T-product of fields
¢; = ¢(x;) can be written as

T(Z)l....qgn =: d;l(;%n : + all possible terms with pairs of fields

contracted and normal ordered otherwise, (3.40)
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Figure 8: Contour integration of pg.

where the terms with just one contraction are for example

D102t P3Ot + D103 ¢ Doy ¢+ (3.41)

Operators on the right-hand side are all normal-ordered, and therefore will cancel
the vacuum and give no contribution to the vacuum expectation value unless they
are the identity, ie. the contribution corresponding to all fields being contracted two
by two.

The proof can be derived by induction. Let us assume that it holds for a product
with n — 1 fields, then assuming without loss of generality that z¥ > m?:

T(]Bl....g?)n = ¢31T¢32....¢3n =W, W= gZSg...(;ASn : +contracted terms without gZ;l
(3.42)

Since W is normal-ordered:
OIW = T W + ¢y W = Wol + 6], W]+ o7 W = W 2 4[], W], (3.43)

and [gbf, W] contains all the contracted terms where q31 is contracted, which com-
pletes the proof.
Ezample: Consider three fields

01 Tpods = b1t dads : +1 dagds
= (1, P2g3 |+ : Prohachs : + 1 f1 : Pads (3.44)

41



Using [A, BC] = [A, B]C + B[A, C]

(67, d203 ] = [0F, 03 05] + (67, 05651+ (07, b5 03] + (6], 5 63 ]
= [of. 03107 + (67, 05105 + (07, 03105 + (67, b3 105

1

= (o], b3 13+ [0, b5 )02 = 12 b3 + D13 Ba. (3.45)

The total is

ri1 1

T¢31€£2<133 = ¢A51§52<133 T+ <131 : $2q33+ : ég : <Z§1<;§3 +: ég : <Z§1<132. q.e.d. (3.46)

Wick’s theorem shows that the vacuum expectation value of a T-ordered prod-
uct of operators is therefore the sum of terms each of which is a product of Feynman
propagators.

We will also be interested in initial and final states that are not the vacuum.
For example we might consider an in state corresponding to k free particles, with
momenta p1,...pg, that scatter into j particles with momenta qi,...qm,. A Dyson
series element of this amplitude will be of the form

(Q1-am|T(P1.-0n)|P1-Pr) = [] /2w, (3.47)

j=1lm
< T 2w (0lag,...a wbn)al ..l |0).
i=1,..,k

Also in this case, the trick of commuting all the annihilation operators to the right,
gives rise to a modified Wick’s theorem, where the result of vacuum expectation value
is a sum of terms where all fields or creation/annihilation operators are contracted in
pairs and no field or operator is left unpaired. Each contraction is the commutator
of the contracted objects.

We have now new types of contractions besides those between two fields, eq. (3.37):
between a field and an operator a4, a field and an operator a;r; or ag and a};:

) = g 9] = e,
b @)a] = [9(e),al) = e,
aqt] = [ag,a}] = (27)%5(a - p). (3.49)

3.4  Feynman rules

Feynman rules are a series of diagrammatic rules that simplify the computation
of the Dyson series expansion of S-matrix elements by making use of the Wick’s
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theorem. The starting point is

(B|T exp (—z’ /_ Z dtHj(t)> ), (3.49)
with

Hy(t) = ¢iffot / dx %é(o,x)‘le—“fof _ / dx %qsl(x)‘*, (3.50)

where ¢ (z) is the field in the interaction picture:

or(z) = eiHOtgb(O,x)e_iHOt. (3.51)

Therefore

(B1310) = 37 (i) (j,) / dz.. / 2 (BIT(B(21)% bz D). (3.52)

For the external states we take

@) = |P1, - PE), |B) = lai, s Am)- (3.53)

The non-vanishing contributions can be shown diagrammatically as the sum of
Feynman diagrams constructed as follows:

e Draw the n vertices, z;, i = 1, ...,n, as points with four lines attached.

e For each external particle draw a line: incoming to the left, outgoing to the
right. Each has an associated momentum.

e Link each external particle lines to a line coming out of a vertex so that each
external line ends in a vertex. Once all the external lines are linked to a vertex,
link the remaining open lines two by two, so that each of those lines connect
two vertices.

e Calculate the amplitude of the diagram Ap and the symmetry factor Sp. The

contribution of this diagram to the total result is
Ap

—_—. 3.54

= (3.54)

e Repeat with as many distinct contractions of lines as possible, each giving a
different diagram.
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Once we have classified all the distinct diagrams, we can calculate the whole ampli-
tude as

3 1;1;). (3.55)
D

Feynman rules tell us how to calculate Ap:
e A factor (—i)) [d*z; for each vertex.
e A Feynman propagator Ap(z; — z;) for each line from vertex z; to z;.

e A factor e"i% for each incoming external line with momenta pj and linked
to the vertex z;.

e A factor €% for each outgoing external line with momenta ¢; and linked to
the vertex z;.

The symmetry factor is given by

B (4hH™ n!
~ #contractions leading to the same diagram D’

Sp (3.56)
It is clear that the number of contractions will always include an n! that comes from
exchanging vertices since they are all identical.

Ezample: Let us consider the scattering involving one incoming particle and
one outgoing particle
At 0-th order

(alp) = (2m)*2wpd(q — p). (3.57)
At 1-st order
"2 [t (359)

According to Wick’s theorem, only the fully connected terms contribute since all
normal ordered products vanish in the vacuum expectation value. All the distinct
possibilities are the following, represented by the diagrams in the

| e | s | a—

e 3 X aqa; QASZgZ)Z q@zqu, depicted in Fig. 9.

The number of contractions is easy to understand: the first operator at z can
be connected to either of the three remaining, while the two left must necessarily be
connected. The contribution is

4!

Ap, = =X+ (2n)2,0(a ) [ d's Ar(s = 2P, Sp, =5 =8 (359
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Figure 9: Contraction D1.

Figure 10: Contraction Ds.

1
® 12 X aq0. .0 (;Sza;r), depicted in Fig. 10.

In this case, the incoming line of momentum p can be connected to one of the
four fields at z, the outgoing line is then connected to one of the remaining three,
while the two remaining again need to be connected among themselves. Therefore
we have 4 - 3 = 12 possibilities. The contribution of these terms is

4!

Ap, = —iX- / diz e PTDEAL(z — 2), Sp, = E =2. (3.60)

3.5 Cross sections and decay widths

The result of a scattering experiment is usually measured in terms of the cross
section, o.

Let us consider a beam of particles of type A that collide with a target made
of particles of type B, see Fig. 11. When the beam crosses, the particles of type
A become dispersed due to their interaction with particles B. We can measure the
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Nscat

dQ2dt
-
-
type A / type B
Figure 11: Scattering experiment.
number of particles that are dispersed per unit time
stcat o . . . .
3 - # of particles dispersed per unit time. (3.61)

We might as well measure the number of particles dispersed into a solid angle, df2:

stcat
dtdQ) -’

(3.62)

We expect that this number is proportional to the flux of incoming particles A, & 4,
and the number of target particles B, Ng, on which they can scatter. If we compute
the number per unit target volume we would expect

dN, scat
dVdt

x PapB, (3.63)

where pp is the density of target particles. The proportionality factor is what we
call the cross section:

_ stcat

—1
o= X (@app) (3.64)

Since the flux is the number of particles crossing a unit area in a unit time, the
dimensions of the cross-section is that of an area, or in natural units, E~2.

We expect that the number of scattering events is proportional to the probability
of this process:

Necat = Y [(f18]3)], (3.65)
!
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where

Let us consider an in-state corresponding to two particles of types A and B
with momenta, ps and pg. If we want the particles to be far apart at ¢ = —T', they
cannot have perfectly well-defined momenta because if that was the case they would
be completely delocalized. Instead we should consider that they are wavepackets of
the form

a3 a3
i) = [pa,pB) =/(2W)3];Lpl/(2w)3];zp2 fa(p1) fB(p2)|p1,p2), (3.66)

where the functions f4(p) and fp(p) are for example Gaussians centered at the
average momenta, p4 and pp respectively, i.e.

Fayp(p) o e~ P7Pasm)*/2e, (3.67)

We assume the states to be properly normalized.

aspslpaps) =1 [ @9 L@ = 1. (3.68)
The number of scattered events resulting from this in-state would be

scat Z | f‘S‘ (369)

where the sum is over the final states.”

The final state corresponds to any state that we define as a scattering event.
For example if we consider all the events in which the particles of type A and B get
scattered, that is they change their momenta with respect to p4 and pg, then the
final state would be for example |f) = |qa,¢p) for all g4, ¢p distinct from pa,pp.
But it could also be more complicated and we also count scattering events where the
particles A, B disappear and produce particles of a different nature, for example.
The final state would have to be defined accordingly. To find the relation we are
after, we do not need to specify |f).

On general grounds, the S-matrix can be written as

S =1+il, (3.70)

where [ is the identity, since time evolution will always include the possibility that
the state remains intact. Obviously the first term does not contribute if |i) # | f).
The probability for the process is then

71| = (717104, ) o, pIT ) =

/// Fala) fa1) i (a2) f5(02) 1T |p1, p2) (a1, a2|TT| £), (3.711)

9Note that final states are a continuum and therefore the sum over final states is really an
integral.
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where

/p _ / (273337;%. (3.72)

The amplitude will always have a delta function ensuring the conservation of energy
momentum in the process, that is

(FITIp1,p2) = (2m)*3(ps — p1 — p2) M(py; P1, D2). (3.73)

Using this we arrive to
/ / / / falq) fa(p) f5(q2) fB(p2)
q1 Jq2 Jp1 Jp2

<f|T|p1,p2><Q1,Q2|TT’f>
= /// fala) fa(p) f5(q2) fB(p2)
q1 v q2 JYp1 v p2

x(2m)*6(pr — p1 — p2)(27)*0(p1 + P2 — @1 — @2)
XM(pf7p17p2)M (2%‘#]1#]2)- (374)

[(fIT|pa, pB)|?

Using the relation
(271')45((]1 +q2—p1—p2) = /d4x ei(QI‘HIQ—pl—PQ)I’ (3.75)
and since p1,q1 =~ pa and pe, g2 >~ pp, we can approximate

(fITpa,pB)> = 5(ps —pa —pB)|M®s;pa,pB) (3.76)

/ / / / / diz et a—pi=r)a % (0) £4 (1) £y (02) £ (p2)
q1 v q2 v p1 v p2
— (2m) 5(ps — pa — pB)|Mpsi pas i) / d'a| f(x) | () .
where
Fayn(e) = / S aN) (3.77)
P

Since we want the number of scattering events per unit time and volume, we should
consider the integrand of the space-time integral in x and we finally arrive at:

st (m)'5(ps — pa — pe) Mg papp) P P )P (378)

The wave-function of the one-particle states

(x|pa)(t /fA 2w e zwpt<x|p> ~ w/2pr/ e — \/2prfA

(3.79)
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and similarly for the wave function of the in-state of particle B. Therefore the number
density of the particle B, which is at rest, is

pr = |(x|pp) ()" = 2mp| fo (). (3.80)
The flux of particles A, moving at the speed v4, can be obtained as

@ = pava = pa 4l — 2pp,Ifa@)2 (381)
Wpa
The cross-section is then obtained normalizing eq.(3.78) by the A particle flux and
the B number density. If we consider a generic final state with k particles of mo-
menta, |f) = |q1,...qx), final states for all possible values of these momenta will
contribute to the total cross-section. Therefore the total cross-section is given by

d3 .
o= [1l=1, ﬁ 2m) M1, -, ar; pa, pB) 26D (@1 + gk — pa — pB)

(3.82
dmp|pal, (3.82)

where we have used pp = (mp,0). This is the result in the B-particle rest frame.
We can write the result in a different frame noting

mplpal = \/(pA -pB)? — mimZB = % /\(s,mi,mQB), (3.83)
where
Ma, b, c) = a® + b? + ¢ — 2ab — 2ac — 20, (3.84)
and
s = (pa+pB)°. (3.85)

Another important quantity for unstable states is the decay width. The ini-
tial state in this case corresponds to a one particle state of type A, which is in a
wavepacket:

) = pa) = / Fa@)lp)- (3.86)

This particle decays into a final state | f). The decay width is defined as the number
of decays per unit volume and time, divided by the density of A particles:

dNgecay /(dtdV
p = Wiceny /[ (01V) (3.87)
PA
As in the previous case,
Naceay = [(f|Tpa)I, (3.88)
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and a similar analysis as before leads to

= (2m)* | M(psipa) 6 (ps — pa)lfalz)l?, (3.89)

while pa = 2ma|fa(z)|? in the rest frame. The total decay width is obtained
integrating over all the possible final states. If the decay is to a set of particles with
momenta, qi,...q;, we obtain

1 d3q;
= —— A . 2 9 4 _ . '
2ma /jzli_[k (27)32&)% IM(q1, -y qr;pa) | (27) 0 (1 + ... + g — pa). (3.90)

The integration over final momenta in eqgs. (3.82) and (3.90) is refered to as
integration over phase space. In the case of two momenta, the integration can be
done easily.

Phase space integration of two particles
Let us consider the collision of two particles A and B in the center of mass
frame, that is

pa+pp=0. (3.91)

The final particles have masses m; and mo and momenta q; and ¢o. Defining

Wy =\/m3+ 12, wg, = /M3 + qi2, (3.92)

then
d3Q1 d3QQ 4
2 (5(4) + —PA —
| Grnvmirar | Gy e s —wm)
g |a1]?d|q[dQ
= /W%wﬂ% T~ Ba—Fp) = [ 1o a0 (Wa e = V)
q1*~q2 q1%q2
1 As, m%, m%)
= 3.93
3272 s ’ (3.93)
where we have used the relation
_ 1 wgwg )‘(37 m%a m%)
5(0‘;(11 + qu - \/g) - |q1| wa + wq25 |Q1| - As . (394)

The differential cross-section in the center of mass of the process pa + pp — q1 + @2
is, then,

d 1 Y 2 2
dQO' _ i (S,m17m2) |M(Q1,QQ;pA,pB)|2- (395)
no A s i mi)
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p1 a1

P2 q2

Figure 12: Feynman diagram for two scalar particles scattering.

Example: two-particle scattering in A\¢* theory

In the scalar theory of eq. (3.6) we can consider the elastic scattering cross-
section of two scalar particles of momenta pi,p2 to two particles with different
momenta qi, g2, see Fig. 12. We need to compute the amplitude

(a1, ¢2|T|p1, p2) (3.96)

The first order in the Dyson series contains just one vertex, and we have two incoming
external lines and two outgoing lines. According to the Feynman rules in Section 3.4,
we therefore obtain the amplitude

<q17q2‘T’p1,p2> — (_Z‘/\)fd4zefip1zefipzzeiqueiqzz
= —i)\<27f)45(4) (p1+p2— @1 — q2), (3.97)

since the symmetry factor of this diagram is 1. Therefore
M(q1,q2;p1,p2) = —iA, (3.98)

and the total cross section, integrating over phase space, is according to eq. (3.95)
(mg=mp=my =mg=m):

1 do A2
— [ dQy = : 3.99
2 / "dQ,, — 32ms (3.99)

The factor 1/2 is necessary because in this case the final state particles are identical
and so we would be double-counting if we considered as distinct final states with
final momenta q1,q2 or go,q1. More generally, it is necessary to divide the phase
space integration by 1/k!, when the number of identical particles in the final state
is k.
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IV. Spin 1/2 Quantum Fields

In previous chapters we have considered scalar fields that transform trivially under
Lorentz transformations:

r— a2 =Ax, ¢x)— @) = p(x), (4.2)
which implies
() = (A1), (4.3)

These fields cannot represent particles with spin (intrinsic angular momentum), such
as the electron or the photon. These particles must be represented by quantum fields
that transform non trivially under Lorentz transformations, generically as

¢“(x) = DIA§¢" (A" a), (4.4)

where D[A] is some finite-dimensional representation of the Lorentz group, O(1, 3).
It satisfies the properties:

D[A1As] = D[A1]D[Ag],
DA™Y = DAY,
Dl = I (4.5)

Being a Lie group, any representation of an infinitesimal transformation can be
writen in terms of the generators 7%,

DA =T+i) ;T (4.6)

where «; are the real continuous parameters that define the Lie group. The genera-
tors form the algebra, so(1, 3).

Particles in nature and their associated quantum fields are irreducible repre-
sentations of the Poincaré symmetry group (the group including Lorentz transfor-
mations and translations). An irreducible representation, D[A], is such that no
subspace of states transforms only among themselves under all group elements. Ir-
reducible representations are the basic building blocks of arbitrary representations
of the group. We can say that a particle/field has the necessary components to
transform irreducibly under Poincaré symmetry transformations.

Rotational symmetry and the concept of spin provide simpler examples of how
symmetries dictate the nature of particles. Spin, j, is nothing but the half-integer
label of the irreducible unitary representations of the rotation group, which have
dimension d = 25 + 1. The smallest non-trivial representation is therefore spin
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j = 1/2, which is two-dimensional and whose generators are the Pauli matrices o;.
A general representation of an element of the group is given by the exponential

9594

U=¢"2", (4.7)

where 6; are the rotations around the axis . States with spin 1/2 are described by
two component vectors, or spinors, that transform as

;94

T e 0. (4.8)

Particles with this property include the electron, and all the elementary fermions in
the Standard Model.

The three-dimensional representation corresponding to j = 1 transforms like a
vector under spatial rotations. All elementary interactions involve a bosonic field
which transform as vectors under rotations, including the electromagnetic field that
mediates electromagnetic interaction, the W=, Z° bosons that mediate the weak in-
teraction, and the gluons that mediate the strong force. All the elementary particles
in the Standard Model are irreducible representations of the rotation group corre-
sponding to 7 =0, j = 1/2 and j = 1. The quantization of gravity, which is not yet
satisfactory, would imply the existence of the graviton, which would be a particle of
j=2.

In the context of quantum field theory, we need to consider the representations
of the full Lorentz group.

4.1 Irreducible representations of the Lorentz group

A particular example of a representation of the Lorentz group is the four-dimensional
representation in space-time coordinate space,

ot — P =AY 1n=0,1,2,3, (4.9)
where the four-dimensional matrices A leave the Minkowski metric invariant,
AN Gap = G- (4.10)

These matrices A, close to the identity, depend on six real parameters. Indeed, a
general infinitesimal transformation can be written as

AP =08+ wh, + Ow?). (4.11)
Substituting in eq. (4.10), we obtain, neglecting terms of O(w?):

Wy +wup =0, wpy =W, gap- (4.12)
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w is therefore a four dimensional antisymmetric real matrix which has six indepen-
dent elements. We can choose these parameters as the elements above the diagonal:
wo; and w;; with @ < j and 4, j = 1,2,3. These parameters are easy to identify with
boosts and rotations.

For example an infinitesimal rotation around z axis is implemented by the
matrix:

1
1
A(R:(0)) = E (4.13)
—0
which corresponds to w23 = —wg3 = —w32 = w39 = 0.
An infinitesimal boost of rapidity 8 in the x direction,
1 B
1
saen=| 7. (4.14)
1
corresponds to w’ = w1 = wly = —wig = B. Therefore we identify the six

parameters with three rapidities, 3;, and the Euler angles, 6; as:
woi = —wio = Bi, wij = —€kbk. (4.15)

We can easily find the generators J*? associated to each parameter Wag, since by
definition

AMw) =T+ > Wap I + O(w?). (4.16)
af={01,02,03,12,13,23}

In this expression w,g are just numbers, i.e. the parameters of the transformation,
not a matrix. It is easy to check that the generators

(JB) 0 = —i(5285 — 6062 (4.17)

reduce eq. (4.16) to eq. (4.11).
Then

Aw) =1 +ip;J" — %lez‘jk!]ij =1+ iK' + 0", (4.18)
where the sum in i,j = 1,2, 3 and
A A 1 g
Ki=J% Jk= —ieijkjw. (4.19)
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It is straightforward, using eq. (4.19) and (4.17), to show that the generators satisfy
the following commutation relations:

[T, T =i g, [T K] = ieK*,  [KY K9] = —iegjJ*. (4.20)
This is the Lorentz algebra, so(1, 3).

Exercise: Using eqs. (4.17) and (4.19) find explicit expressions for the genera-
tors J; and K; and prove the commutation relations.

To classify all the irreducible representations of this algebra, we notice that
there are two commuting subalgebras. Defining

1, . , , .
Ty=3 (J'+iKY), J.= 3 (J' —iK"), (4.21)
it is easy to see that these combinations satisfy
[T, ) = ded®, [T, ) =depJt,  [JL, 0] =0. (4.22)

Ezxercise: show that eqs.(4.22) derives from egs.(4.20).

The set of generators therefore contains two commuting subalgebras that coin-
cide with that of the rotation group, so(3) or su(2) algebras. The finite-dimesional
irreducible representations of the algebra of space rotations are well known. They
are labeled by spin, a half-integer, j, and have dimension d = 25 + 1. From this
result we can easily obtain all those of the Lorentz group, as labeled by two half-
integers (j_, j4+) corresponding to the two subalgebras. The dimension is therefore
(2j— +1)(2j+ + 1). The standard rotation generators are obtained as J; = J;& +J.
and therefore the standard spin can take any value between j = [jy —j_|, ..., j+ +Jj—
as established by the usual Clebsch-Gordan decomposition, as shown in Table 1.

4.2 Spin 1/2 representations

Interestingly we see that there are two different two-dimensional representations of
spin 1/2 particles: (1/2,0) and (0,1/2). Each is called a Weyl representation. The
two-dimensional matrices representing the generators of rotations and boosts are
the Pauli matrices:

1 g 1 _
(0,2> : Jiz%,ﬁ:()—u,-:iaz, K; 7%@,
Loy s i %igcosg=te g2 4.23
57 . —_51 + = — i—§Gi7 1—50_7, ( )



Table 1: Irreducible representations of the Lorentz algebra and the rotation group.

The two-component vectors are called Weyl spinors: the (0,1/2) is a right-handed
spinor, ¥g, and the (1/2,0) is a left-handed spinor, ¢, which transform under a
Lorentz transformation as

VR — e%(l'@jffﬁﬂjaj)@bR’ v — e%(wﬂfj—ﬁjaj)ujb (4.24)

Let us consider fields in these representations. Under a Lorentz transformation:

1

i (x) — €257 (A ),
Yr(z) — e%(i9jffj+ﬁj0j)¢R(A—1x), (4.25)

By recalling the way a four vector V# transforms under infinitesimal boost 3; and
rotation 6;,

VO o VOOV = VO V= VO 4 BV
Vo= V4w oV + w0V = V0 4w VO — wig V7 = VO + BV + € V7,

(4.26)
it is easy to check that the following bilinears transform as four-vectors:
(Wi, —¥1 L),
(SRR, VRFVR). (4.27)
Defining
ot =(1,8), do'=(»1,-09), (4.28)
we can write the four vectors as
Viar, Whotyg. (4.29)
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Exercise: Check that under an infinitesimal Lorentz transformation, A:
Lot — Aylayr, (4.30)
while
WO, (4.31)

18 tnvariant.
Ezercise: Check that the combination wEwL or 1/1}%1#3 are not Lorentz invariant.

We can also write an invariant term from the bilinear combination of the two
representations:

vhvg. (4.32)

4.8 The Dirac equation

We can then write a Lorentz-invariant and real quadratic Lagrangian as

L =il g 0 + i ko — m(lvp + dlibr), (4.33)

where m is some coupling to be determined, note that the coefficients of the first
two terms, if they are different from one, can be set to one by a redefinition of the
fields. By neglecting total derivatives, it is easy to see that the Lagrangian is real.

We can rewrite this Lagrangian in a more familiar form by defining the four-
component spinors

o= (5. w=(vhol). (434)

or what we call a Dirac spinor, and by defining the Dirac gamma matrices

= < 0 UOH ) , (4.35)

oM
the Lagrangian obtains the familiar form
L = ipy*dp — mapap. (4.36)

The equation of motion can be easily derived by considering ¢ and 9 as independent
fields,

0" —myp =0,  — iyt —myp =0, (4.37)

which is simply the Dirac equation if we interpret m as the mass.

57



Dirac obtained this equation for the first time when trying to produce a first-
order equation in a time-derivative, like the Schrédinger equation, that satisfied the
relativistic relation between energy and momentum. It is easy to see that solutions
to the Dirac equation also satisfy the Klein-Gordon equation, since

(107" +m) (107" — ) = —(D,0" +m?)p =0, (4.38)
where we have used the basic properties of the gamma matrices:

{2} = 29" (4.39)

It is interesting to note that we have arrived at the same point from the assump-
tion of the quantum field transforming in irreducible representations of the Lorentz
group, and writing the most general Lorentz-invariant and real Lagrangian density
quadratic in the fields.

It is easy to rewrite egs. (4.25) in terms of generators in the Dirac representation:

W(x) = ¥ (2') = D(A)P(A™ ) = e 39w 5" (A1), (4.40)
where
vV __ O-NV —_ Z v
S =—- =104 (4.41)

and therefore

o= bt= 5 (5 L) =gl =gemen (g 1 )0

—0;

Using eq. (4.15), eq. (4.42) and eq. (4.40), it is easy to reproduce egs. (4.25).
Some useful properties of the v matrices are:

o (1) =1, () = 1.

e “Transform” as vectors:

D(A)"'4#D(A) = Aliy” (4.43)

e Hermiticity: (7°)T = 49, (4%)T = —4%, which can also be writen as (y*)I =
7Oty

Before proceeding to the quantization of the Dirac field, let us find the solutions
to the classical Dirac equation.
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4.3.1  Solutions to the Dirac equation

We want to find the solutions to the Dirac equation. We consider plane wave solu-
tions of the form:

() = u(p)e” ", v(p)e’t (4.44)
with p? = m?2. The spinor u(p) and v(p) must satisfy
(Y"'pu — m)u(p) = 0, (v'pu +m)v(p) = 0. (4.45)

Let us consider the solutions in the rest frame, p = (m,0):
_ -1 1 _ _
w6 = vu = 0— (1w —o wm=( ¢ ).

0—»(}1)%@—&%@—(%)- (4.46)

There are two independent solutions for the two-dimensional vectors £ and 7 that
can be taken as &, = (1,0), (0,1). The four independent and orthogonal solutions
are:

m(y° + 1)v(p)

1 0 1 0
0 1 0 1

up = 1 , Ug = 0 , U1 = 1 , Vg = 0 (4.47)
0 1 0 —1

From these solutions in the rest frame we can reconstruct the solutions for arbitrary
p, using eq. (4.43). Let us define A(p) as the Lorentz boost that takes momentum
in the rest frame to p = (E,p',p?,p?),

D(A(p)) = e ois™ (4.48)

where wy; = %{n and S = ﬁ'['yo,'yi] and 7 is the rapidity:

n = log <E;|p|> : (4.49)

If p=(m,0):
D(A(p)) " (pur" — m)D(A(p)) = puAby” —m = p,y” —m, (4.50)
and therefore

D(A(p)~ By = m)D(A(p))D(A(p)) " 'u(p) = O,
(puy* —m)D(A(p))"'u(p) = 0, (4.51)
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which means that D(A(p))~'u(p) is a solution of the Dirac equation with momentum
p:

1 _Iﬁg 0 % 0
us(p) = D(A(p)) ™ us(p) = exp K] pan |Us (p) = — | Us (D),
0 T2 0 /22
(4.52)
and
fﬁg 0 p-o 0
vs(p) = D(A(p))” vs(P) = exp 'g' o |Vs(P) = — | vs(P)
2 0 B2
(4.53)
It is easy to show that
Us(p)us(p) = US(p)T'YOUs (p) = us(p)us(p), 4.54
Ws(p)'l)s(p) = Us(p)T70v5<p) = ﬁs(ﬁ)vs(ﬁ)' (4'55)
The standard normalization of these vectors is chosen as:
ﬂs(p)us(p) = _ﬁs(p)vs(p) = 2m, (4-56>
which means the vectors in eqs. (4.47) are multiplied by /m. It can be checked that
Us (p)vs’ (p) = Us (ﬁ)vs’ (]5) =0. (4'57>

Some useful relations are the spin sums:
2
_ Jp-o > —
us(p)Us = _ -0, o
> us(p)us(p) ( Yoz ) WP T VEo)

B — ( " p'a>=z/+m, (4.58)

and similarly

Y vusp) = g-m (4.59)

s=1

4.4 Helicity

The solutions we have found for the Dirac equation are four-spinors, but we have
seen that there are smaller representations of the Lorentz group which are spinors,
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¥, and ¥r. We will see now that these are solutions of the massless Dirac equation.
Writing the Dirac fermion in terms of ¢y, using eq. (4.34), the massless Dirac
equation reduces to

100, —10;0;%r = 0, 10gYR +10;0;%Rr = 0, (4.60)

Considering plane wave solutions, ¢ /r = e_ipzuL/R, with p? = 0:

(po +op)ur =0, (po —op)ur =0, (4.61)
or
p| p|

The operator H = %’ is the helicity, i.e. the spin in the direction of momentum.
The L fields are therefore left-handed (spin pointing in the oposite direction to
momentum) and the R field are right-handed (spin in the direction of momentum).

From a Dirac spinor we can separate its L/ R components using the matrix ~:

-1 0
5 ,.0.1.2.3 _
v =iy Ty <0 I>, (4.63)
with the following properties:

(=0, (P¥)P=1 (4.64)

By defining the chiral projectors

14495
Py = 27 . (Pu)?=Py, P,P_ =0, (4.65)
we can extract the L /R components of the Dirac spinor:
Y =P_v, Yp=Piy. (4.66)

We define then:

e Chiral states: vr,®¥r as the eigenstates of the 5 with eigenvalue F1 respec-
tively:

VYL =—vr, Y’¥r=1r. (4.67)

These states do not mix under Lorentz transformations (they are irreducible
representations), they both represent states of spin 1/2 and in the case of
massless fermions they are also eigenstates of helicity.

e Helicity states: eigenstates of the helicity operator H. They mix under Lorentz
transformations unless they are massless. In other words, a massive spin 1/2
particle might be in two states of helicity.
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4.5 Majorana Representation

Can we have a two-dimensional spinor representation, i.e. transforming as (0,1/2)
or (1/2,0), of a massive spin 1/2 particle? This is the question that Ettore Majorana
asked himself and found a clever and surprising solution.

Let us consider the (1/2,0) representation, 11,. There is indeed another bilinear
invariant we have not writen down above:

V1o, (4.68)

where T refers to the transpose. The first point to notice is that this contraction
would vanish if 91, is not an anti-commuting variable.

We can check that this combination is Lorentz invariant, using eq. (4.25) and
the property:

oTo? + 0% = 0. (4.69)
We can therefore include it in a Lorentz invariant Lagrangian:
L =i} 518,r, + iap ] o?¢r, + hec. (4.70)

This is the Lagrangian of a Majorana fermion. It is easy to show that it represents
a free massive fermion by solving the equations of motion for ¢ :

auiar = 2a9To? = 510 = 200} (4.71)
Applying ¢¥0,:
0" 0,6"0,11, = 0" Oby, = 200G * O}, (4.72)

where we have used

ovo? = %", (4.73)
Since
¥ oy = —2a% oYy, (4.74)
we get
MObr, = 4|l (4.75)

So the field 1y, satisfies the Klein-Gordon equation identifying

m
= —. 4.76
a=" (1.76)
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The quantization of the Majorana field therefore corresponds to a free massive par-

ticle.
We often write the Majorana Lagrangian in Dirac notation by defining

_ Yr,
Y= ( io2yr ) (4.77)
It is easy to check that the Majorana Lagrangian of eq. (4.70) can be written as
1, - _
£ =5 (ibpw — miv), (4.78)
where it must also hold that the anti-commuting variables satisfy:
()" = "t = =y (4.79)
Ezercise: Show that eq. (4.78) reduces to eq. (4.70) with the definition of
eq. (4.77).

A different representation of the gamma matrices for Majorana fields is usually
employed. In the Majorana representation

0 o2 io? 0
M = <o2 o)’W:< 0 i03>’ (4.80)

0 —o2 ict 0
(0_2 0 >7’7}3\4:_< 0 ial)’ (481)

a Majorana spinor can be shown to be real

Ym = Y- (4.82)

Var

Ezercise: Find the unitarity transformation, U, that satisfies:
Uy"UT = A}, (4.83)

and show that Uy = s is real.

4.6 Parity
Among Lorentz transformations there are two important discrete ones:

Parity: P = Diag(l,—1,—1,-1),
Time reversal : 7' = Diag(—1,1,1,1).
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Lt
=t

Figure 13: The Lorentz subgroups are connected via parity and time reversal trans-
formations.

P
PT
P

All Lorentz transfomations satisfy

det A = +1, (A%)?>1, (4.84)
and the sign of det A and AOO split the Lorentz group into disconnected subgroups:
51 proper orthochronous detA =1, AOO >1,
ch improper orthochronous det A = —1, AOO >1,
Y improper non — orthochronous detA = —1, AOO < -1,

£i proper non — orthochronous detA =1, AOO < -1,
All subgroups can be obtained from £1 by P and/or T (see Fig. 13):
t Pt T T Al T PT, Al
Ly — L., L, =L, L, —L". (4.85)

Under parity angular momentum does not change, but boosts change sign —
therefore under parity the generators .J¢ remain invariant, while K* — —K* and as
a result:

Yr(@) B vre?),  grle) D vr(?), (4.86)

which can be implemented on Dirac spinors with +°:
P
w(w) = 1), (4.87)
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The four-dimensional Dirac representation is the smallest representation of the
Lorentz group and parity. It is easy to check that the Dirac equation is invariant
under parity. However we will see that the weak interactions break parity.

It is useful to classify how fermion bilinears transform under Lorentz transfor-
mations and parity:

scalar : 1) EN Pp, i P
pseudo — scalar : ¥y A Py2, L —y°y
vector :  apyHap EN A pyrap, L 77;#57”@&
pseudo — vector 1 yHaSe A, AP pyP P, T —77;ﬂz7”75¢
tensor [y, 7] = AWAY B AP D —n "]y

(4.88)

where 7, = (1,—-1, -1, -1).

4.7 Global conserved charge

As well as the invariance under Lorentz transformations and parity, the Dirac La-
grangian is invariant under phase rotations:

Y(x) = e N, P(z) — €. (4.89)
For « infinitesimal, we have therefore
P(x) = (@) + alp(z) = Ap(z) = —igp(z), Ap(z) = ip(z). (4.90)

There is a conserved Noether current

w_ 0L Ag_ 0L
J 50,0 Y(z) + wa(@ﬂﬂ)

This is the conserved vector current. The associated conserved charge is therefore

= Gy, (4.91)

Q= / >z py2. (4.92)

When we quantize the field we will see that this charge corresponds to fermion num-
ber (the number of fermions minus antifermions is conserved), and when we couple
a Dirac fermion to the electromagnetic field, this will also be the electromagnetic
charge.
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In the case when the mass vanishes, there is an additional global symmetry

under which
P — ey, < i; ) - ( e > , (4.93)

e g

that is the chiral components are multiplied by opposite phases. It is easy to check
that in the limit m — 0, the Dirac Lagrangian is invariant and therefore there is a
conserved current that is found to be

i = Yy (4.94)

This is the axial current. For massive Dirac fermions, the current is not conserved
and satisfies:

iOujh = 2mapy®p. (4.95)

We say that the current is partially conserved.
We note that a Majorana fermion carries no conserved charge, neither the vector
nor the axial, since the mass term is not invariant.

4.8  Quantization of the Dirac field

We proceed canonically as we did with the scalar fields:

1) Define canonical momenta of :

= ipy° =il (4.96)

2) Let us assume canonical equal-time commutation relations

o (%), 5(y)] = dapd(x — y), (4.97)

We expand in the solutions of the free Dirac equation, that constitute a com-
plete basis:

d3p 1 s —1ipx s ipx
s = 3 / G T [Tl (p)e ™ + byl ()] . (4.98)
The commutation relations in eq. (4.97) imply:
el = @m)P(p — )™, (4.99)

P’ q
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[bp,051] = —(2m)%(p - q)6", (4.100)

and all the other combinations vanish. Note the unusual sign in the b commu-
tators.

3) Hamiltonian in terms of the a;, and b;:

H(t) = / d>rH(x), (4.101)
with the Hamiltonian density:

H = 7w — L =iy o) — ipPy + mapy,
—ipy Opp + mapy, (4.102)

—iy 0 + map = / [(p’di + m)us (p)af)eipx + (—p'y* + m)vs(p)b;Te_ipx} .(4.103)
P

Using

(7" + m)us(p) = p°+ us(p),
(—=p"" + m)vs(p) = —p"7 vs(p), (4.104)
where we defined p = p;y?, we obtain
—iy b +myp = /wp [Vous(p)a;eipx — vovs(p)b;Te_ipx ) (4.105)
P

Multiplying by 1 = 170 from the left and integrating over x:

d3p rt r ryrt
H= / G CACETAAD (4.106)
where we have used
ur (p) s (p) = v () Tws(p) = 20°67%,  wr(p) 05 (p) = vr () Tus(p) = 0, (4.107)

where p' = (po, —p).

Here we encounter a major problem ! The Hamiltonian is not bounded from
below. What went wrong? The problem is that spin 1/2 particles are fermions
(obeying Fermi-Dirac statistics) and commutators in eqs. (4.97) should be anti-
commutators. In this case,

{$a(x),¥](¥)} = dasd(x —y), (4.108)
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that implies
(g, a1} = @n)%(p — @, {1,551} = @n)%(p— @)™, (4.109)

FEzercise: show that the commutation relations eq. (4.109) imply eq. (4.108).

The Hamiltonian obtained in this case has the standard form
- [ 2P stas 4 pstps 4110
o (27r)3°"pz ap ap +0p 0y (4.110)
S

with the commutation relations

[H, ay] = —wpa, [H, by] = —wpby,
[H,a31] = wpast,  [H,b5T] = wybsl. (4.111)

The particle interpretation of this quantum theory should be clear by now: the
operators af,T, bf,T create particles with fermionic statistics and energy w,. The Fock
vacuum state satisfies

a0y =0, b3j0) =0, (4.112)

and Fock states with IV particles of a or b-types can be obtained by operating with
N a3l or b3' operators.

Ezxercise: complete the proof of eq. (4.110).

The spatial momentum operator is derived from the 0i component of the energy-
momentum tensor:

Pl = / dr TV = —; / dBxp~°0), (4.113)
and using eq. (4.98) we obtain
P = / (2?33 P’ ZT:(a;Tag +opier), (4.114)
with
[P’ a5] = —p'ay,  [P',b3] = —p'b;,
[Past) = piagt, [Pt = pibsh. (4.115)

The spatial momentum of the one-particle states of a or b types is therefore p.
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We can also check that the created particles have spin 1/2. Angular momentum
is the conserved charge associated to rotations. Under an infinitesimal rotation the
fermion field transforms as

Y(x) = DIAJY(A™ 2) = o(x) — iw;; ST (x) — iwij (Jij)’lfznl’) Oup(x), (4.116)

where S is defined in eq. (4.41) and J¥ in eqs. (4.16) and (4.17). The conserved
current corresponding to a rotation of parameter w;; is therefore

oL
90,

jh = Agjp = Ppy* [SY + (J9)Lx70,) 1. (4.117)
The first term is the spin contribution while the second is the orbital contribution
to the angular momentum.

Let us consider particles created at rest, that is from agf or bf;r. In this case,
there is no orbital angular momentum and the spin contribution to the conserved
charge is just

Qij = /d3x 08 (4.118)

If we consider 75 = 12, corresponding to a rotation around the z axis, the corre-
sponding charge must be the spin in the z direction. It is easy to show that

1 1
Q2. = ga(l)T, Q12,03 = —§G%T7 (4.119)

271

%)T creates a particle with spin 1/2, while ag' creates a particle with spin

therefore q,
1/2.
Finally, the Fermi-Dirac statistics of the Fock space follows from the anti-
commutation relations, eq. (4.109).
As in the case of the complex scalar field, the particles of a and b types can be
distinguished by the conserved charge associated with the symmetry of rephasing

invariance, i.e. eq. (4.92):

d®p
3,..:0 ri r rir
Q= /d x) = /(2 E (ap ap, — bp bp) ) (4.120)

leading to the following commutation relations:

Qa1 =a)t, Q001 =01, (4.121)

which imply that the one-particle states a;T|0> and b;T|0> have charges +1 and -1
respectively. As in the complex KG field, the a and b fields create particles and
antiparticles.
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The time dependence of the quantum Dirac field is easily solved from the Heisen-
berg equation for the operators a;, and b;, and in complete analogy to what we did
for the KG field, we obtain:

3 . .
Plx) = > / (3753\/;@[a;us(p)e_m+b;Tvs(p)e”’x}. (4.122)

4.9  Scattering matriz in the Dirac theory

The scattering matrix of eq. (3.18) and the Dyson series eq. (3.27) are valid for a
theory with fermions. The computation of transition amplitudes from some initial
state |i) to some final state |f), requires the evaluation of matrix elements of the
form

(FIT(Hi(z1)... Hi(2n))]i), (4.123)

where H; is the interaction-picture interaction Hamiltonian density. Any initial or
final state corresponds to a bunch of free one-particle states. If they are fermions they
will be characterized by a momentum, spin and charge (particle + versus antiparticle

_):
) = [p1, 81, %5 s Pmy Smo £), 1) = la, s1, 5 @, s, 1), (4.124)

with

.5, +) = \/2w,03710),  [p, s, =) = \/2w,b57]0). (4.125)

The evaluation of these matrix elements is simplified by Wick’s theorem that states
that the time-ordered product of a product of fermion fields can be writen as:

T (ay (21)-Va, (xn)&m (yl)@zan (Yn)) = %oy (1) Y0, (Jjn)lz)m (yl)iz)an (Yn) :
+ all possible terms with pairs of fields(v, 1)
contracted and normal ordered otherwise,
(4.126)

When evaluating the vacuum to vacuum transition, only products of propagators
remain. That is, what remains from normal-ordering a time-ordered product of a

and a v field is Sp:

T(p(x)d(y)) = P(@)d(y): + Sp(z —y),

Sp(z —y) = ¥ (@)i(y) = O|T(W(x)d(y))[0). (4.127)

The propagator of two 1, or two 1) fields vanishes.
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Figure 14: Wick contractions with external lines.

When initial or final states contain particles:

(q1, 81, %5 ety 81, E|T (Vg (1) WD, (T0) Yy (Y1) Ve, (Yn)) P15 81, E5 o3 Dy Sy £) =

:(...): 4+ all possible terms with pairs of fields(v, ), (1/%, a(T)/b(T))
contracted and normaled ordered otherwise
Care should be taken in ordering the fermions fields, since they anti-commute
and it is necessary to keep track of the minus signs.
Contractions of a fermion field with an external creation or annihilation operator

is what remains from normal ordering the combination. Only the following four
possibilities do not vanish.

4.10  Fermionic Feynman propagator

The Feynman propagator for the Dirac field is given by

Sp(x—y) = { (Ol Pats)10 20> 4,

— (0[P (y)tba(x)|0), 3O > 20 (4.129)

and is depicted as follows:
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Let us assume 20 > yO:

Sr(

1
Z/ 5 v,
<O] (agur(q)efqu + bgfvr(q)equ> <a;Tﬂs(p)eipy + b;f[)s(p)efipy> ‘0>
(4.130)

Using the anti-commutation relations of the a and b operators and performing the
integral over d¢, only one term survives:

d’p 1 (Vi (1) e —P(E—Y) Ep ptm iy
Sp(r—y) = /(%)32%28:” (p)u*(p)e —/(2ﬂ)3 2%, e

) dp 1 (o
= (z@z+m)/(2ﬂ)32wpe ple—y), (4.131)

For the case yg > xg, similarly, we obtain:

3 3
Sp(x—y) = /d . sz(p)vs(p)e”’(””‘wz_/ dp 1 P=m iy

(27)3 2w, (27m)3 2w, 2w,

. d3p 1 ip(x—
(z$x+m)/(2w)32%)ep( v, (4.132)

Combining both cases:

. d3 1 —ip(x— d3 1 ip(x—
Sela=9) = (@ tm) (00 =) [ o hssl e e pop - o) [ o Bt
D

4 m ,
= (et m)Ar(e—y) = [ GBSt

2m)4 p2 — m? + e

d'p i —ip(z—y)
- / QA p—m+ie ’ (4.133)

where we have used the scalar Feynman propagator from eq. (3.38) and eq. (3.37).

It is possible to check that microcausality also holds in the case of the fermion
QFT:

{¢a(@),¥5(y)} = (ifs + m)[d(2), 6(y)] =0, (z—y)* <0. (4.134)

4.11  Fermion-scalar interactions

The Yukawa Lagrangian describes a theory with a real scalar with mass m and a
Dirac fermion with mass M:

Lt = D — M)y = Nl + L (2,000 — m?6?). (4.135)
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The interaction Hamiltonian density is
H; = iy . (4.136)

This theory was first proposed by Yukawa to describe the interaction of nucleons
(protons and neutrons) with pions. The interaction is renormalizable since

Wl=35, [Bl=1=[\=0. (4.137)

Another example of fermion-scalar interaction is the interaction of fermions, v, with
the Higgs field, H, in the Standard Model:

Lhiggs = (i) — M) — MpH + %(%Ha“ﬂ —m2H?). (4.138)

4.11.1  Feynman rules

We should follow the same procedure to draw the Feynman diagrams as explained
in sec. 3.4. The external lines must have an arrow to indicate if they are particles
or antiparticles, as explained above.

The interaction vertex involves two fermion fields and a scalar. To derive the
Feynman rule corresponding to the vertex we can consider the simplest amplitude
and eliminate the factors corresponding to the external particles, e.g. an incoming
particle and anti-particle with momenta, p,p’ and a final scalar with momentum q:

. / r ! I_ 5 st TTI
(l(=)Hi(z)|p,s, +ipsr, =) = /2wg\/2wp/ 2wy (0] agAd(x) P (z) 7y 2 ('/“U)a’p bp/ 10)
= A @R () st (p). (4.139)
If we factorize the factors associated to the external lines, the bare vertex is Ay (see
fig. 15 left).

The amplitude for each fully connected diagram is obtained therefore from the
following elements:

A factor Ay° [ dz; for each vertex.

e A Feynman propagator Sp(x; — x;) for each line from vertex z; to z;.

—1ipT

A factor u®(p)e for each incoming particle with momenta p linked to x

)
A factor v"(p)e'* for each incoming antiparticle with momenta p linked to =
u*(p)

ipT

A factor u®(p)e'* for each outgoing particle with momenta p linked to x

A factor v*(p)e® for each outgoing particle with momenta p linked to x

In the case of the Higgs-fermion interaction of eq. (4.138) the only difference is
the vertex, which becomes —i), without the v° (see Fig. 15 right).
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Figure 15: Interaction vertex of the Yukawa theory (left) and the Higgs theory
(right).

q,s
Figure 16: Feynman diagram of the process H — ff

4.11.2  Scalar decay into a fermion pair

We are interested in computing the decay width of the Higgs into a pair of fermions
to the lowest order in perturbation theory. The only Feynman diagram contributing
to this process is shown in Fig. 16.

The total width in the rest frame is given by

3 3
I'(H— ff)= / (27:23’;% / (%d)gqmq(zn)‘*é(ﬁq— E)M(H — ff)?. (4.140)

where k = (my,0,0,0) is the momentum of the Higgs, and according to the Feynman
rules above the amplitude is

A= _i/ d'z @ (p)v*(q)e'PTIRT = —i(2m)'5(p + ¢ — k)" (p)o®(q), (4.141)
and therefore

M = —iXd" (p)v°(q), M = N@ (p)v°(q)v°(q)u” (p). (4.142)

We are interested in the total decay width and therefore we should add the two spin
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polarizations: s, = 1,2. Using the spin sums of egs. (4.58) and (4.59), we obtain:

dOIMP = M) an(p)vi(@)vg(@us(p) = A ol(@)v5() Y | up(p)a,(p)

7,8 T,8 s
= XN(d — M)pa(p+ M)ap = N’Tr[(¢ — M)(p+ M)]. (4.143)
Using the properties of the « matrices,
Te[v"] =0, Tr[pd] = 4pq, (4.144)

the trace can be easily simplified:

> IMPP = 4x? (pg — M?). (4.145)

)

Finally, integrating over phase space,

3 3
M 1D = 5 [ e [ G ) S+ a = BIMUT = )P

(2m)32w,
N[ dp N [P
- & 8(m — 2w,)2p? = —— dwpd(m — 2
2m (27r)2w}% (m = 2wp)2p mm wp wpd(m = 2uwp)
3
A2m M?2
= — 1-4—1] . 4.146
8T ( m?2 ) ( )
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V. Spin 1 Quantum Fields: the photon and Proca field

Classical electrodynamics can be formulated in a Lorentz covariant way in terms of
the gauge potential A, and the antisymmetric electromagnetic tensor

Fu =0,A, —0,A,. (5.2)
The electric and magnetic fields are related to the electromagnetic tensor as
Fo=FE', Fj=—euB", (5.3)

with all other components vanishing.
Two of the Maxwell equations in the absence of external charges or currents
can be derived as the equations of motion from the Lagrangian density

L— —iFWF‘“’, (5.4)
and are given by
o F" =0, (5.5)
or
V-E= 0, VXB:%];]. (5.6)
The other two Maxwell equations derive from the Bianchi identities
OulFyp+ 0uFy, + 0pFu =0, (5.7)
and read
V-B= 0, VXE= —88]?. (5.8)

The gauge potential A, has four components and transforms as a 4-vector under
Lorentz transformations. This is the irreducible representation (1/2,1/2) and has
spin one. However, not all of the four components are independent, because any
gauge transformation of the form

A, — A, +0ua(x), (5.9)

where a(z) an arbitrary function leaves the electromagnetic tensor invariant, and
therefore the Lagrangian. This symmetry is called gauge invariance.

We can choose a to simplify our calculations. This is called fizing the gauge.
An appropriate choice in the absence of sources is the Lorentz gauge that is defined
by the condition

9, At = 0. (5.10)

76



It is easy to check that in this gauge the equation of motion, eq. (5.5), reduces to
0,0"A, =0, (5.11)

which is the massless Klein-Gordon equation for each component, see eq. (2.8).
Canonical quantization however is problematic due to the redundancy of the
degrees of freedom.
For example, the time derivative of Ay does not appear in the Lagrangian, and
therefore the canonical momentum associated with Ay vanishes:

oL

We can bypass this problem by working instead in Coulomb gauge:
Ag=0, V-A=0. (5.13)

This gauge is not Lorentz invariant and therefore not very practical, but it has
no redundancy and canonical quantization can be carried out without encounter-
ing problems. We will first perform the quantization in Coulomb gauge and then
consider a covariant gauge.

5.1 Quantization of the electromagnetic field in Coulomb gauge

In Coulomb gauge, the field variables are A; for i = 1,2, 3, since Ag = 0. However
not all are independent since they must satisfy the constraint

V-A=0. (5.14)
The canonical momenta are obtained in the usual way:
, oL , .
== — _pY%_—F 5.15
R TEYN) (5.15)

The classical Hamiltonian is therefore
H = /d% Oy A; — L = /d% E? - L, (5.16)

where we have used 9yA; = Fpy; in Coulomb gauge, and L is given in eq. (5.4). Using
eq. (5.3) the Lagrangian density can also be writen as

L= %(EQ - B?), (5.17)

with B = V x A. Therefore the classical Hamiltonian is

H= ;/d% (E? + B?) (5.18)

77



e

=i

P

é(p)
P

€(—p) = —é(p)

&(p) C &(—p) = &(p)
—
é(p)

&(—p) = —&(p)

Figure 17: The Lorentz subgroups are connected via parity and time reversal trans-
formations.

Before imposing the canonical commutation relations for A; and ;, we need to solve
the constraint of eq. (5.14). For that we first go to Fourier space

A(t,x) _/(;TP;?’Ap(t)esz’ 7 (t,x) —/(;léz)%p(t)e’px. (5.19)

The vectors A, 7, can always be writen in an orthonormal basis, e,(p), as:

A= Y Aelp) = > menp) (5.20)

r=1-3 r=1-3

r

where A}, m), are complex numbers. Plugging this into eq. (5.19), the constraint

can be satisfied if

e (p)-p=0. (5.21)

Therefore for each Fourier component p we can choose a basis of two unitary vectors
r = 1,2 orthogonal to p, such that

eT(p) P = Oa eT(p) : eS(p) = 57’87 r= 17 2. (522)
It is easy to see that the Hamiltonian reduces to
1 d3p * 2 AT AT*
H=g > /(%)3 [y + [P Ay AT (5.23)
r=1,2

which for each r has the form of the real scalar field in sec. 2.3.
To conserve €' x €2 = €3 under j — —p we can choose these vectors to satisfy

e'(—p) =—e'(p), €*(—p) =€’(p), (5.24)
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which can be seen as a rotation of 7 around the e?(p)-axis. Therefore, the reality of
the gauge field implies

1x 2 2%
AL A A2 A% (5.25)

—p>

Introducing the raising and lowering operators analogously to eq. (2.40),

T w T ‘7TT
@ = [ <Ap +zwz) , (5.26)

we can write the field and the momenta as

Alt,x) = Z/ 27)3 2’[) ar(t)er(p)eipx'f‘ag(t)er(p)e_ipx],

r=1,2

3 .
ntx) = X [y B ae e - aite me ] 521

r=1,2

We can now proceed to quantization by postulating the equal-time commutation
relations for the a;(t) operators:

[y, aZT] (27)35(p — q)o". (5.28)

The quantum electromagnetic field and momentum are therefore given by eq. (5.27)
promoting a,, and ay to operators.

The quantum Hamiltonian is as usual the classical one in terms of the quantum
operators:

0 = 1/d3 [n 4 (V x A)?
H: = rzl:z/ 3\p| (5.29)

The time evolution of the field operators is easy to derive from the commutation
relations

[H7 CL;] = _‘p‘a;7 [H7 G;JT] - ’p‘a;T (530>
The Heisenberg equation for the a;, operator is:

dar

b = i[H, q;) = ~ilplaj, (5.31)

which can be easily solved,

al(t) = e~"IPltar (0). (5.32)
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The quantum fields can be therefore be writen in terms of the initial time operators:

S / (e, (w)e ™ + affe, )], (5.33)
e (27)° 2!p

with p = (|p[, p).

The particle interpretation should be clear by now. The quantum field creates
and annihilates particles in well defined position states. The particles in this Fock
space are Einstein’s photons. A one photon state is therefore

ayt|o), (5.34)

with energy |p|. The momentum is p as can be checked by applying the momentum
operator (i.e. the conserved current associated with space translations) to the state:

d3p
3 z i rf r
/d 80 8 E / 3p apT Q- (5.35)

It is therefore a massless particle.

The spin operator is obtained from the conserved current associated with space
rotations. The field transforms under Lorentz transformations the gauge potential
transforms as

At () — ALAY (A ). (5.36)
As shown in eq. (4.16), for an infinitesimal transformation
A= 6 4 iwap(JOP)E (5.37)
the change in the field,
APAY (A p) — AP = wapAag AL, (5.38)

has therefore two contributions, the part coming from A and from the coordinate
change A~ 2. If A corresponds to a rotation, the former is the spin, while the second
is the orbital angular momentum.

Let us consider the spin part:

App Al = i(JPYAY = gor AP — gPrAe, (5.39)
where we have used eq. (4.17). The associated conserved current is therefore

oL

V= A At = —FV AP 4 VB A, 5.40
Jap 9(0,Ar) B + ( )
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The conserved charge associated with a rotation around ¢j is therefore
Sij = /d% 3% = /d3x (—FYA7 + FYA") = /d% (m' A7 — I AY) . (5.41)

After some algebra we obtain

3
$9=iY [ g [0 - (o ) 52)
Then
:57:apt|0) =i [ (@)el(a) — (i < 5)] a']0). (5:43)

s

Let us assume q = (0,0, q), then €;(¢q) = (1,0,0) and e2(q) = (0,1,0), that is
€'(q) = d%. Therefore for a rotation around the z axis:

:Snza;HO} = iagT|0>, 1512:a3T|0> = —ia;T|0>, (5.44)
and
1'% (g +ia2)|0) = £(ag +ial)|0). (5.45)

Therefore the states (acl]T + iagT)|0> are eigenstates of helicity (spin in the direction
of the momentum) with eigenvalues +1. These are the two photon polarizations.

5.2 Covariant quantization: Gupta-Bleuer

The quantization we carried out has an important drawback: it is not covariant.
For example the gauge propagator is easily obtained (in complete analogy with the
derivation of the scalar propagator):
O[T (A () A7 (y))[0 P Y S 5.46
(O[T (A* () A ()] )—/W,mp’zrzfr@)ﬁr(p), (5.46)

and using the completeness of the ¢, basis with » =1, 2, 3,

N dp)ep) =57, €p) = ,p—| (5.47)
r=1,2,3 p
we have
> ap)el(p) =87 - ]ijll);’ (5.48)
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and the propagator in the Coulomb gauge is therefore

. . 4 I 2 ‘
(O|T (A () A7 ())|0) :/(;lwz;lé pffjilpl ipa—y)

(5.49)

This non-covariant propagator makes computations in perturbation theory much
more cumbersome and it is difficult to prove properties such as renormalizability.
To overcome this difficulty, we often work in a covariant gauge which involves
unphysical degrees of freedom that can be shown not to contribute to physical pro-
cesses.
Let us consider Lorentz gauge defined by the condition eq. (1.71). In this gauge
we can include an extra term in the Lagrangian

1

£:4

FME,, — — (9,A"M)?, (5.50)

1
2a
where « is arbitrary. Since we can always go to the Lorentz gauge, this extra term
should have no physical effect.

By an abuse of language, the choice @ = 1 is referred to as Feynman gauge,
while @« = 0 is termed Landau gauge. For o = 1, it is easy to check that the
equations of motion is the massless Klein-Gordon for all the four components

0,0"A” = 0. (5.51)
Let us consider Feynman gauge. We can formally perform a canonical quan-
tization, and the canonical momentum of A* does not vanish. In this gauge, the
Lagrangian of eq. (5.50) simplifies to
1
L= —§8MAV8“A” + total derivatives, (5.52)
and the canonical momenta are simply

7t =~V AH, (5.53)

The Hamiltonian density takes the form

H = 7['080140 + ﬂ'iaoAi — L= + - + . (5.54)

Going to Fourier space,

2 .
Tt x) = / DD (1, p)eiPx, (5.55)



the Hamiltonian is that of harmonic oscillators for each p and u. However the u
component has the wrong sign. We will come back to this later. For the moment
we continue as if this was not a problem.

As usual, to quantize we impose the canonical equal-time commutation relations

[Au(x), 7 (y)] = i6,6(x — y). (5.56)
Using eq. (5.53), this is equivalent to

[A,(x), A”(y)] = —i6,0(x —y). (5.57)

In all generalities we can write the four-vector flu on a basis of four unitary four
vectors, €,(p, A), for A =0 — 3:

Autp) = D eulp VA, (5.58)
A=0,1,2,3

An useful basis is

¢ (p, ) = { ((1),e>\(p)) o (5.59)
where e; 2 have been defined in the previous section, while e3 = p/|p|.
The following properties hold:
eu(p, Nt (p, N) = =G = g™, (5.60)
with no = —1,m1-3 = 1. Similarly we have
D o e (0, Ny = —g™ (5.61)

A=0-3

In complete analogy with previous section, we can introduce

A
s LT
a, =1/ 5 (Ap +Z|p’> . (5.62)

The commutation relations of eq. (5.57) imply

[A), w1 = i(2m)3n 6™ 6(p — q), (5.63)
and
[y, a9 = —g* (27)3(p — q). (5.64)
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We arrive to the quantum field operator which is given by

tx Z/ 27po

The quantum Hamiltonian is

j{jt/" Galpl m ajia), (5.66)

and the temporal dependence of a;‘(t) can be obtained as usual from the Heisenberg
equation.'® The quantum operator is:

dsp —1ipx
) = z; / e (henp Ve +hc) (5.67)

e (a;‘(t)eu(p, \)eP* 4 h.c) . (5.65)

Ezercise: Starting from eq. (5.67) and (5.54), show eq. (5.66)

The wrong sign of the temporal contribution to the Lagrangian in the classi-
cal theory, has resulted in a contribution to the quantum Hamiltonian that is not
positive definite. For example, imagine the state

a,"10) = [p,0) (5.68)

and assume we have a wave packet [ f (p)&2T|O>. Its normalization would be

ALF@ﬂ@@@ﬁ%MZ—AU®F=4, (5.69)

which does not make sense because a negative norm would mean negative probabil-
ities. This is however unsurprising since in the covariant method, we know there are
unphysical degrees of freedom.

The Gupta-Bleuer solution to this problem relies on a restriction of physical
states to those that satisfy the Lorentz condition. More precisely, the expectation
value of the operator 9, A" in any physical state |¥) vanishes,

(¥]0,A*|¥) =0, (5.70)
which is equivalent to

(0, AMF|W) =0, (5.71)

0The opposite sign of the A = 0 term in the Hamiltonian is compensated by the one in the
commutator of eq. (5.64).
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where (9, A")* is the annihilation operator part. This ensures the Lorentz condition
and Maxwell’s equations on physical states.
Substituting eq. (5.67) in eq. (5.70), implies

@ty i) =i [ ) e ) (5.72)
S RCTSENGT v

Since
p|  A=0
pue(p,\) =< 0 A=1,2 | (5.73)
—|p| A=3
eq. (5.72) implies
(ay — a)|¥) =0, (5.74)
for all p and ¥. This also implies
0t(,,0 3 _ 0t 0 3t 3 _
(U|adt (a) — a3)|¥) = (¥|(adfa) — adlad)|¥) = 0. (5.75)

The last equality implies that there is no contribution to the energy of any physical
state from the A = 0 and A = 3 polarizations.

In summary, the price of maintaining Lorentz covariance is to include the un-
physical polarizations A = 0, 3, but they will have no contribution to the energy or
any other physical observable as long as the Gupta-Bleuer condition, eq. (5.74) is
satisfied.

5.8  Wick contractions for gauge fields
The Feynman propagator in this gauge is given by

OT (A (2) A, ))]0) = tim [ L 19 e (5.76)
H Y e—0t+ ) (2m)4 p? + i€ ' '

Up to the metric tensor it is the propagator of a massless scalar field. It is usually
denoted by a wiggly line, see Fig. 18.

Ezercise: Demonstrate eq. (5.76).
Had we used a different choice of «, or a different gauge, in eq. (5.50), the quan-

tization would be more complicated, but the physics would be the same. Working
in a different gauge ammounts to a change of propagator:

o d'p gu + (@ = Dpupu /D* _ip(a—)
(01T (Ap () Ay (9)10) = —i lim 2n) e e . (5.77)
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Figure 18: Gauge propagator and Wick contractions with external states.

The theory we have quantized is non-interacting. The one-particle states are
the photons, characterized by a momentum and a physical polarization, A = 1, 2.
The properly normalized one-particle state is:

P, A) = V2Ipla,T[0), A =1,2. (5.78)

When we include interactions, the computation of the Dyson series for S-matrix
elements requires the application of Wick’s theorem.

Besides propagators, contractions of fields with external states will enter. The
Feynman rules are shown in Fig. 18

As in the case of fermions, there are no renormalizable interactions of the elec-
tromagnetic field with itself, but there are with scalars or fermions. The theory that
includes the electromagnetic field and a complex scalar is called scalar quantum elec-
trodynamics (SQED) while the theory with a Dirac fermion is the famous quantum
electrodynamics (QED), the theory that accurately describes the electromagnetic
interactions of electrons. We will consider both theories in the next chapter.

5.4 Massive photons (Proca field)

The classical Lagrangian

1 2
L=~ FuF" + %A#A“. (5.79)
The equations of motion read
D, FP* + m2 At = 0. (5.80)

By applying J, to this equation we obtain:
0u0, FP* + m?9, A" = 0. (5.81)
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The first term is identically zero and therefore the Lorentz condition follows from
the equation of motion:

8 AM = 0. (5.82)

This is not surprising since gauge invariance of eq. (5.9) is broken by the mass term.
By considering the Lorentz condition into account the equation of motion sim-
plifies to

9,0 AF + m2 At =0, (5.83)

meaning that each component satisfies the massive Klein-Gordon equation.
Canonical quantization can proceed as above, starting with the Lagrangian

1 2 1
£ = = GEw "+ G A = (O (580
we obtain
d3p ;
Au(z) = / e (@yeulp, Ne T + hue) (5.85)
' EA: (27)3 /20 (9 )
with

po = wp = VIp|* +m?, (5.86)

and the canonical commutation relations:

[ap, a] = o (27)35(p — P'). (5.87)

There is only one unphysical polarization in this case, which can be decoupled
completely by choosing a basis of polarization vectors that satisfy:

p-e(p,\) =0. (5.88)
The basis can be chosen for momentum in the z direction as
e*(p,1) =(0,1,0,0), €"(p,2) =(0,0,1,0), €"(p,3) = (|p|,0,0,E). (5.89)

For any other direction, the appropriate rotation should be performed. It is not
hard to show that

Y PN N) = ~(gu — papu/m?), eulp, Ve (p,N) = s (5.90)
A

The Proca field propagator is found to be

.. d4p Juv _p,upl//m2 —ip(z—y)
(O[T (Au(z)Au(y))[0) = —i el_lf(%_ (2m)% p? —m?2 +ie ¢ : (5.91)

FEzercise: Prove eq. (5.91).
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VI. Quantum Electrodynamics

Gauge fields can interact with scalar and fermion fields. These interactions are
essentially fixed by the gauge symmetry

Au(x) = Aua)+ Buo(a), (6.2)
combined with a local rotation of the scalar or fermion fields of the form
¢ — @)y, (6.3)

We consider both theories in turn.

6.1 Scalar QED

The theory necessarily contains a complex scalar so that its phase can be rotated
locally. The free Lagrangian is the combination of eq. (5.50) and eq. (2.71):

1
L= 7 Ful" +0,610"6 = m?6'6 + Lin (64)

while the interaction Lagrangian Ly is fixed by imposing the gauge symmetry of
egs. (6.2) and (6.3). The scalar kinetic term is not invariant, but the following
change

Oud — Dup=(0,—1eA,)o,
8M¢T - DM¢T = (Ou + ieA#)ng, (6.5)

makes the kinetic term invariant. It is easy to see that under a gauge transformation
Du¢ — @D, Dol — e @ p ot (6.6)
and therefore the gauge invariant Lagrangian is
1
L= fZFWF“” + D' DFp — m2 ¢l . (6.7)
and
Lin = —ie A" (3,616 — 610,0) + 24, 47616 =~y (6.8)
There are two type of interaction vertices: one involving two scalars and one gauge
field, and the other involving two gauge fields and two scalar fields.

The Feynman rules for the Wick contractions are summarized in Fig. 19 for the
scalar field and in Fig. 18 for the gauge fields.
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p i —ipx
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Figure 19: Wick contractions for the complex scalar.

p

A ie(g" — pt)

q

Figure 20: Feynman rule for vertex 1

To obtain the Feynman rules for these vertices we evaluate the amputated
amplitude for a photon going into a particle and antiparticle scalar pair. Using the
results in Fig. (18) and eqgs. (3.48)

(=) (D, +5 @ —[Hint |k, X) = de(p! — ¢*)[e)" (k)e'PHah7). (6.9)

The term inside the brackets is the contribution from the external contractions,
therefore the vertex is the rest, as shown in Fig. 20.

The second vertex can be obtained by considering the amplitude of two photons
going into a pair:

(=) (D, +5 4, — | Hins [k, A by V) = i€ [ (k) g e N () el Pra—h=k)e), (6.10)

After factorizing the external factors the vertex is shown in Fig. 21.
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Figure 21: Feynman rule for vertex 2

6.2 QED

The theory contains a Dirac fermion representing the electron, e, and positron, e™,
with mass me, interacting with the electromagnetic field. As in the previous case,
the interaction is fixed by the requirement of gauge invariance. The Lagrangian is

1 _ :
L= —ZF’“’FW + (i @ —me)p + LM (6.11)

The fermion kinetic term does not satisfy gauge invariance, but it does with the
change 0,, — D,, since

Db — €@ D . (6.12)

The most general gauge invariant and renormalizable Lagrangian is

L— —iF“”FW 0 D — o), (6.13)
with
LM = epytip Ay = —Hing. (6.14)

The Wick contractions are those in Fig. 14 and Fig. 18. There is only one interaction
vertex including the fields A,,,1. Considering the amplitude of a photon decaying
into an electron and a positron

(—i)(p, 5, +5 4,7, —|Hine |, X) = iea® (p)7y"v" (q)ep (k) PTa—R. (6.15)

Factorizing the external particle factors, the vertex is shown in Fig. 22. Note that
we refer to + as the electron which in our convention has charge —e.

Obviously in a theory with more than one type of charged particle, for example
if we want to describe electrons and protons, we just need an additional fermionic
contribution of the same type with the appropriate mass and charge.
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Figure 22: Feynman rule for QED vertex.

6.3 Non-relativistic limit of the Dirac equation
The equation of motion from £ is the Dirac equation
(it d+e A—me)p =0. (6.16)

We want to analyze the non-relativistic limit of this equation, which should lead us
to the Schrodinger equation. Multiplying by 7° from the left we obtain

(0o + i7"7'0; + eAMfyOfy“ —mey?)Y = 0. (6.17)
We define
V' (2) = ™y(x), (6.18)
which is equivalent to subtracting m from the energy. The equation for 1’ is:
(i00 + i7°v0; + €A, 9 +m(1 — 70 = 0. (6.19)
Defining
w’=(§>, N=EX+e, p=X—0 (6.20)

the equation can be written as
iBn = i0'dip—eAon+eAia’p
idop = —2mp+ictdim — eAop + eAio'n. (6.21)

The non-relativistic limit implies i0y < m and eAy < m. In the second equation

we can then approximate
i0'Oim + eA;o'n

(6.22)

2m

91



Substituting in the first equation
[0(i0; — eA})]?

(10p + eAo)n = o 7. (6.23)
Simplifying
0'07(i0; — eA")(i0; —eA) = 5 ([0%,0'] +{0",07}) (10 — eA")(i0; — A7)
= (i0; — eA)? + eB*o*. (6.24)
Therefore we obtain a Schodinger equation for #:
i0gn = Hn, (6.25)
with the Hamiltonian
. _ A 2
H = M + 6B - eAg (6.26)
2m 2m

a few observations are in order.
e 7 is a two-component spinor. In the non-relativistic limit, particles and an-

tiparticles decouple, so half of the degrees of freedom are unnecessary.

e The magnetic term is the Pauli term!!; it represents the interaction of the
magnetic moment of the electron with the magnetic field contributing to the
energy,

—p-B. (6.27)

Classically, a charged particle with charge ¢, mass m and angular momentum
L has a magnetic moment

q
= —L. 6.28
=g (6.28)
The angular momentum of the electron, with charge —e, is the spin and there-
fore
e e o
R 6.29
F="om om 2 (6:29)

We see that this classical analysis is wrong by a factor of 2. According to the
eq. (6.26), the electron magnetic moment is

e ge

p=- QmU T 2m

where we have introduced the so-called gyromagnetic ratio, which is g = 2.

S, (6.30)

The unexpected prediction of ¢ = 2 was the major triumph of the Dirac
equation. The modification of this prediction by higher orders in perturbation
theory, as first computed by J. Schwinger, was a major success of QED, as we
will see in the section 6.6

1Pauli derived this term phenomenologically to explain experimental data, but it was not justified
in non-relativistic quantum mechanics.
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D, s p,s
Figure 23: Rutherford scattering.

6.4 Rutherford Scattering

The first process we can consider is Rutherford scattering, that is the elastic scat-
tering of electrons on protons, see Fig. 1:

e pt = e pth. (6.31)
The Rutherford cross-section can be computed classically and in non-relativistic
quantum mechanics, the result is the same:
d 2.4
a9 _ LH. (6.32)
dQ?  64n2ptsin® &

We want to compute this cross section in QED to the leading order in perturbation
theory.

The theory contains two types of Dirac fermions: electrons and protons (with
different masses and opposite charges). The interaction Hamiltonian is therefore

H = —ehe Aabe + edy Aty (6.33)

Let us call the proton momenta and polarization, p, s in the initial state and p’, s’
in the final state. Similarly the initial and final momenta and polarization of the
electron is ¢, 7 and ¢/, r’ respectively. We want to compute the leading order S-matrix
element

A= ,s;q,7|Texp (—i/d4x7-lint(x)> Ip, s;q,7). (6.34)
The leading contribution comes necessarily from the second order

A= / d'x / dby (¢ 1T () M)zl (y) AWV Gpw))lp, 5:,7).
(6.35)
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There is only one Wick contraction that gives

1

A=e /d4 /d4 (', '3, T (e () Alw)y ( Y (y ) Ay) p(y))lp7s;q,lr>
(6.36)

There is only one Feynman diagram as shown in Fig. 23.
From the Feynman rules in Fig. 23 and 18 the amplitude is

A= / d's / dhyeP' TV P g (p ) (—ie)y us (p)ay () (i€)y ur (q)

4 s )
X / Tk =t ika—) (537)

(2m)* K2
and
A = —ie?(2m)" g (P)v"us(p) i (¢ ) vuur (q) / Ak kz5(P' —p+9)(d —q-k)
Ug! ! Pug(p)ty Uy
— (271‘)45(]9/ + q p— C_I) |: 2 ( )7 (p(/p)_ p>(2q )7# (Q):|
= 2@ +d —p— M. (6.38)

To compute the cross-section, eq. (3.82), we need | M |2, but we are interested in the
unpolarized cross-section, which implies summing over the final spin polarizations,
s’ and v’ and averaging over the initial ones, s and r:

1
<|M|2>unpol: Z Z |M‘2, (639)

/ /
s,s’,ryr

with the factor i coming from the 4 possibilities of the initial spin polarizations (2
for the electron and for the proton). The result is

(MP) = *Zus )71 (p) s (P)7 s Zur ¢ uur (@)t () (4)

]' v
= T+ mp)y” &+ mp) T+ me) (¢ + me) - (6.40)
Using the relations
Tr[y#"yP77] = 4(g" 9% = g™ + g"7 ™), Tx[y'y"] = 49", (6.41)

and the fact that the trace of an odd number of gamma matrices vanishes, we can
easily compute the traces:

Te[(§/ + mp)y” (F +mp)y"] = 4 [(m) -
Tr[(¢+ mE)’YV(‘/ +me)yt] = 4 [( g

p)g" +pp" + ptp"]
— 40 )9 + @4, + quq,] . (6.42)
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Introducing the Madelstam variables,

s = (p+a)’=0"+4), (6.43)
t = (p-p)=0-4) (6.44)
w = (p—q¢)=(-p) (6.45)
we can simplify the amplitude to
4e? [t t
(IM]?) = = [29‘”’ +p"p* +p”p’”] [QQW +q¢"q" + q“q”’]
42 S_m2_m22 u_mZ_m22
= %2 (m2 +m2)t + ( 5 2 5 o) (6.46)
Using the relation
s+t+u=2m?+ 2m12), (6.47)
we arrive to
4 4 2 + 2
(mP) = = [8’2“ +2(m? + m2)t — (m? + mgﬂ . (6.48)

Now that we have the amplitude in terms of Lorentz invariant quantities, we can
study it in any frame. Particularly, in the proton’s rest frame we have

p=(mp,0,0,0), ¢=(F,aq), ¢=(F,q). (6.49)

In the limit in which m, > E we can approximate

2
E ~F— ﬁ(l —cosf), |d|~]q| (6.50)
myp
Then
_ 2 2
s = my+mg+2mpE,
u = ml+m-2m,FE
laf?
t = 2m?—2q¢ =2m? - 2E? (1 5 cosf | =2m?2 — 2E% 4+ 20°FE* cos §
6
= —20?E?%(1 — cosh) = —4v*E?sin? 3 (6.51)
and
16m2E?%e! 0
(M) ~ ;’72 <1 — v?sin? 2) : (6.52)
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Finally the cross-section is given by

do 1
(m) = s ME)- (6.53)
unpo

In the non-relativistic limit of the electron, |q| < m. (v — 0), we recover the
Rutherford cross section.

do etm?
— = 7. 6.54
(dQ> unpol 647{-2 |q|4 Sin4 g ( )

6.5 Compton scattering
We next consider Compton scattering, that is the scattering of photons on electrons,
e (p,s)v(k, A) = e” (', s)y(K', X), (6.55)

which, as we discussed in the introduction, has no classical nor non-relativistic quan-
tum physics analog, since the concept of photon as a particle requires the quanti-
zation of the electromagnetic field. QED gives an accurate prediction of this cross-
section.

The S-matrix element describing the process is

A=, s K N|Texp (—z‘ / d*ax Hint(x)) Ip, 51k, ), (6.56)

and the first non-trivial contribution is obtained at the second order,

/ it / dhy (55 K N T (o) A) ()0 (y) AW)be())lp, 53K, A).
(6.57)

There are four possible Wick contractions, half of them correspond to the exchange
of the vertices and simply cancel the factor of 2. Once the vertices are fixed, there
are still two contractions:

/ T / 'y f S X T NIT (We() A)d (@)iely y) AW)ve(®))lp, ik, A),
/d4 /d4 Ws'sk X|T(1/Je( ) ( )¢ ( )0e(y) AW)ve))lp, sik, N).

(6.58)

The corresponding Feynman diagrams are shown in Fig. 24.
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k, A KN D, s KN

Figure 24: Feynman diagrams for Compton scattering. Left: s-channel, Right: t-
channel.

The Feynman rules imply:

9 Ug (p/)vu(;‘/_‘_ y"’ me)f)/yus(p) H

1 v —
MO = it W) = M 1)k,

M — e B AR e ) o s (o) = M ()65 0. 659

We are interested in the unpolarized cross-section which requires averaging over
initial spin polarizations and summing over the final ones. There are four possibilities
in the initial polarizations, two for the photon and two for the electron, therefore

1

1 .
(IMPy=7 D> MO+ MPP =203 0 (Muef ()R (6.60)
A s, A 8,8’

where M, = F(L,lj) + Ml(“%)
The photon polarization sums can be done immediately,

(IM%) ZM M*BZGA, ) (k) D e (k)el (k). (6.61)

ss’ A

From the spin sums for A = 0 — 3 in eq. (5.60):

—g" = —el"(k)el (k) + €5 (R)es (k) + > (k)€K (k), (6.62)
A=1.2
Using
(k) = nP = (1,0,0,0), €(k) = " _k(fb”) , (6.63)
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Kk — (kn)kin? — (kn)n"k”

— el (k)el (k) + e (k)es (k) = (kn)?

(6.64)

Z " (k)eX (k) = —g"” + O (kM k), (6.65)

where O(k*, k") refers to terms linear in k* or k. But these terms vanish, since
gauge invariance implies that

KM,y = K My, = K* M, = K" M, = 0. (6.66)

We can see this at the level of eq. (6.58),

/ Pae(@)y" Au(x)e(@) |k, X) = / daie(@)y"e(@)en(k, Ne ™, (6.67)

cancelling € we obtain a part of the contribution to M*”. If we contract with k,,
we obtain

b / dage(x) pe(a)e™ = i / dxie(w)y pe(w) (e )
- ‘i/ @20, (e ()" (1)) = 0, (6.68)
because itp.y"1). is a conserved current, see eq. (4.91).

In practice photon spin sums within physical amplitudes reduce to the metric
tensor. Therefore

(IMP?) ZM yM;, = Z (i), (6.69)

where " o
ZM@ : (6.70)

By performing the fermionic spin sur: we obtain
(1) = T O ot m o O ol mof + m)
22) = GO TR b W mn K mn + )
12) = o o T K s W mo = F o mof -+ ma))
B = g D W H MmO B

(6.71)
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Using the following relations:

VW +m)v = =29+ 4dme,  Vpdlv = =24y, (6.72)

and using k? = k"2 = 0, p? = p’> = m? and momentum conservation, p+k = p’ + ¥/,
all terms can be reduced to masses and the scalar products pk and pk’. For example:

oo =p(p+k—k)=m?+pk — pk'. (6.73)
After some painful algebra we obtain
8¢t 4 2 /
(11) = (s—m22 [mg +mZ(pk) + (pk)(pk")]
864 4 2 !
(22) = = m2)? [me —me(pk) + (pk) (pK)] ,
4etm?
(12) = (21)= 2m2 + (ph) — (k)] . (6.74)

(s = mg)(t —mg)

Using s — m2 = 2pk, t — m2 = —2pk’ we finally arrive to

o _qaloaf L LN o o1 1Y\ pk  pk
(IM]*) = 8e [me <pk‘ oF +2m? ok ok +pk‘+pk:’ . (6.75)

In the laboratory frame

E = (w,0,0,w),

K = (0,0 sinf,w’ cosh),
pk = MeW,
pkl = mew. (6.76)

And using momentum conservation,
1 1 1
J — ; = E(l — COSG), (677)

which is the same equation as the Compton relation, eq. (1.4), since w = A7!, we

finally arrive at
do o W2 (W w .9
(dQ) l = Wﬁ (w + J — Sin 9) . (678)
unpo. e

This is the so-called Klein-Nishima formula.
In the limit w < m, W’ ~ w, the cross-section reduces to the Thomson scattering
cross section,

do a?
— =—— (1 29) . )
<dQ>unpol o2 ( + cos ) (6.79)

e
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6.6 Anomalous magnetic moment

Soon after Dirac’s success in predicting the gyromagnetic ratio of the electron, g = 2,
various experiments in the 1940s showed that the experimental value differed at the
per mil level. This effect was called anomalous magnetic moment, that is

Ag=g-—2. (6.80)

Such a contribution could be explained if the Dirac Lagrangian would included a
term like

AL = aepa"” Fp. (6.81)

The non-relativistic limit of the corresponding equations of motion, as done in
sec. 6.3, leads to a modification of eq. (6.26) by the term

AH = 2eaocB, (6.82)
that can be absorbed in
Ag = 8ma. (6.83)
This term induces a modification of the QED Hamiltonian:
—iAHin = iae Yot F . (6.84)
The photon-electron-positron interaction is therefore modified by
(g, 73k, A — iAHine () |p, s) = 2eat,(q)kvo" us(p)eu(k, )\)ei(‘”k_p)x. (6.85)

Using momentum conservation at the vertex, p = k + ¢ and the Gordon identity

_ _ e o N T
K = R =~
a(q)y"u(p) = u(q) 5 +io o u(p), (6.86)

we obtain

(g, 73k, N — iAHmg ()|, 8) = i@ir(q) [Aey” — 2ea(p” + ¢)] us(p)en(k, N)el@Hh—P)z,
(6.87)

where we have defined Ae = 4mae. The Feynman rule for the anomalous vertex is
therefore

A
oTH = iAeyt — ie4 9

T, P, (6.88)

where we have used eq. (6.83). The first term has the same form as the standard

QED vertex, so it can be seen as a modification of the coupling Ae, while the second
term has a completely different structure.
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Figure 25: Anomalous vertex from eq. (6.81).

The next step is to see that radiative corrections to the QED vertex, such as
those induced by the diagram in Fig. 25 generate a correction of the form in eq. (6.88)
and therefore a correction to g.

The amplitude for this process is

4 Z Z _'L «
M= %ur(q)(ieva)m(iev“) S i) e k)

_ / d414 ur(q)7* (¢ = U4+ m) " (F = Y+ m) yaus(p) (k)
(27) [(q =12 = m?[(p — )2 — m?]k>2
S i
with
D(g.m) = ¢ — m?. (6.90)
and
N¥p,g,l) = aqy™ (¢ — V+m) " (7= Y+ m) vaus(p)  (6.91)

Feynman’s trick enables writing the denominator as a power of a single propagator:

1 ! ! ! (1=, ;)
=(n—1)! d das.... day, ! 6.92
Dq...D, (TL ) /0 a /0 a2 /O @ (D1a1 + ... + Dpap)™ ( )

which applied to the case of three factors leads to

1 1—a;
L / d / d L (6.93)
—_— = a o )
DDy D3 0 ! 0 ? [Diag + Daag + D3(1 — g — )3
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Applying this to eq. (6.89) we find
D(q—1,m)a; + D(p —1,m)az + D(1,0)(1 — g — az) = D(I, A), (6.94)
with
I=1-aiqg—ap, A=mar+az), (6.95)

where we have used the kinematic relations k% = 0,p? = ¢®> = m?, 2pq = 2m?. The
amplitude can then be simplified to

d4l N# p,q,l)q (k)

M= / Dl A)]” : (6.96)

We can now change the integration variable [ — I,

! 1= d*l NH(p,q,l + a1q + azp)er, (k)
=2/ d d ~ K B 6.97
M=z [ [ [ D(L.A) (90
Using the following properties
us(p) = mus(p), ur(q)gd=mu.(q), {¥", 9} = 2p",

VY = =29, YV Ve = 49", VY Y Ve = -2 (6.98)

it is possible to simplify
N (p,q,1 + a1q + agp) = —4e3>mi,(q) [q“ ((1 —a)(l—a))—(1—a1 — a%))
+p# ((1 —a)(l—a1)— (1 — o — a%))
+()H + (’)(l“)] us(p), (6.99)
where we have isolated the terms that are not of the standard form, +*, nor linear

in [* since the latter will vanish upon integration in d*l.
Defining

d*l 1
L(A) = / SBIAT (6.100)

We will compute these integrals in the next chapter. Here we simply give the result
that we need,

Is(A) = 3972A2 (6.101)
We finally obtain
ie3
M = i (9)(¢"Cr + ' Co)us(pen(, V), (6.102)
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where we have defined

! l—a 1— l—a)—(1—a; —a? 1
0 0

(a1 + a2)?
1 l—ay (1 — Ozl)(l — 042) — (1 — Q9 — 042) 1
Cy = /da/ do 20— . (6.104
2 ; 1 ; 2 (a1 + ag)? 1 ( )
Therefore
— e (¢" 4" 6.105
M = —iero—(q" +p"). (6.105)

By comparing with eq. (6.88) we find the induced anomalous magnetic moment to
be

Ag=-—. (6.106)

This simple result was first obtained by J. Schwinger and is also the epitaph printed
on his gravestone. It nicely matched the experimental result at the time:

Ag

5 = 0.00116, (6.107)

Schwinger
This quantity has since been determined experimentally with impressive accuracy'?

Ag

5| = 0.00115965218073(28), (6.108)

exp

and this precision has been matched by the theoretical prediction in QED —up to
O(a®):

A
290 2 0.001159652181643(764). (6.109)
2 QED

It is clear that QED describes nature!

2Hanneke, D. Fogwell Hoogerheide, S. and Gabrielse, G., Physical Review A. 83 (5).
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Figure 26: Leading order contribution to the propagator (left) and next-to-leading
order (right).

VII. Brief Introduction to Renormalization

In the previous determination of the anomalous magnetic moment we obtained a
finite result; however, in the process we ignored corrections that modify the standard
coupling, Ae. Had we computed those terms, we would have found unbounded
integrals. This is a generic problem in QFT, namely when higher order corrections
in perturbation theory are considered, loops appear and the momentum integrals
of the form of eq. (6.100) are often divergent. We will see that such ill-defined
quantities can be absorbed order by order in a redefinition of the bare parameters
in the Lagrangian, such as the fields, the masses and the constant couplings. This
is the procedure termed renormalization.

To deal with these effects we need to first regularize the perturbative expres-
sions, that is, find a regulator or cutoff for the momentum integrals that make them
finite. We can then take the regulator away, after performing the necessary param-
eter redefinitions.

7.1 One loop corrections in the scalar theory

We will consider for simplicity the real scalar A¢* theory,

1 m? 5, A
L= 50,0000 — gt~

5 Pt (7.2)

Let us consider two physical amplitudes at next-to-leading (NLO) order in the Dyson
series: the scalar propagator and the two particle scattering amplitude.

The 0-th and 1-st order in the Dyson series for the propagator are depicted in
Fig. 26. By applying the Feynman rules it is easy to obtain the result:

(0|T(¢(:v)Texp(—i/d4zHth(2))¢(y))|0>NLO
d4 je—ta(z—y) S
- / (27:)]4 q®> —m? +ie (1 + q2_mQ+Z€> ; (7.3)
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with

A [odi 1 A
Y=— =T . 7.4
2 / e B —m?tie 2™ (7.4)

The integral I1(m), defined in eq. (6.100), is quadratically divergent, meaning that
if the momentum integral is cutoff at a scale A, the integral scales as A?

The NLO contributions to the scattering amplitude are given by the sum of the
Feynman diagrams in Fig. 27

(s K'|T exp <—i/d4Z’Him(z)> Ip; k)NLO
2
= (2m)*(p' + K —p—k) {—m + % (J<4) (p+k)+IJDp-p)+TW - k’))] ,
(7.

5)

with

d*l 1
196 = [ ey = (0

Using the Feynman trick

1 ! 1
|4 . 7.7
DDy /0 “(aDy + (1= a)Dy)? (7.7)
The integrals can be reduced to the basic integrals, eq. (6.100)
1
T (q) = / da L(A), Ay =m®—a(l—a). (7.8)
0

The integral Is(q) is logarithmically divergent. Before we try to give a meaning to
these divergences, we need a method to regularize the integrals or make them finite.
The most popular method changes the space-time dimension to d = 4 — e.

7.2 Dimensional regularization

We want to compute the integrals defined in eq. (6.100). For n < 2 they are
divergent. Firstly we do a Wick rotation by changing the integration contour in
the temporal momentum direction to the complex axis, as depicted in Fig. 28, and
defining I° = ik%. In terms of the Euclidean momentum k = (k% 1%) the integral
becomes

. o[ dYk 1
L&) = i1 [ i (7.9)
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Figure 27: Next-to-leading order contributions to the scattering amplitude.
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Figure 28: Wick rotation.
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where k? = k:g + k‘? To solve this integral we can go to spherical coordinates,
K] = kg + ki + K + k3:

/d4k1 = /dQ /Oodk|’k’3—0/ood|k|’k‘3
(K2 +m2)r * Jo (kP2 +m2n — 7% (Jk[2 + m2)n
Cs3

- 2(n — 1)(n — 2)(m2)n—2’ (7.10)

where we have assumed that n > 2, since otherwise it diverges.
We can compute C3 by using for example a simpler function to integrate

/d4ke_k2/2 =11 / dk;e ¥/ = (Vor)*, (7.11)
i=0—3" 7
but also
/d4k:e_k2/2 = 03/ d|k||k[Pe M7/ = 204, (7.12)
0
and therefore
C3 = 21°. (7.13)

The integral for n = 3 is then

(7.14)

What happens if n < 27 The integrals diverge but can be formally evaluated if
we take the dimension of the Euclidean space-time to be d # 4:

dek 1 _ Cy_ \k|d_1 T (4) r (n B d)
/(27‘(‘)11 (kQ +m2)n o (271')2 /d’k‘(’kQ —|—m2)” - (271,)1[ QP(Z)(mQ)n—C?/?' (7.15)

and where by the same argument as above
Ci1= "o (7.16)
2

and

i(—1)"T (n— 9)
(4m)4/20 (n)(A2)n=d/2

Io(A) = (7.17)

Obviously as d — 4, the function should diverge for n < 2.
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For n =1, and d = 4 — €, we obtain

e 2\1—¢/2
1um=—fxla£?i) +0(),

and expanding for small e,

(=1 +¢/2) = 72 1+ 0(),

A2 —€/2 € A2
= —1_21 =
<4w) 2 °g<4w)+o(€)’

so finally

and using
€ 2
(3)=2-7+00.
we find
1 2
I, (A) = ()2 (6 —~v—2logA +Iog47r> .

7.8  Renormalization

We can now compute the correction of the propagator in eq. (7.3),

xm? [ 2
i = 3;2 <—€—fy+1+210gm—log47r>,

and at the level we are working, we can write it as:

7

4
O]T(¢(x)0(y))|0)NLo = /(gﬂ;eiqu)

g2 —m? —iX + e

If we add a term in the Lagrangian, eq. (7.2), of the form
Lo 909
Aﬁc.t D) —§5m Qb 5
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(7.19)

(7.20)

(7.21)

(7.22)

(7.23)

(7.24)

+ O(M\?)(7.25)

(7.26)



we can absorb the divergence in dm?, by requiring
om? = —i¥. (7.27)

The bare mass parameter is, after this redefinition, m? + dm?, which is divergent,
but the physical mass is m ( the pole of the propagator at NLO).
Regarding the scattering amplitude in eq. (7.5)

7

1
JB(q) = e (i — v+ logdmr — /0 dalog[m?® — ¢*a(1 — a)]) . (7.28)

we can expand for g2 < m? to get

; 2 2l
J(4)(q) _ (41)2 <_7+log47r—logm2+7qn2/ daa(l—a)—l—...)
T € 0
7 2 9 q2
= (in)? E—’y+log47r—logm +W+'" . (7.29)
Therefore

L3N (2 32 s . A s+t+u
M:—z)\+132ﬂ2 (6—’y+log47r> ~iz logm +21967r2 - + ...(7.30)

We can absorb the divergence by another counterterm of the form:
oA
ALy D —Igﬁl. (7.31)
with the minimal subtraction scheme choice:

2
o\ = 332—)7}2 <z — v+ log47r> . (7.32)
The bare coupling in the Lagrangian is now A+ d\, and therefore divergent, but the
scattering amplitude is now well defined because the modification introduced by the
counterterm adds a —id A to the amplitude that precisely cancels the second term in
eq. (7.30).

There is arbitrariness in how we choose the counterterms ém? and d\. Each
choice is called a scheme and physics should not depend on which scheme we choose.

For example we could also define the physical coupling directly from M(s,t, u)
at some kinematical point, for example:

_Z.)‘I]\%LO = M(Sa t, u) |s:4m2,t=0,u=0' (7'33)

This would force A to absorb the divergence term.
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Independently of the choice of scheme, it is possible to show that any other
physical observable computed at the same order in the perturbative expansion will
be finite when expressed in terms of the renormalized couplings.

In our minimal subtraction scheme, the counterterms, eq. (7.26) and eq. (7.31),
with the choice of eq. (7.27) and eq. (7.32), will suffice to make any other quantity
finite when computed at the same order in perturbation theory, and expressed in
terms of A\, m (i.e. the renormalized parameters in our scheme).

What we have found in this simple model and at NLO can be generalized to
all orders in the perturbative expansion, and to more complex models. This is the
property of quantum field theories that we refer to as renormalizability.

In this theory, this means that at any order in the perturbative expansion,
the divergences disappear if counterterms of the most general form of the original
Lagrangian are appropriately tuned,

1 1
ALq; = 6256,@6% — §<sm?¢2 — i—)'\qﬁQ, (7.34)

that ammounts to a rescaling of the field, and a mass and coupling renormalization.
The proof to all orders is complicated but we can give some heuristic arguments
based on power counting.
Consider a diagram with E external legs, L loops, V vertices and I propagators.
Each vertex has four legs and since all legs are contracted,

4V = E +2I. (7.35)

The superficial degree of divergence of a diagram comes from the loop integrations,
so when all loop momenta are large we expect the following behavior

A AR
< / d4p> ( 2) ~ A2 = A (7.36)
—A p

where A is the cutoff of the momentum integrals and w = 4L — 21 is the superficial
degree of divergence. The finiteness of the diagram requires that w < 0, although
this is a necessary but not sufficient condition.

However, the number of loops is related to the number of momentum integrals
that cannot be performed by using momentum conservation at the vertices. For
each vertex there is a delta function, while for each internal line there is four-
momentum integration. One of the deltas in the diagram is always the delta of
external momentum conservation, and therefore there are effectively only V — 1
deltas, that can be used to reduce the propagator momentum integrals. Therefore
we have

L=I—-(V-1)=I-V+1. (7.37)
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Using eqgs. (7.35) and (7.37), we get
w=4L — 2] =2] — 4V +4 =2 — (E+2[)+4=4— E. (7.38)

The superficially divergent diagrams are those with £ < 4. The divergent part
of a diagram with E external legs can be represented by local operators with E
external fields, and the only terms with £ < 4 and Lorentz invariant are precisely
the counterterms in eq. (7.34).

A similar analysis in the case of a theory with non-renormalizable terms such as
¢° will imply that w grows with the number of loops and that diagrams with E > 4
can also be superficially divergent.

The formal proof of renormalizability is much more complicated that this naive
analysis because diagrams can have sub-divergences, and a recursive procedure is
needed to ensure the finiteness to all orders.

Renormalizability has been proven for all theories of interest in physics: A¢?*
and its complex analogue, QED, as well as Yang-Mills theories such as those that
describe the weak and strong interactions.

7.4 Wilsonian renormalization or emerging renormalizability

Renormalizable theories contain a very small subset of all possible interactions com-
patible with Lorentz and gauge symmetries. Based on these symmetries we could
have added many more interactions:

1
Ad—4

L= Lrenorm. + Y 0. (7.39)

d>4

The renormalizable theory in this larger context is seen as an effective theory valid
for E < A, since by dimensional analysis the higher dimensional operators induce

effects of
B 44
o (E)" o

In fact, the theory defined with a cutoff is generically of the form eq. (7.39). For
example we can think of defining the QFT on a discretized space-time, that is a
lattice of spacing a, which implies a cutoff of the form a~'. Quantum fields can only
take values on the sites of this lattice. The QFT is then reduced to a spin system as
in a condense matter model. Generically any discretized version of the continuum
QFT Lagrangian will contain higher dimensional operators suppressed with a, and
for example, if we define the derivative as discrete difference:

d(x + ajr) — ¢(x) = adyo(x) + a282¢> + .. (7.41)
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and will therefore be of the form eq. (7.39).

What is the meaning of renormalizability in this regularized definition of the
theory?

Renormalizability in this context is related to the property of criticality and
universality of the statistical system. A critical point corresponds to a value of the
couplings, where long-range correlations develop. When this happens, the physics
at long distances does not depend on the details of the interactions we choose to
include in the Lagrangian but fall in large universality classes that are essentially
fixed by symmetries. This means that we can modify the Lagrangian by changing
the couplings of the different terms, but providing we do not change the symmetries,
the long-range physics at the critical point will be the same. This universal limit is
what a renormalizable QFT is expected to describe.

Universality classes <> Renormalizable QFT's

From this new viewpoint, there is nothing special about a renormalizable La-
grangian, as long as the higher dimensional operators are suppressed by the cutoff
— and therefore irrelevant at the critical point. We could repeat the power-counting
argument we did above, but for the theory in eq. (7.39) and, providing we keep
track of the powers of A in the couplings, as well as those coming from momentum
integrations, the result will still be that of eq. (7.38).
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