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FIG. I.1 The results of a proton-antiproton collision at the Tevatron at Fermilab. The proton and antiproton
beams travel perpendicular to the page, colliding at the origin of the tracks. Each of the curved tracks
indicates a charged particle in the final state. The tracks are curved because the detector is placed in a
magnetic field; the radius of the curvature of the path of a particle provides a means to determine its mass,

and therefore identify it.

I. INTRODUCTION

A. Relativistic Quantum Mechanics

Usually, additional symmetries simplify physical problems. For example, in non-relativistic
quantum mechanics (NRQM) rotational invariance greatly simplifies scattering problems. Why
does the addition of Lorentz invariance complicate quantum mechanics? The answer is very simple:
in relativistic systems, the number of particles is not conserved. In a quantum system, this has
profound implications.

Consider, for example, scattering a particle in potential. At low energies, E < mc? where
relativity is unimportant, NRQM provides a perfectly adequate description. The incident particle
is in some initial state, and one can fairly simply calculate the amplitude for it to scatter into any
final state. There is only one particle, before and after the scattering process. At higher energies
where relativity is important things gets more complicated, because if E ~ mc? there is enough
energy to pop additional particles out of the vacuum (we will discuss how this works at length in
the course). For example, in p-p (proton-proton) scattering with a centre of mass energy E > mc?

(where m, ~ 140 MeV is the mass of the neutral pion) the process

p+p—=p+p+a°



is possible. At higher energies, £ > 2mp02, one can produce an additional proton-antiproton pair:
p+p—=>p+p+p+Dp

and so on. Therefore, what started out as a simple two-body scattering process has turned into a
many-body problem, and it is necessary to calculate the amplitude to produce a variety of many-
body final states. The most energetic accelerator today is the Large Hadron Collider at CERN,
outside Geneva, which collides protons and antiprotons with energies of several TeV, or several
thousands times mPCQ, so typical collisions produce a huge slew of particles (see Fig. 1.1).

Clearly we will have to construct a many-particle quantum theory to describe such a process.
However, the problems with NRQM run much deeper, as a brief contemplation of the uncertainty
principle indicates. Consider the familiar problem of a particle in a box. In the nonrelativistic
description, we can localize the particle in an arbitrarily small region, as long as we accept an
arbitrarily large uncertainty in its momentum. But relativity tells us that this description must
break down if the box gets too small. Consider a particle of mass p trapped in a container with
reflecting walls of side L. The uncertainty in the particle’s momentum is therefore of order h/L.
In the relativistic regime, this translates to an uncertainty of order fic/L in the particle’s energy.
For L small enough, L < h/uc (where h/puc = M., the Compton wavelength of the particle), the
uncertainty in the energy of the system is large enough for particle creation to occur - particle
anti-particle pairs can pop out of the vacuum, making the number of particles in the container
uncertain! The physical state of the system is a quantum-mechanical superposition of states with
different particle number. Even the vacuum state - which in an interacting quantum theory is not
the zero-particle state, but rather the state of lowest energy - is complicated. The smaller the
distance scale you look at it, the more complex its structure.

There is therefore no sense in which it is possible to localize a particle in a region smaller
than its Compton wavelength. In atomic physics, where NRQM works very well, this does not
introduce any problems. The Compton wavelength of an electron (mass g = 0.511MeV/c?), is
1/0.511 MeV x 197 MeV fm ~ 4 x 107! cm, or about 10~3 Bohr radii. So there is no problem
localizing an electron on atomic scales, and the relativistic corrections due to multi-particle states
are small. On the other hand, the up and down quarks which make up the proton have masses of
order 10 MeV (A, ~ 20 fm) and are confined to a region the size of a proton, or about 1 fm. Clearly
the internal structure of the proton is much more complex than a simple three quark system, and
relativistic effects will be huge.

Thus, there is no such thing in relativistic quantum mechanics as the two, one, or even zero
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FIG.1.2 A particle of mass p cannot be localized in a region smaller than its Compton wavelength, A\, = i/ p.
At smaller scales, the uncertainty in the energy of the system allows particle production to occur; the number

of particles in the box is therefore indeterminate.

body problem! In principle, one is always dealing with the infinite body problem. Thus, except in
very simple toy models (typically in one spatial dimension), it is impossible to solve any relativistic
quantum system exactly. Even the nature of the vacuum state in the real world, a horribly complex
sea of quark-antiquark pairs, gluons, electron-positron pairs as well as more exotic beasts like Higgs
condensates and gravitons, is totally intractable analytically. Nevertheless, as we shall see in this
course, even incomplete (usually perturbative) solutions will give us a great deal of understanding
and predictive power.

As a general conclusion, you cannot have a consistent, relativistic, single particle quantum
theory. So we will have to set up a formalism to handle many-particle systems. Furthermore, it
should be clear from this discussion that our old friend the position operator X from NRQM does
not make sense in a relativistic theory: the {| Z)} basis of NRQM simply does not exist, since
particles cannot be localized to arbitrarily small regions. The first casualty of relativistic QM is
the position operator, and it will not arise in the formalism which we will develop.

There is a second, intimately related problem which arises in a relativistic quantum theory,
which is that of causality. In both relativistic and nonrelativistic quantum mechanics observables
correspond to Hermitian operators. In NRQM, however, observables are not attached to space-
time points - one simply talks about the position operator, the momentum operator, and so on.
However, in a relativistic theory we have to be more careful, because making a measurement forces
the system into an eigenstate of the corresponding operator. Unless we are careful about only
defining observables locally (i.e. having different observables at each space-time point) we will run

into trouble with causality, because observables separated by spacelike separations will be able to



interfere with one another.
Consider applying the NRQM approach to observables to a situation with two observers, One

and Two, at space-time points x1 and z9, which are separated by a spacelike interval. Observer

boost

FIG. 1.3 Observers Oy and Os are separated by a spacelike interval. A Lorentz boost will move the observer
O, along the hyperboloid (At)? — |AF|? = constant, so the time ordering is frame dependent, and they are
not in causal contact. Therefore, measurements made at the two points cannot interfere, so observables at

point 1 must commute with all observables at point 2.

One could be here and Observer Two in the Andromeda galaxy. Now suppose that these two
observers both decide to measure non-commuting observables. In this case their measurements
can interfere with one another. So imagine that Observer One has an electron and measures the
x—component of its spin, forcing it into an eigenstate of the spin operator o,. If Observer Two
measures a non-commuting observable such as o, the next time Observer One measures o, it has a
50% chance of being in the opposite spin state, and so she can immediately tell that Observer Two
has made a measurement. They have communicated at faster than the speed of light. This of course
violates causality, since there are reference frames in which Observer One’s second measurement
preceded Observer Two’s measurement (recall that the time-ordering of spacelike separated events
depends on the frame of reference), and leads to all sorts of paradoxes (maybe Observer Two then
changes his mind and doesn’t make the measurement ...).

The problem with NRQM in this context is that it has action at a distance built in: observables
are universal, and don’t refer to particular space-time points. Classical physics got away from action
at a distance by introducing electromagnetic and gravitational fields. The fields are defined at all
spacetime points, and the dynamics of the fields are purely local - the dynamics of the field at a point

x# are determined entirely by the physical quantities (the various fields and their derivatives, as well



as the charge density) at that point. In relativistic quantum mechanics, therefore, we can get away
from action at a distance by promoting all of our operators to quantum fields: operator-valued
functions of space-time whose dynamics is purely local. Hence, relativistic quantum mechanics
is usually known as “Quantum Field Theory.” The requirement that causality be respected then
simply translates into a requirement that spacelike separated observables commute: as our example
demonstrates, if O1(z1) and Oy(z2) are observables which are defined at the space-time points x;

and x5, we must have
[O1(21), Oz(29)] = 0 for (z1 — x2)? < 0. (L.1)

Spacelike separated measurements cannot interfere with one another.

B. Conventions and Notation

Before delving into QFT, we will set a few conventions for the notation we will be using in this

course.

1. Units

We will choose the “natural” system of units to simplify formulas and calculations, in which
h = c=1 (we do this by choosing units such that one unit of velocity is ¢ and one unit of action is
h.) This makes life much simpler. For example, by setting 7 = 1, we no longer have to distinguish
between wavenumber k& and momentum P = hE, or between frequency w and energy E = hw.
Indeed, in these units all dimensionful quantities may be expressed in terms of a single unit, which
we usually take to be mass, or, equivalently, energy (since £ = mc? becomes E = m). In particle
physics we usually take the choice of energy unit to be the electron-Volt (eV), or more commonly
MeV, GeV (=10% eV) or TeV (=10'2) eV. From the fact that velocity (L/T) and action (M L?/T)
are dimensionless we find that length and time have units of eV~!. When we refer to the dimension
of a quantity in this course we mean the mass dimension: if X has dimensions of (mass)?, we write
[X] =d.

Consider the fine structure constant, which is a fundamental dimensionless number character-
izing the strength of the electromagnetic interaction to a single charged particle. In the old units
it is

e? 1

“T drhe  137.04°
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In the new units it is

e? 1

Ax  137.04°

Thus the charge e has units of (h¢)'/? in the old units, but it is dimensionless in the new units.

It is easy to convert a physical quantity back to conventional units by using the following.

B = 6.58 x 10722 MeV sec

he = 1.97 x 107 MeV cm (1.2)

By multiplying or dividing by these factors you can convert factors of MeV into sec or cm. A useful

conversion is
he =197 MeV fm (1.3)

where 1 fm (femtometer, or “fermi”)= 10713 cm is a typical nuclear scale. Some particle masses in

natural units are:

particle mass

e~ (electron) 511 keV
©~ (muon) 105.7 MeV
" (pion) 134 MeV
p (proton) 938.3 MeV
n (neutron) 939.6 MeV
B (B meson) 5.279 GeV
W+ (W boson) 80.2 GeV
Z° (Z boson 91.17 GeV

2. Relativistic Notation

When dealing with non-orthogonal coordinates, it is of crucial importance to distinguish between
contravariant coordinates x# and covariant coordinates x,. Just to remind you of the distinction,
consider the set of two-dimensional non-orthogonal coordinates on the plane shown in Fig. (1.4).

Now consider the coordinates of a point x in the (1,2) basis. In terms of the unit vectors é;
and é; (where the (1,2) subscripts are labels, not indices: é; and é are vectors, not coordinates),

we can write

T =xté +x2éy (1.4)
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FIG. 1.4 Non-orthogonal coordinates on the plane.

which defines the contravariant coordinates 2! and z?; these distances are marked on the diagram.

The covariant coordinates (1, z2) are defined by
T12 =T €12 (L5)

which are also shown on the figure. Note that for orthogonal axes in flat (Euclidean) space there
is no distinction between covariant and contravariant coordinates, which is how you made it this
far without worrying about the distinction. However, away from Euclidean space (in particular, in
Minkowski space-time) the distinction is crucial.

Given the two sets of coordinates, it is simple to take the scalar product of two vectors. From

the definitions above, we have

7 (y'er +y?ér)

8y
<y
I

= y'T & +y°T - &
= ylay + y2r0 = 1! + yor® (1.6)

so scalar products are always obtained by pairing upper with lower indices. The relation between

contravariant and covariant coordinates is straightforward to derive:
1, 25\ . 4
x; = (z7é1+1x%€) - ¢
= 27(& - &)

where we have defined the metric tensor
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Note that we are also using the Einstein summation convention: repeated indices (always paired -
upper and lower) are implicitly summed over.

One can also define the metric tensor with raised and mixed indices via the relations
9ij = gird} = gikgjg" (L9)
(note that gg = (53 , the Kronecker delta). The metric tensor ¢g*/ raises indices in the natural way,
z' =g, (1.10)

Minkowskian space is a simple situation in which we use non-orthogonal basis vectors, because
time and space look different. The contravariant components of the four-vector z# are (t,r) =

(t,z,y,z) where u = 0,1,2,3. The flat Minkowski space metric is

10 0 0
, 0-10 0

G = 9" = P (1.11)
00 0 —1

Often the flat Minkowski space metric is denoted 7, but since we will always be working in
flat space in this course, we will use g,,, and 7, interchangeably. Note that some texts define
guv as minus this (the so-called “east-coast convention”). Despite our location, we’ll adopt the
“west-coast convention”, above.

The metric tensor is used to raise and lower indices: x, = g2 = (t, —r). The scalar product

of two four-vectors is written as
a b = al'b, = a"g,b" = a’t’ —a-b. (I1.12)

It easily follows that this is Lorentz invariant, a’,b'" = a,b".

Note that as before, repeated indices are summed over, and upper indices are always paired
with lower indices (see Fig. (I.5)). This ensures that the result of the contraction is a Lorentz
scalar. If you get an expression like a#b* (this isn’t a scalar because the upper and lower indices
aren’t paired) or (worse) a*b*c,d,, (which indices are paired with which?) you’ve prebably made a
mistake. If in doubt, it’s sometimes helpful to include explicit summations until you get the hang
of it. Remember, this notation was designed to make your life easier!

Under a Lorentz transformation a four-vector transforms according to matrix multiplication:

ot = AF 2. (I.13)
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FIG. 1.5 Be careful with indices.

where the 4 x 4 matrix A*, defines the Lorentz transformation. Special cases of A*, include space

rotations and “boosts”, which look as follows:

1 0 0 0
0 cos@ —sinf 0
A*, (rotation about z—axis) =
0 sinf cosf 0

0 O 0 1

v —yv 00

e v v 00
A*,(boost in x direction) = (I.14)

0 0 10

0 0 01

with v = (1 — 1)2)_1/ 2. The set of all Lorentz transformations may be defined as those transforma-

tions which leave g, invariant:
uv = gaﬁAauAﬁy- (115)

To see how derivatives transform under Lorentz transformations, we note that the variation

_ 995
is a scalar and we would therefore like to write it as ¢ = 9,¢dz". Thus we define
0 0 0 0 0
and
0 0 0 0 0
po 0 _ (0 0 0 0N L1
g oz, (815’ ox’ 0Oy’ 82) (L.18)

Thus, 0/0x* transforms as a covariant (lower indices) four-vector. Note that

DAl = 9pA° + 0; A7 (1.19)
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and

I 0’ 2

The energy and momentum of a particle together form the components of its 4-momentum
Pt = (E,p).
Finally, we will make use (particularly in the section of Dirac fields) of the completely antisym-

metric tensor ¢/*# (often known as the Levi-Civita tensor). It is defined by

1 if (u, v, «, B) is an even permutation of (0,1,2,3),
el =0 1 if (1, v, o, B) is an odd permutation of (0,1,2,3), (L21)
0 if (u, v, o, ) is not a permutation of (0,1,2,3).

0123 — _¢)193 = 1. You should

Note that you must be careful with raised or lowered indices, since €
verify that (like the metric tensor g*) e*¥®8 is a relativistically invariant tensor; that is, that under

a Lorentz transformation the properties (I1.21) still hold.

3. Fourier Transforms

We will frequently need to go back and forth between the position (z) and momentum (or
wavenumber) (p or k) space descriptions of a function, via the Fourier transform. As you should
recall, the Fourier transform f(k) allows any function f(x) to be expanded on a continuous basis
of plane waves. In quantum mechanics, plane waves correspond to eigenstates of momentum, so
Fourier transforming a field will allow us to write it as a sum of modes with definite momentum,

which is frequently a very useful thing to do. In n dimensions we therefore write

f@) = [ (;ZZ’;H ke, (1.22)

It is simple to show that f(k) is therefore given by

Flk) = / & f(x)e (1.23)

We have introduced two conventions here which we shall stick to in the rest of the course: the
sign of the exponentials (we could just as easily have reversed the signs of the exponentials in Egs.
(I.22) and (I.23)) and the placement of the factors of 2. The latter convention will prove to be
convenient because it allows us to easily keep track of powers of 21 - every time you see a d"k it
comes with a factor of (27)~", while d"a’s have no such factors. Also remember that in Minkowski

space,k‘x:Et—l_{'f,whereE:ko and t = xg.
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4. The Dirac Delta “Function”
We will frequently be making use in this course of the Dirac delta function é(x), which satisfies
/_OO drd(x) =1 (I.24)
and
d(z) =0, z #0. (1.25)
Similarly, in n dimensions we may define the n dimensional delta function
5 (2) = 6(x0)0(w1)...0(xn) (1.26)
which satisfies
/ & 5™ () = 1. (1.27)

The ¢ function can be written as the Fourier transform of a constant,

5 (z) = (271r)” /d”peip'x. (1.28)

We will also make use of the (one-dimensional) step function

(@) {1’ ol (1.29)
0(z) = 1.29
0, <0
which satisfies
df(x)
= . I
In 0(x) (1.30)

Note that the symbol x will sometimes denote an n-dimensional vector with components z*, as in
Eq. (I.26), and sometimes a single coordinate, as in Eq. (1.29) - it should be clear from context.

For clarity, however, we will usually distinguish three-vectors (Z) from four-vectors (x or z*).

C. A Naive Relativistic Theory

Having dispensed with the formalities, in this section we will illustrate with a simple example
the somewhat abstract worries about causality we had in the previous section. We will construct
a relativistic quantum theory as an obvious relativistic generalization of NRQM, and discover that
the theory violates causality: a single free particle will have a nonzero amplitude to be found to

have travelled faster than the speed of light.
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Consider a free, spinless particle of mass . The state of the particle is completely determined
by its three-momentum k (that is, the components of momentum form a complete set of commuting

observables). We may choose as a set of basis states the set of momentum eigenstates {| k)}:
P|k) = k| k) (1.31)

where P is the momentum operator. (Note that in our notation, Pis an operator on the Hilbert

space, while the components of k are just numbers.) These states are normalized
(kK'Y = 6O (k- &) (1.32)
and satisfy the completeness relation

/ BB FE] = 1. (1.33)

o) = [ dho(E) 1) (L31)

w(k) = (ko). (L.35)

The time evolution of the system is determined by the Schrédinger equation

.0
i | 9(0) = H[$(1)). (1.36)

where the operator H is the Hamiltonian of the system. The solution to Eq. (I1.36) is

| () = e HED g(e)). (1.37)
In NRQM, for a free particle of mass p,
k=g (138)
= k) .

If we rashly neglect the warnings of the first section about the perils of single-particle relativistic
theories, it appears that we can make this theory relativistic simply by replacing the Hamiltonian

in Eq. (I.38) by the relativistic Hamiltonian

Hyo = \/|P|2 + p2. (1.39)

The basis states now satisfy

Hrel| E> = wk‘ E> (140)
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where

wp = \/ k]2 + p2. (L.41)

is the energy of the particle.

This theory looks innocuous enough. We have already argued on general grounds that it cannot
be consistent with causality. Nevertheless, it is instructive to show this explicitly. We will find
that, if we prepare a particle localized at one position, there is a non-zero probability of finding it
outside of its forward light cone at some later time.

To measure the position of a particle, we introduce the position operator, X , satisfying
(X5, Pj] = i6;5 (1.42)

(remember, we are setting i = 1 in everything that follows). In the {| k)} basis, matrix elements

of X are given by

. 9 -

1l 0) = i (F) (1.43)
and position eigenstates by

2 I ke

Now let us imagine that at t = 0 we have localized a particle at the origin:
|9(0)) = | =0). (1.45)
After a time ¢t we can calculate the amplitude to find the particle at the position Z. This is just
(@ [(t)) = (T le |7 = 0). (1.46)

Inserting the completeness relation Eq. (1.33) and using Eqgs. (I.44) and (1.40) we can express this

as

@) = [ dr@BEe 7= 0)

— d3k 1 eil;-fe—iwkt
(2m)?

© k2dk [T 2 ) )
— do sin @ d ikr cos @  —iwyt 1.4
/0 7(2703 /0 sin /0 de e (1.47)

where we have defined k = |E\ and r = |Z|. The angular integrals are straightforward, giving

EN0) =~y [ Rkt (1.48)
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FIG. 1.6 Contour integral for evaluating the integral in Eq. (1.48). The original path of integration is along
the real axis; it is deformed to the dashed path (where the radius of the semicircle is infinite). The only

contribution to the integral comes from integrating along the branch cut.

For r > ¢, i.e. for a point outside the particle’s forward light cone, we can prove using contour
integration that this integral is non-zero.

Consider the integral Eq. (1.48) defined in the complex k plane. The integral is along the real
axis, and the integrand is analytic everywhere in the plane except for branch cuts at k = +ipu,
arising from the square root in wg. The contour integral can be deformed as shown in Fig. (1.6).

For r > t, the integrand vanishes exponentially on the circle at infinity in the upper half plane, so

the integral may be rewritten as an integral along the branch cut. Changing variables to z = —ik,
FW() = — 5y / (iz)d(iz)e ( VAR ﬁ)
(277)21" u

= 5.3, / dz ze~*~MTsinh (\/22—;42 t> (1.49)
T

The integrand is positive definite, so the integral is non-zero. The particle has a small but non-
zero probability to be found outside of its forward light-cone, so the theory is acausal. Note the
exponential envelope, e ™" in Eq. (1.49) means that for distances r > 1/u there is a negligible
chance to find the particle outside the light-cone, so at distances much greater than the Compton
wavelength of a particle, the single-particle theory will not lead to measurable violations of causality.
This is in accordance with our earlier arguments based on the uncertainty principle: multi-particle
effects become important when you are working at distance scales of order the Compton wavelength
of a particle.

How does the multi-particle element of quantum field theory save us from these difficulties? It
turns out to do this in a quite miraculous way. We will see in a few lectures that one of the most

striking predictions of QFT is the existence of antiparticles with the same mass as, but opposite
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quantum numbers of, the corresponding particle. Now, since the time ordering of two spacelike-
separated events at points z and y is frame-dependent, there is no Lorentz invariant distinction
between emitting a particle at = and absorbing it at y, and emitting an antiparticle at y and
absorbing it at z: in Fig. (I.3), what appears to be a particle travelling from O; to Oz in the
frame on the left looks like an antiparticle travelling from Oz to Op in the frame on the right. In
a Lorentz invariant theory, both processes must occur, and they are indistinguishable. Therefore,
if we wish to determine whether or not a measurement at = can influence a measurement at y, we
must add the amplitudes for these two processes. As it turns out, the amplitudes exactly cancel,

so causality is preserved.
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Il. CONSTRUCTING QUANTUM FIELD THEORY
A. Multi-particle Basis States

1. Fock Space

Having killed the idea of a single particle, relativistic, causal quantum theory, we now proceed to
set up the formalism for a consistent theory. The first thing we need to do is define the states of the
system. The basis for our Hilbert space in relativistic quantum mechanics consists of any number
of spinless mesons (the space is called “Fock Space”.) However, we saw in the last section that a
consistent relativistic theory has no position operator. In QFT, position is no longer an observable,
but instead is simply a parameter, like the time ¢. In other words, the unphysical question “where

43

is the particle at time ¢” is replaced by physical questions such as “what is the expectation value

of the observable O (the electric field, the energy density, etc.) at the space-time point (¢, Z).”
Therefore, we can’t use position eigenstates as our basis states. The momentum operator is fine;
momentum is a conserved quantity and can be measured in an arbitrarily small volume element.

Therefore, we choose as our single particle basis states the same states as before,

{15}, (IL1)
but now this is only a piece of the Hilbert space. The basis of two-particle states is
{1 k1, k2)}- (I1.2)
Because the particles are bosons, these states are even under particle interchange!
| k1, ko) = | Ko, K. (I1.3)
They also satisfy
(v, oo |0, k) = 8O0 (ky — K1)6®) ey — k) + 0@ ey — k)™ (k3 — K]

H| k1, ko) = (wiy + wiy)| k1, k2)

Plki,ka) = (ki + k2)| k1, k). (IL.4)
States with 2,3,4, ... particles are defined analogously. There is also a zero-particle state, the
vacuum |0):
010y =1
H|0) =0, Pl0)=0 (IL.5)

L 'We will postpone the study of fermions until later on, when we discuss spinor fields.



21

and the completeness relation for the Hilbert space is
| o
1= |0><0|+/d3k\k><k|+ §/d3k1d3k2\k1,k2><k1,k2 |+ ... (I1.6)

(The factor of 1/2! is there to avoid double-counting the two-particle states.) This is starting to
look unwieldy. An arbitrary state will have a wave function over the single-particle basis which is a
function of 3 variables (k,, ky, k.), a wave function over the two-particle basis which is a function
of 6 variables, and so forth. An interaction term in the Hamiltonian which creates a particle will
connect the single-particle wave-function to the two-particle wave-function, the two-particle to the
three-particle, ... . This will be a mess. We need a better description, preferably one which has no
explicit multi-particle wave-functions.

As a pedagogical device, it will often be convenient in this course to consider systems confined
to a periodic box of side L. This is nice because the wavefunctions in the box are normalizable,
and the allowed values of k are discrete. Since translation by L must leave the system unchanged,

the allowed momenta must be of the form

- 2mng 2T, 27N,
k= Y 1.7
(7= T ) (1L7)
for ng, ny, n, integers.
We can then write our states in the occupation number representation,
|.n(k),n(K),...) (IL.8)

-,

where the n(k)’s give the number of particles of each momentum in the state. Sometimes the state

(I1.8) is written

()

where the (-) indicates that the state depends on the function n for all E’s, not any single k. The

number operator N (E) counts the occupation number for a given l;,
N(k)|[n(-)) = n(k)[n(-)). (IL.9)
In terms of N (k) the Hamiltonian and momentum operator are

H=Y wN(k) P=> kN(k). (I1.10)
p F

This is bears a striking resemblance to a system we have seen before, the simple harmonic oscillator.

For a single oscillator, Hsgo = w(N +%), where NV is the excitation level of the oscillator. Fock space
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is in a 1-1 correspondence with the space of an infinite system of independent harmonic oscillators,
and up to an (irrelevant) overall constant, the Hamiltonians for the two theories look the same.

We can make use of that correspondence to define a compact notation for our multiparticle theory.

2. Review of the Simple Harmonic Oscillator

The Hamiltonian for the one dimensional S.H.O. is
2

P2 1
Hgsno = Em + 5“2“)(2' (I1.11)

We can write this in a simpler form by performing the canonical transformation

P
Pop=—ry\ X —=q=uwX (I1.12)
/1w
(the transformation is canonical because it preserves the commutation relation [P, X| = [p, ¢] = —i).

In terms of p and ¢ the Hamiltonian (II.11) is

w

5 (" + ). (IL.13)

Hspo =

The raising and lowering operators a and a' are defined as

q—1ip

— T
a= , a = 11.14
V2 V2 L
and satisfy the commutation relations
[a,a'] =1, [H,a']|=wa', [H,a]=—-wa (IL.15)
where H = w(ala +1/2) = w(N + 1/2). If H| E) = E| E), it follows from (II.15) that
Ha'|E) = (E +w)d'| E)
Ha|E) = (E —w)a'| E). (I1.16)

so there is a ladder of states with energies ..., E — w, E,E + w, E + 2w, .... Since (¢ |a’alv) =
la| ¥)|* > 0, there is a lowest weight state | 0) satisfying N|0) = 0 and a|0) = 0. The higher states

are made by repeated applications of af,
|n) = c,(a))"[0), N|n)=n|n). (IL.17)

Since (n|aat|n) = n + 1, it is easy to show that the constant of proportionality ¢, = 1/v/n!.
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3. An Operator Formalism for Fock Space

Now we can apply this formalism to Fock space. Define creation and annihilation operators ax
and a}; for each momentum & (remember, we are still working in a box so the allowed momenta

are discrete). These obey the commutation relations

lak, al,] = O, lak, ] = [af,,al,] = 0. (IL.18)
The single particle states are
| E) = a}|0), (IL.19)
the two-particle states are
|k, k') = alal,|0) (11.20)

and so on. The vacuum state, |0), satisfies

ar|0) =0 (I1.21)
and the Hamiltonian is
H = Zwk azak. (I1.22)
k

At this point we can remove the box and, with the obvious substitutions, define creation and

annihilation operators in the continuum. Taking

lak, aly) = 0O (k — ), [ay, ap] = [a},af,] =0 (I.23)
it is easy to check that we recover the normalization condition (K'|k) = 6®)(k — k') and that
H|E) = wi| k), Pl k) = k| k).

We have seen explicitly that the energy and momentum operators may be written in terms of
creation and annihilation operators. In fact, any observable may be written in terms of creation

and annihilation operators, which is what makes them so useful.

4. Relativistically Normalized States

The states {|0), | k), | k1, k), ...} form a perfectly good basis for Fock Space, but will sometimes
be awkward in a relativistic theory because they don’t transform simply under Lorentz transfor-

mations. This is not unexpected, since the normalization and completeness relations clearly treat
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spatial components of k* differently from the time component. Since multi-particle states are just
tensor products of single-particle states, we can see how our basis states transform under Lorentz
transformations by just looking at the single-particle states.

Let O(A) be the operator acting on the Hilbert space which corresponds to the Lorentz trans-

formation z'* = A#,z¥. The components of the four-vector k* = (wg,k) transform according

to
KM= AFEY. (I1.24)

Therefore, under a Lorentz transformation, a state with three momentum k is obviously trans-
formed into one with three momentum &’. But this tells us nothing about the normalization of the
transformed state; it only tells us that

- —

OMN)| k) = Ak, K| k) (I1.25)

where £/ is given by Eq. (I1.24), and A is a proportionality constant to be determined. Of course,
for states which have a nice relativistic normalization, A would be one. Unfortunately, our states
don’t have a nice relativistic normalization. This is easy to see from the completeness relation,
Eq. (I.33), because d3k is not a Lorentz invariant measure. As we will show in a moment, under
the Lorentz transformation (I1.24) the volume element d°k transforms as

Bk — K = 22 @Bk (I1.26)

Wk

Since the completeness relation, Eq. (I1.33), holds for both primed and unprimed states,
/d3k|12§><1§y _ /d3k’11€/><1§'| —1 (I1.27)

we must have

O(A)| F) = \/i ) (I1.28)

which is not a simple transformation law. Therefore we will often make use of the relativistically

normalized states

k) = \/(2m)3 V2 | ) (11.29)

(The factor of (27)3/2 is there by convention - it will make factors of 27 come out right in the
Feynman rules we derive later on.) The states | k) now transform simply under Lorentz transfor-

mations:

OA)| k) = | k). (IL.30)



25

The convention I will attempt to adhere to from this point on is states with three-vectors, such as
| E>, are non-relativistically normalized, whereas states with four-vectors, such as | k), are relativis-
tically normalized.

The easiest way to derive Eq. (I1.26) is simply to note that d3k is not a Lorentz invariant
measure, but the four-volume element d*k is. Since the free-particle states satisfy k? = p2, we can

restrict k* to the hyperboloid k% = ;2 by multiplying the measure by a Lorentz invariant function:

d*ko(k* — %) 0(k°)
= d'kS((K0)” = [k — p*) O(K")
d*k

=50 S(E® — wy) O(EY). (I1.31)

(Note that the 6 function restricts us to positive energy states. Since a proper Lorentz trans-

formation doesn’t change the direction of time, this term is also invariant under a proper L.T.)

Performing the k¥ integral with the § function yields the measure

d3k
) 11.32
o (I1.32)
Under a Lorentz boost our measure is now invariant:
Bk Bk
— = (11.33)
Wk Wi!

which immediately gives Eq. (I1.26).

Finally, whereas the nonrelativistically normalized states obeyed the orthogonality condition
(K k) = 6@ (k — k) (IL.34)
the relativistically normalized states obey
(K'|k) = (27)32w,d®) (k — k). (11.35)

The factor of wy compensates for the fact that the § function is not relativistically invariant.

B. Canonical Quantization

Having now set up a slick operator formalism for a multiparticle theory based on the SHO,
we now have to construct a theory which determines the dynamics of observables. As we argued
in the last section, we expect that causality will require us to define observables at each point

in space-time, which suggests that the fundamental degrees of freedom in our theory should be
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fields, ¢%(x). In the quantum theory they will be operator valued functions of space-time. For the
theory to be causal, we must have [¢(x), ¢(y)] = 0 for (x — y)? < 0 (that is, for z and y spacelike
separated). To see how to achieve this, let us recall how we got quantum mechanics from classical

mechanics.

1. Classical Particle Mechanics

In CPM, the state of a system is defined by generalized coordinates g,(t) (for example {x,y, z}
or {r,0,¢}), and the dynamics are determined by the Lagrangian, a function of the ¢,’s, their time
derivatives ¢, and the time ¢: L(q1,q2,..-qn, 1, ---sGn,t) = T —V, where T is the kinetic energy and
V' the potential energy. We will restrict ourselves to systems where L has no explicit dependence
on t (we will not consider time-dependent external potentials). The action, S, is defined by

t2
S = . L(t)dt. (11.36)
Hamilton’s Principle then determines the equations of motion: under the variation g, (t) — qq(t) +
0qa(t), 0gq(t1) = 6qa(t2) = 0 the action is stationary, 65 = 0.

Explicitly, this gives

t2 oL oL
0S8 = dt {5 o+ =—084a | - 11.37
131 ; Iqq 4 9qq 4 ( )
Define the canonical momentum conjugate to ¢, by
oL
o = - 11.38
Pa = 5 (I1.38)
Integrating the second term in Eq. (I1.37) by parts, we get
t2 oL 2
08 = dt — — Da| 0Gq + Pabqa| - 11.39
t1 Xa: |:8Qa b :l o Padd 1 ( )

Since we are only considering variations which vanish at t; and ¢35, the last term vanishes. Since

the dqg,’s are arbitrary, Eq. (I1.37) gives the Euler-Lagrange equations

oL

An equivalent formalism is the Hamiltonian formulation of particle mechanics. Define the

Hamiltonian

H(Ql»--an,pl,---»Pn) :ZpaQa_L- (1141)
a
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Note that H is a function of the p’s and ¢’s, not the ¢’s. Varying the p’s and ¢’s we find

oL, _ oL
90 B4,

= Z dpaGa — Padqq (II'42)

dH = Z dpaqa + Padqa — dda

where we have used the Euler-Lagrange equations and the definition of the canonical momentum.
Varying p and q separately, Eq. (I1.42) gives Hamilton’s equations

OH . OH

D . 11.43
8pa qav aqa pa ( )

Note that when L does not explicitly depend on time (that is, its time dependence arises solely

from its dependence on the q,(t)’s and ¢,(t)’s) we have

dH oH
dt Z 8pa 0qq g, o
= anpa—paqa =0 (11.44)
a

so H is conserved. In fact, H is the energy of the system (we shall show this later on when we

discuss symmetries and conservation laws.)

2. Quantum Particle Mechanics

Given a classical system with generalized coordinates g, and conjugate momenta p,, we ob-
tain the quantum theory by replacing the functions ¢,(t) and p,(t) by operator valued functions

Ga(t), Da(t), with the commutation relations

[Pa(t), @(t)] = —idap (I1.45)

(recall we have set h = 1). At this point let’s drop the "’s on the operators - it should be obvious
by context whether we are talking about quantum operators or classical coordinates and momenta.
Note that we have included explicit time dependence in the operators g, (t) and p,(t). This is
because we are going to work in the Heisenberg picture?,in which states are time-independent and
operators carry the time dependence, rather than the more familiar Schrodinger picture, in which
the states carry the time dependence. (In both cases, we are considering operators with no explicit

time dependence in their definition).

2 Actually, we will later be working in the “interaction picture”, but for free fields this is equivalent to the Heisenberg
picture. We will discuss this in a few lectures.
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You are probably used to doing quantum mechanics in the “Schrédinger picture” (SP). In the
SP, operators with no explicit time dependence in their definition are time independent. The time

dependence of the system is carried by the states through the Schrodinger equation

Z%‘ Y(t))s = H|(t)s = |9(t))s = e ) (k). (IL.46)

However, there are many equivalent ways to define quantum mechanics which give the same physics.
This is simply because we never measure states directly; all we measure are the matrix elements of
Hermitian operators between various states. Therefore, any formalism which differs from the SP
by a transformation on both the states and the operators which leaves matrix elements invariant
will leave the physics unchanged. One such formalism is the Heisenberg picture (HP). In the HP

states are time independent

() m = [¥(to))n- (11.47)

Thus, Heisenberg states are related to the Schrodinger states via the unitary transformation

| 0(0) i = e (1)) s (I1.48)

Since physical matrix elements must be the same in the two pictures,

s(W(t)|0s| ¥(1)s = s(W(0) [ Ose™ | 9(0))s = w (1) [On (B)| V() m, (I1.49)

from Eq. (I1.48) we see that in the HP it is the operators, not the states, which carry the time

dependence:
Ou(t) = T Oge Ht = HT O (0)e~H? (I1.50)

(since at t = 0 the two descriptions coincide, Og = Oy (0)). This is the solution of the Heisenberg

equation of motion

i%OH(t) — [Ou(®), H]. (IL51)

Since we are setting up an operator formalism for our quantum theory (recall that we showed in the
first section that it was much more convenient to talk about creation and annihilation operators
rather than wave-functions in a multi-particle theory), the HP will turn out to be much more
convenient than the SP.

Notice that Eq. (I1.51) gives

dqa(t)
dt

= i[H, qa(t)]- (I1.52)
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A useful property of commutators is that [q,, F(q,p)] = i0F/0p, where F is a function of the p’s
and ¢’s. Therefore [q,, H] = i0H /0p, and we recover the first of Hamilton’s equations,

dg, OH
—_ = . 11.53
dt Opa ( )

Similarly, it is easy to show that p, = —9H/9q,. Thus, the Heisenberg picture has the nice property
that the equations of motion are the same in the quantum theory and the classical theory. Of
course, this does not mean the quantum and classical mechanics are the same thing. In general,
the Heisenberg equations of motion for an arbitrary operator A relate one polynomial in p, ¢, p and
¢ to another. We can take the expectation value of this equation to obtain an equation relating
the expectation values of observables. But in a general quantum state, (p"¢™) # (p)"{(q)", and so
the expectation values will NOT obey the same equations as the corresponding operators.
However, in the classical limit, fluctuations are small, and expectation values of products in
classical-looking states can be replaced by products of expectation values, and this turns our

equation among polynomials of quantum operators into an equation among classical variables.

3. Classical Field Theory

In this quantum theory, observables are constructed out of the ¢’s and p’s. In a classical field
theory, such as classical electrodynamics, observables (in this case the electric and magnetic field,
or equivalently the vector and scalar potentials) are defined at each point in space-time. The
generalized coordinates of the system are just the components of the field at each point x. We
could label them just as before, g, , where the index x is continuous and a is discrete, but instead
we'll call our generalized coordinates ¢, (z). Note that x is not a generalized coordinate, but rather
a label on the field, describing its position in spacetime. It is like ¢ in particle mechanics. The
subscript a labels the field; for fields which aren’t scalars under Lorentz transformations (such as
the electromagnetic field) it will also denote the various Lorentz components of the field.

We will be rather cavalier about going to a continuous index from a discrete index on our
observables. Everything we said before about classical particle mechanics will go through just as

before with the obvious replacements
> o [day
a a
o — 0ap03) (& — 7). (I1.54)

Since the Lagrangian for particle mechanics can couple coordinates with different labels a, the

most general Lagrangian we could write down for the fields could couple fields at different coordi-
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nates x. However, since we are trying to make a causal theory, we don’t want to introduce action at
a distance - the dynamics of the field should be local in space (as well as time). Furthermore, since
we are attempting to construct a Lorentz invariant theory and the Lagrangian only depends on
first derivatives with respect to time, we will only include terms with first derivatives with respect

to spatial indices. We can write a Lagrangian of this form as

=Y [ Prl(a@), 0uta(a) (1L55)

where the action is given by
s— ["ar / d'uL(t, 7) (IT.56)

The function L(¢, Z) is called the “Lagrange density”; however, we will usually be sloppy and follow
the rest of the world in calling it the Lagrangian. Note that both £ and S are Lorentz invariant,
while L is not.

Once again we can vary the fields ¢, — ¢, + d¢, to obtain the Euler-Lagrange equations:

oL
= d4 75 a 66 a
/ ( Pt 5O )

_ / e ([ ) nu} 560+ B, [Hgm])
_ Z / &y <(%a - aung) 5ba (IL57)

where we have defined

oL
I = FIGRN) (I1.58)

and the integral of the total derivative in Eq. (I1.57) vanishes since the d¢,’s vanish on the bound-

aries of integration. Thus we derive the equations of motion for a classical field,

oL

= I
5. B, TT-. (11.59)

The analogue of the conjugate momentum p, is the time component of IT#, T19, and we will often

abbreviate it as II,. The Hamiltonian of the system is
H=Y / d*r (1006, — £) = / &Pz H(z) (IT.60)

where H(z) is the Hamiltonian density.
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Now let’s construct a simple Lorentz invariant Lagrangian with a single scalar field. The simplest

thing we can write down that is quadratic in ¢ and 9,,¢ is
L= }a[9,00"6 +be?| . (IL.61)

The parameter a is really irrelevant here; we can easily get rid of it by rescaling our fields ¢ — ¢/+/a.

So let’s take instead
L=£310,00"0 + bo?| . (11.62)
What does this describe? Well, the conjugate momenta are
" = +0%¢ (11.63)
so the Hamiltonian is
H=+1 / a3 [H2 +(Ve)? — bﬂ . (I1.64)

For the theory to be physically sensible, there must be a state of lowest energy. H must be bounded
below. Since there are field configurations for which each of the terms in Eq. (I1.66) may be made
arbitrarily large, the overall sign of H must be +, and we must have b < 0. Defining b = — 2, we

have the Lagrangian (density)
L=1 [auqsaw - ,H(ﬂ (I1.65)
and corresponding Hamiltonian
H=1 / dc I+ (V) + 262 . (IL66)

Each term in H is positive definite: the first corresponds to the energy required for the field to
change in time, the second to the energy corresponding to spatial variations, and the last to the
energy required just to have the field around in the first place. The equation of motion for this

theory is
(9,0" + 12) o(x) = 0. (IL67)

This looks promising. In fact, this equation is called the Klein-Gordon equation, and Eq. (I1.65)
is the Klein-Gordon Lagrangian. The Klein-Gordon equation was actually first written down by

Schrodinger, at the same time he wrote down

i—(x) = —=—V(z). (I1.68)
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In quantum mechanics for a wave ¢/t we know F = w, p = k, so this equation is just

E = p?/2u. Of course, Schrodinger knew about relativity, so from E? = p% + u? he also got

0 2 2
or, in our notation,
(00" + 12) () = 0. (IL.70)

Unfortunately, this is a disaster if we want to interpret ¢ (z) as a wavefunction as in the Schrédinger
Equation: this equation has both positive and negative energy solutions, E = £/p% + 2. The
energy is unbounded below and the theory has no ground state. This should not be such a surprise,
since we already know that single particle relativistic quantum mechanics is inconsistent.

In Eq. (I1.67), though, ¢(x) is not a wavefunction. It is a classical field, and we just showed
that the Hamiltonian is positive definite. Soon it will be a quantum field which is also not a
wavefunction; it is a Hermitian operator. It will turn out that the positive energy solutions to
Eq. (I1.67) correspond to the creation of a particle of mass p by the field operator, and the
negative energy solutions correspond to the annihilation of a particle of the same mass by the field
operator. (It took eight years after the discovery of quantum mechanics before the negative energy
solutions of the Klein-Gordon equation were correctly interpreted by Pauli and Weisskopf.) The
Hamiltonian will still be positive definite. So let’s quantize our classical field theory and construct

the quantum field. Then we’ll try and figure out what we’ve created.

4. Quantum Field Theory

To quantize our classical field theory we do exactly what we did to quantize CPM, with little
more than a change of notation. Replace ¢(x) and II*(x) by operator-valued functions satisfying

the commutation relations

[$a(Z,1), op(3,1)] = (1), 11°(4,1)] = 0

[$a(Z, ), I (§,1)] = i6ay 63 (& — 7). (IL71)

As before, ¢®(Z,t) and I1,(7, t) are Heisenberg operators, satisfying

da(x
dt

~—

dll,(x)
dt

= i[H, Cba(x)L

= i[H, L, (z)]. (IL72)
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For the Klein-Gordon field it is easy to show using the explicit form of the Hamiltonian Eq. (I1.66)
that the operators satisfy

Ga(x) =T(z), T(z) = V¢ - p’¢ (IL73)

and so the quantum fields also obey the Klein-Gordon equation.

Let’s try and get some feeling for ¢(x) by expanding it in a plane wave basis. (Since ¢ is a
solution to the KG equation this is completely general.) The plane wave solutions to Eq. (IL.67)
ik-x

are exponentials e’*¥ where k? = u?. We can therefore write ¢(z) as

_ / Pk [age™ + ale™] (IL74)

where the a;,’s and «),’s are operators. Since ¢(x) is going to be an observable, it must be Hermitian,

which is why we have to have the az term. We can solve for aj and oz};. First of all,
o(%,0) = [ &’k [akeiE'f + ale’i]z'ﬂ
Ood(Z,0) = /d3k(—iwk) {akei’;’f — alefﬁz'ﬂ . (IL.75)

Recalling that the Fourier transform of ¢~#7 ig a delta function:

3 TN = — —
/(‘2“;3@— ik=k)E — 5) () — ) (IL.76)
™

we get

Bz iz
/ (Z,0)e” kT = ak—i-aik

dBr . -
/ $(Z, 00T = (“iwy) (s —al ) (IL77)

and so

—

ap=1 / dg‘”g [qs(f, 0) + Cjk@ogb(ﬁ, 0)} e kT

(2m)
R 7 ¢ - i@
of =4 [ G [0 — Zone(.0)] . (L78)
Using the equal time commutation relations Eq. (I1.71), we can calculate [oy, aL]:
d3$d3 . . —— 2 . _ Rt
onrol] = =7 [ Gt | 00,850 + 16(7.0).6(, 0| e FF7
W' Wk

d3xd3 ] L (. o —ik-Eik g
— 1] G | @ - )+ i@ - )| e

]. T T
_ | —i(k—K)-
4 / Lkl WIJ ¢

_ 3) (1 _
= ma( (k- k). (I1.79)

8l
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This is starting to look familiar. If we define ax = (277)3/2\/2wkak, then
[ar,al,] = 6@ (k — k). (11.80)

These are just the commutation relations for creation and annihilation operators. So the quantum

field ¢(x) is a sum over all momenta of creation and annihilation operators:

d3k ; ;
o(x) = /W [ake_m"v + aLeZk'z} . (I1.81)

Actually, if we are to interpret ap and aL as our old annihilation and creation operators, they had

better have the right commutation relations with the Hamiltonian
[H, az] = wka;i, [H,ar] = —wiag (11.82)

so that they really do create and annihilate mesons. From the explicit form of the Hamiltonian
(Eq. (I1.66)), we can substitute the expression for the fields in terms of a}i and a and the com-
mutation relation Eq. (I1.80) to obtain an expression for the Hamiltonian in terms of the az’s and

ay’s. After some algebra (do it!), we obtain

- 1/‘13]43 [aka_ke_Ziwkt(—w,%+E2+,u2)
2 ) 2wy

+alap(wi + K + 1)
+ apal (Wi + k% + p?)

+ azaike%”kt(—wz + R+ ;1,2)} . (I1.83)
Since w,% =k + 12, the time-dependent terms drop out and we get
H=1 / Py [axal +alay] (IL.84)
This is almost, but not quite, what we had before,
H= /d3k‘wk azak. (11.85)
Commuting the aj and aL in Eq. (I1.84) we get
H= / @k, [afar + 569)(0)] . (I1.86)
§3)(0)? That doesn’t look right. Let’s go back to our box normalization for a moment. Then

H = %Zwk {akaL + a,zak] = Z [a}iak + %] (11.87)

k k
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so the §(3) (0) is just the infinite sum of the zero point energies of all the modes. The energy of each
mode starts at %wk, not zero, and since there are an infinite number of modes we got an infinite
energy in the ground state.

This is no big deal. It’s just an overall energy shift, and it doesn’t matter where we define our
zero of energy. Only energy differences have any physical meaning, and these are finite. However,
since the infinity gets in the way, let’s use this opportunity to banish it forever. We can do this by
noticing that the zero point energy of the SHO is really the result of an ordering ambiguity. For
example, when quantizing the simple harmonic oscillator we could have just as well written down
the classical Hamiltonian

=

Hsmo = 5(a - ip)(q + ip). (I1.88)

When p and g are numbers, this is the same as the usual Hamiltonian % (p? 4 ¢*). But when p and

q are operators, this becomes
Hspo =wala (I1.89)

instead of the usual w(afa+1/2). So by a judicious choice of ordering, we should be able to eliminate
the (unphysical) infinite zero-point energy. For a set of free fields ¢ (z1), ¢2(x2), ..., pn(xy), define

the normal-ordered product

:¢1 (x1)¢n($n) (11.90)

as the usual product, but with all the creation operators on the left and all the annihilation
operators on the right. Since creation operators commute with one another, as do annihilation
operators, this uniquely specifies the ordering. So instead of H, we can use :H: and the infinite

energy of the ground state goes away:
H:= / &Pk wy alay,. (11.91)

That was easy. But there is a lesson to be learned here, which is that if you ask a silly question
in quantum field theory, you will get a silly answer. Asking about absolute energies is a silly

question®. In general in quantum field theory, if you ask an unphysical question (and it may not

3 except if you want to worry about gravity. In general relativity the curvature couples to the absolute energy, and
so it is a physical quantity. In fact, for reasons nobody understands, the observed absolute energy of the universe
appears to be almost precisely zero (the famous cosmological constant problem - the energy density is at least
56 orders of magnitude smaller than dimensional analysis would suggest). We won’t worry about gravity in this

course.
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be at all obvious that it’s unphysical) you will get infinity for your answer. Taming these infinities
is a major headache in QFT.

At this point it’s worth stepping back and thinking about what we have done. The classical
theory of a scalar field that we wrote down has nothing to do with particles; it simply had as
solutions to its equations of motion travelling waves satisfying the energy-momentum relation of a
particle of mass p. The canonical commutation relations we imposed on the fields ensured that the
Heisenberg equation of motion for the operators in the quantum theory reproduced the classical
equations of motion, thus building the correspondence principle into the theory. However, these
commutation relations also ensured that the Hamiltonian had a discrete particle spectrum, and
from the energy-momentum relation we saw that the parameter y in the Lagrangian corresponded
to the mass of the particle. Hence, quantizing the classical field theory immediately forced upon us
a particle interpretation of the field: these are generally referred to as the quanta of the field. For
the scalar field, these are spinless bosons (such as pions, kaons, or the Higgs boson of the Standard
Model). As we will see later on, the quanta of the electromagnetic (vector) field are photons,
while fermions like the electron are the quanta of the corresponding fermi field. In this latter case,
however, there is not such a simple correspondence to a classical field: the Pauli exclusion principle
means that you can’t make a coherent state of fermions, so there is no classical equivalent of an
electron field.

At this stage, the field operator ¢ may still seem a bit abstract - an operator-valued function
of space-time from which observables are built. To get a better feeling for it, let us consider the

interpretation of the state ¢(&,0)|0). From the field expansion Eq. (I1.81), we have

3 7
5,00 = [ gﬁ’;w;e—lkﬂm. (11.92)

Thus, when the field operator acts on the vacuum, it pops out a linear combination of momentum
eigenstates. (Think of the field operator as a hammer which hits the vacuum and shakes quanta

out of it.) Taking the inner product of this state with a momentum eigenstate | p), we find
wloE00) = [ 5L g
z = [ —=—e€
P ’ (27)3 2wy, P
— T (I1.93)
Recalling the nonrelativistic relation between momentum and position eigenstates,

(p|E) = e (I1.94)

we see that we can interpret ¢(Z,0) as an operator which, acting on the vacuum, creates a particle
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at position #. Since it contains both creation and annihilation operators, when it acts on an n

particle state it has an amplitude to produce both an n + 1 and an n — 1 particle state.

C. Causality

Since the Lagrangian for our theory is Lorentz invariant and all interactions are local, we
expect there should be no problems with causality in our theory. However, because the equal time

commutation relations
[6(Z, 1), 11°(F,1)] = i6®(F - ) (I1.95)

treat time and space on different footings, it’s not obvious that the quantum theory is Lorentz
invariant.* So let’s check this explicitly.

First of all, let’s revisit the question we asked at the end of Section 1 about the amplitude
for a particle to propagate outside its forward light cone. Suppose we prepare a particle at some
spacetime point y. What is the amplitude to find it at point 7 From Eq. (I1.93), we create a
particle at y by hitting it with ¢(y); thus, the amplitude to find it at = is given by the expectation

value

(Olo(z)o(y)0). (11.96)

For convenience, we first split the field into a creation and an annihilation piece:

o(z) = ¢ (2) + ¢~ (2) (I1.97)
where
A3k ik
¢+(9U) = /W%e F )
3 .
6 (z) = / M/magem (I1.98)

(the £ convention is opposite to what you might expect, but the convention was established by

Heisenberg and Pauli, so who are we to argue?). Then we have

(0]p(2)p(y)|0) = (0](¢" () + &~ (2))(¢" (y) + ¢~ (1))]0)
= (0l¢™ ()™ ()] 0)

4 In the path integral formulation of quantum field theory, which you will study next semester, Lorentz invariance
of the quantum theory is manifest.
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(0][¢* (), 6~ (1)]]0)
31. 13 1./
/ Mm a, aL,H 0)e e tik'y

(27’[’)32\ /S WEWE/

_ d’k —ik-(z—y)
~ ) @2ndan©

D(z —y). (11.99)

Unfortunately, the function D(x — y) does not vanish for spacelike separated points. In fact, it is

related to the integral in Eq. (1.47) we studied in Section 1:

d B
D(m—y):/(%r)Se k(e-y), (I1.100)

and hence, for two spacelike separated events at equal times, we have
D(z —y) ~ e 0, (IL.101)

outside the lightcone. How can we reconcile this with the result that space-like measurements
commute? Recall from Eq. (I.1) that in order for our theory to be causal, spacelike separated

observables must commute:
[O1(21), O2(29)] = 0 for (z1 — x2)? < 0. (I1.102)

Since all observables are constructed out of fields, we just need to show that fields commute at
spacetime separations; if they do, spacelike separated measurements can’t interfere and the theory

preserves causality. From Eq. (I1.99), we have

[6(2),6(W)] = [67(2), 0~ ()] + 1o (2), 0" (y)]
= D(z—vy)— D(y — x). (I1.103)

It is easy to see that, unlike D(z — %), this vanishes for spacelike separations. Because d®k/wy, is a

Lorentz invariant measure, D(z — y) is manifestly Lorentz invariant . Hence,
D(Az) = D(x) (IL.104)

where A is any connected Lorentz transformation. Now, by the equal time commutation relations,
we know that [¢(Z,t), d(¥,t)] = 0 for any & and . There is always a reference frame in which
spacelike separated events occur at equal times; hence, we can always use the property (I1.104)

to boost  — y to equal times, so we must have [¢(z), ¢(y)] = 0 for all spacelike separated fields.?

5 Another way to see this is to note that a spacelike vector can always be turned into minus itself via a connected
Lorentz transformation. This means that for spacelike separations, D(z —y) = D(y — =) and the commutator of
the fields vanishes.
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This puts into equations what we said at the end of Section 1: causality is preserved, because in
Eq. (I1.103) the two terms represent the amplitude for a particle to propagate from x to y minus
the amplitude of the particle to propagate from y to x. The two amplitudes cancel for spacelike
separations! Note that this is for the particular case of a real scalar field, which carries no charge
and is its own antiparticle. We will study charged fields shortly, and in that case the two amplitudes
which cancel are the amplitude for the particle to travel from z to y and the amplitude for the
antiparticle to travel from y to x. We will have much more to say about the function D(z) and

the amplitude for particles to propagate in Section 4, when we study interactions.

D. Interactions

The Klein-Gordon Lagrangian Eq. (I1.65) is a free field theory: it describes particles which
simply propagate with no interactions. There is no scattering, and in fact, no way to measure
anything. Classically, each normal mode evolves independently of the others, which means that in
the quantum theory particles don’t interact. A more general theory describing real particles must
have additional terms in the Lagrangian which describe interactions. For example, consider adding

the following potential energy term to the Lagrangian:
L= Ly— () (I1.105)

where L is the free Klein-Gordon Lagrangian. The field now has self-interactions, so the dynamics
are nontrivial. To see how such a potential affects the dynamics of the field quanta, consider the
potential as a small perturbation (so that we can still expand the fields in terms of solutions to the
free-field Hamiltonian). Writing ¢(x) in terms of a;’s and ax’s, we see that the interaction term
has pieces with n creation operators and 4 —n annihilation operators. For example, there will be a
piece which looks like azlazzalﬁaku containing two annihilation and two creation operators. This
will contribute to 2 — 2 scattering when acting on an incoming 2 meson state, and the amplitude
for the scattering process will be proportional to A. At second order in perturbation theory we
can get 2 — 4 scattering, or pair production, occurring with an amplitude proportional to A%. At
higher order more complicated processes can occur. This is where we are aiming. But before we
set up perturbation theory and scattering theory, we are going to derive some more exact results

from field theory which will prove useful.
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Il. SYMMETRIES AND CONSERVATION LAWS

The dynamics of interacting field theories, such as ¢* theory in Eq. (??), are extremely com-
plex. The resulting equations of motion are not analytically soluble. In fact, free field theory
(with the optional addition of a source term, as we will discuss) is the only field theory in four
dimensions which has an analytic solution. Nevertheless, in more complicated interacting theories
it is often possible to discover many important features about the solution simply by examining
the symmetries of the theory. In this chapter we will look at this question in detail and develop
some techniques which will allow us to extract dynamical information from the symmetries of a

theory.

A. Classical Mechanics

Let’s return to classical mechanics for a moment, where the Lagrangian is L =T — V. As a

simple example, consider two particles in one dimension in a potential
L= Smigi + ymads — Vg, a2). (IIL1)

The momenta conjugate to the g;’s are p; = m;q;, and from the Euler-Lagrange equations

_ ov
dq; ’

(111.2)

. oV 8V>
pi = .

P:p1+p2:—(aql+8q2
If V' depends only on g — g2 (that is, the particles aren’t attached to springs or anything else
which defines a fixed reference frame) then the system is invariant under the shift ¢; — ¢; + «,
and OV/dq; = —OV/dqy, so P = 0. The total momentum of the system is conserved. A symmetry
(L(g; + o, ¢;) = L(qi, ¢;)) has resulted in a conservation law.

We also saw earlier that when 0L/0t = 0 (that is, L depends on t only through the coordinates
¢; and their derivatives), then dH/dt = 0. H (the energy) is therefore a conserved quantity when
the system is invariant under time translation.

This is a very general result which goes under the name of Noether’s theorem: for every sym-
metry, there is a corresponding conserved quantity. It is useful because it allows you to make
exact statements about the solutions of a theory without solving it explicitly. Since in quantum
field theory we won’t be able to solve anything exactly, symmetry arguments will be extremely

important.

To prove Noether’s theorem, we first need to define “symmetry.” Given some general transfor-
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mation ¢q(t) — ¢a(t, A), where ¢q(t,0) = qq(t), define

0
Dg, = 2

=S¢l (111.3)

—

For example, for the transformation ¥ — ¥+ Aé (translation in the é direction), Di" = é. For time
translation, q,(t) — qa(t + \) = qo(t) + Mdqa/dt + O(N\?), Dq, = dq,/dt.

You might imagine that a symmetry is defined to be a transformation which leaves the La-
grangian invariant, DL = (0. Actually, this is too restrictive. Time translation, for example,

doesn’t satisfy this requirement: if L has no explicit ¢ dependence,

L(t,\) = L(qqa(t + N), 4a(t + X)) = L(0) + A% + .. (I11.4)

so DL = dL/dt. So more generally, a transformation is a symmetry iff DL = dF/dt for some

function F(qq,qa,t). Why is this a good definition? Consider the variation of the action S:

dF . .
DS = A dtDL dtﬂ F(qa(t2), da(t2),t2) — F(qa(t1), da(t1),t1). (ITL.5)
1

Recall that when we derived the equations of motion, we didn’t vary the g,’s and ¢,’s at the
endpoints, dg,(t1) = 6qa(t2) = 0. Therefore the additional term doesn’t contribute to 65 and
therefore doesn’t affect the equations of motion.

It is now easy to prove Noether’s theorem by calculating DL in two ways. First of all,

Lor
94a
= Z PaDqa + PaDda

DL = Z an Dqq

d
= dt ZpaDQa (IIL.6)

where we have used the equations of motion and the equality of mixed partials (D¢, = d(Dq,)/dt).
But by the definition of a symmetry, DL = dF/dt. So

d
7 (Z PaDga — F) =0. (I1L.7)

So the quantity ), poDgqq — F' is conserved.

Let’s apply this to our two previous examples.

1. Space translation: ¢; — ¢; + . Then DL = 0, p; = m;¢; and Dg; = 1, so p; + p2 =
mi1q41 + maoge is conserved. We will call any conserved quantity associated with spatial

translation invariance momentum, even if the system looks nothing like particle mechanics.
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2. Time translation: ¢ — t+ A. Then Dq, = dq,/dt, DL = dL/dt, F = L and so the conserved
quantity is > ,(pade) — L. This is the Hamiltonian, justifying our previous assertion that
the Hamiltonian is the energy of the system. Again, we will call the conserved quantity

associated with time translation invariance the energy of the system.

This works for classical particle mechanics. Since the canonical commutation relations are set up
to reproduce the E-L equations of motion for the operators, it will work for quantum particle

mechanics as well.

B. Symmetries in Field Theory

Since field theory is just the continuum limit of classical particle mechanics, the same arguments
must go through as well. In fact, stronger statements may be made in field theory, because not
only are conserved quantities globally conserved, they must be locally conserved as well. For
example, in a theory which conserves electric charge we can’t have two separated opposite charges
simultaneously wink out of existence. This conserves charge globally, but not locally. Recall from

electromagnetism that the charge density satisfies

op
V. -7=0. I11.
ot 7=0 (ILL8)

This just expresses current conservation. Integrating over some volume V', and defining Qy =

Jy dxp(x), we have

dQV:—/v-I:—/ds-j (IIL.9)
dt v s

where S is the surface of V. This means that the rate of change of charge inside some region is
given by the flux through the surface. Taking the surface to infinity, we find that the total charge
Q@ is conserved. However, we have the stronger statement of current conservation, Eq. (IIL.8).
Therefore, in field theory conservation laws will be of the form 8;“7 P = 0 for some four-current
JH.

As before, we consider the transformations ¢, (x) — ¢o(z,N), @a(2,0) = ¢o(z), and define

_ 99
0N

Déa

L (I11.10)

A transformation is a symmetry iff DL = 0,F*" for some F(¢q, éa,x). I will leave it to you to

show that, just as in particle mechanics, a transformation of this form doesn’t affect the equations
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of motion. We now have

DL = 3 4Dou + IED(@,60)

= Y 0L D¢g + 1140, Do,

= 0, _(IIiD¢,) = 0, F* (ITL.11)
a
so the four components of
JH =Y "TD¢, — F* (IT1.12)
a

satisfy 0,J" = 0. If we integrate over all space, so that no charge can flow out through the

boundaries, this gives the global conservation law

— = — X ) = . III. 1

1. Space-Time Translations and the Energy-Momentum Tensor

We can use the techniques from the previous section to calculate the conserved current and
charge in field theory corresponding to a space or time translation. Under a shift x — x + e,

where e is some fixed four-vector, we have

Qba(x) — ¢a($ + )\6)
= ¢a(z) + Aeyd o () + ... (I11.14)

S0
Doo(x) = e,0"da(x). (III.15)

Similarly, since £ contains no explicit dependence on x but only depends on it through the fields

¢*, we have DL = 0,(et'L), so F' = e*L. The conserved current is therefore

Jt = > TkD¢ — F

a

= Z IYe, 0" ¢ — e L

- o [Smre. g

= ¢, TH (111.16)
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where TH = 3" TIH0" ¢, — g'" L is called the energy-momentum tensor. Since 0,J# =0 = 0,T""e,

for arbitrary e, we also have
0, T* = 0. (I11.17)

For time translation, e, = (1,6). TH0 is therefore the “energy current”, and the corresponding

conserved quantity is

Q= [dwr = [ a1 = [@sy" (Wns, - £) = [ d*an (IIL.18)

where H is the Hamiltonian density we had before. So the Hamiltonian, as we had claimed, really
is the energy of the system (that is, it corresponds to the conserved quantity associated with time
translation invariance.)

Similarly, if we choose e = (0, %) then we will find the conserved charge to be the z-component
of momentum. For the Klein-Gordon field, a straightforward substitution of the expansion of the
fields in terms of creation and annihilation operators into the expression for [d3zT°! gives the

expression we obtained earlier for the momentum operator,
P = / d*kk alay (IIL.19)

where again we have normal-ordered the expression to remove spurious infinities.
Note that the physical momentum ]3, the conserved charge associated with space translation,
has nothing to do with the conjugate momentum I, of the field ¢,. It is important not to confuse

these two uses of the term “momentum.”
2. Lorentz Transformations
Under a Lorentz transformation
at — At Y (II1.20)
a four-vector transforms as
at — A¥,a” (I11.21)

as discussed in the first section. Since a scalar field by definition does not transform under Lorentz

transformations, it has the simple transformation law

$(x) = p(A" "), (I11.22)
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This simply states that the field itself does not transform at all; the value of the field at the
coordinate x in the new frame is the same as the field at that same point in the old frame. Fields
with spin have more complicated transformation laws, since the various components of the fields
rotate into one another under Lorentz transformations. For example, a vector field (spin 1) A,

transforms as
AP(z) — AP AY (A1), (I11.23)

As usual, we will restrict ourselves to scalar fields at this stage in the course.

To use the machinery of the previous section, let us consider a one parameter subgroup of
Lorentz transformations parameterized by A. This could be rotations about a specified axis by an
angle A, or boosts in some specified direction with v = A. This will define a family of Lorentz

transformations A(A)*,, from which we wish to get D¢ = 9¢/I0A|x=o. Let us define

e, = DAM,. (I11.24)
Then under a Lorentz transformation a* — A*,a”, we have

Da# = et a". (I11.25)

It is straightforward to show that €, is antisymmetric. From the fact that a#b,, is Lorentz invariant,

we have

0 = D(a"b,) = (Da")b, + a"(Db,)
= e',a"b, + al¢e,"b,
= €ua"b" + €,,a"b!"

= (euv + €vp) a”V" (11.26)

where in the third line we have relabelled the dummy indices. Since this holds for arbitrary four

vectors a* and b”, we must have
€y = —€upe (I11.27)

The indices p and v range from 0 to 3, which means there are 4(4 — 1)/2 = 6 independent
components of €. This is good because there are six independent Lorentz transformations - three

rotations (one about each axis) and three boosts (one in each direction).
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Let’s take a moment and do a couple of examples to demystify this. Take €10 = —eo1 and all

the other components zero. Then we have

Da' = e%aQ = —€19a® = —a?
Da? = éa' = —ey10® = +a. (I11.28)

This just corresponds to the a rotation about the z axis,

al cosA —sin A al
— . (111.29)
a? sinA  cos A\ a?

On the other hand, taking €y; = —e19 = +1 and all other components zero, we get
Da’ = at = ¢gra = +a'
Da' = ela' = —€pa® = +a°. (I11.30)

Note that the signs are different because lowering a 0 index doesn’t bring in a factor of —1. This

is just the infinitesimal version of

a® cosh A sinh A a®
— . (I11.31)
al sinh A cosh A al

which corresponds to a boost along the = axis.
Now we’re set to construct the six conserved currents corresponding to the six different Lorentz

transformations. Using the chain rule, we find

Do(a) = - 647 (V)
= Budla) o (A (N)(@)°]
= 9ad(z) D (A7 (N)g2")
= Oad(z) (—€§) 2

= —eapr’0%¢(x). (I11.32)

A=0

A=0

Since L is a scalar, it depends on z only through its dependence on the field and its derivatives.

Therefore we have
DL = eupx*0°L
= Oy (capr’g™) L (I11.33)
and so the conserved current J* is

JH = Z (H“eaﬁxaaﬁqﬁ — eaﬁxo‘g“5£>

a

= cop ("2°0°) — 2°g"°L) . (I11.34)
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Since the current must be conserved for all six antisymmetric matrices €., the part of the quantity

in the parentheses that is antisymmetric in « and 8 must be conserved. That is,
D, MFP =0 (I11.35)
where
MHP = P20 ¢ — a®g"’L — a > B
= x¢ (H“8f8¢ — g”ﬁﬁ) —a&p
S K (I11.36)

where T"" is the energy-momentum tensor defined in Eq. (IT1.16). The six conserved charges are

given by the six independent components of
JoB — / 43z MO = / &z (227 — 2770 (IT1.37)

Just as we called the conserved quantity corresponding to space translation the momentum, we
will call the conserved quantity corresponding to rotations the angular momentum. So for example

J'2, the conserved quantity coming from invariance under rotations about the 3 axis, is
J2 = / dz (2179 - 2277). (IT1.38)

This is the field theoretic analogue of angular momentum. We can see that this definition matches
our previous definition of angular momentum in the case of a point particle with position #(t). In

this case, the energy momentum tensor is
TY%(Z,t) = p'o®)(z — F(t)) (I11.39)
which gives
J2 =zlp? — 2%l = (Fx p)3 (II1.40)

which is the familiar expression for the third component of the angular momentum. Note that
this is only for scalar particles. Particles with spin carry intrinsic angular momentum which is not
included in this expression - this is only the orbital angular momentum. Particles with spin are
described by fields with tensorial character, which is reflected by additional terms in the J%.
That takes care of three of the invariants corresponding to Lorentz transformations. Together

with energy and linear momentum, they make up the conserved quantities you learned about in
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first year physics. What about boosts? There must be three more conserved quantities. What are

they? Consider
= / dx (7% - 2'T). (ITL.41)

This has an explicit reference to ¥, the time, which is something we haven’t seen before in a
conservation law. But there’s nothing in principle wrong with this. The 2° may be pulled out of

the spatial integral, and the conservation law gives

d . d . .
0= —J%=—= {t / dBrT" — / d3xﬂT00]
dt dt

_ /d3 T01+/d3 Toz—dt/d?’a:xiToo

= dtp +p' - / d3x ', (I11.42)

The first term is zero by momentum conservation, and the second term, p*, is a constant. Therefore

we get
;i d 3 im00
p= d’zx 2*T" = constant. (II1.43)

This is just the field theoretic and relativistic generalization of the statement that the centre of
mass moves with a constant velocity. The centre of mass is replaced by the “centre of energy.”
Although you are not used to seeing this presented as a separate conservation law from conservation
of momentum, we see that in field theory the relation between the 7°’s and the first moment of 7%°
is the result of Lorentz invariance. The three conserved quantities [ d3z zT%(z) are the Lorentz

partners of the angular momentum.

C. Internal Symmetries

Energy, momentum and angular momentum conservation are clearly properties of any Lorentz
invariant field theory. We could write down an expression for the energy-momentum tensor T+
without knowing the explicit form of £. However, there are a number of other quantities which are
experimentally known to be conserved, such as electric charge, baryon number and lepton number
which are not automatically conserved in any field theory. By Noether’s theorem, these must
also be related to continuous symmetries. Experimental observation of these conservation laws in
nature is crucial in helping us to figure out the Lagrangian of the real world, since they require £
to have the appropriate symmetry and so tend to greatly restrict the form of £. We will call these

transformations which don’t correspond to space-time transformations internal symmetries.
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1. U(1) Invariance and Antiparticles

Here is a theory with an internal symmetry:
2 2
L=1%>0.0a0"ba — P batba — g (Z(%)Q) : (IT1.44)
a=1 a

It is a theory of two scalar fields, ¢1 and ¢2, with a common mass p and a potential g (Za(¢a)2)2 =

g((¢1)? + ((;52)2)2. This Lagrangian is invariant under the transformation

$1 — ¢d1CoS A+ Pasin A

¢2 — —@1sin A+ Py cos . (II1.45)

This is just a rotation of ¢ into ¢ in field space. It leaves £ invariant (try it) because £ depends
only on ¢? + ¢3 and (9,¢1)? + (0,¢2)?, and just as 72 = z? + y? is invariant under real rotations,
these are invariant under the transformation (II1.45).

We can write this in matrix form:

o cos\  sin\ o1
< ) _ ( ) ( ) . (II1.46)
oh —sin A cos A o

In the language of group theory, this is known as an SO(2) transformation. The S stands for
“special”, meaning that the transformation matrix has unit determinant, the O for “orthogonal”
and the 2 because it’s a 2 x 2 matrix. We say that £ has an SO(2) symmetry.

Once again we can calculate the conserved charge:

D¢ = ¢
D¢y = —gn
DL = 0 — F* = constant. (111.47)

Since F* is a constant, we can just forget about it (if J# is a conserved current, so is J* plus any

constant). So the conserved current is
JH =TI{' D¢y + TT5 Dy = (0" p1)pa — (0" d2) 1 (II1.48)
and the conserved charge is
Q= /d%JO = /d3$(¢31¢2 — hao1). (I11.49)

This isn’t very illuminating at this stage. At the level of classical field theory, this symmetry

isn’t terribly interesting. But in the quantized theory it has a very nice interpretation in terms
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of particles and antiparticles. So let’s consider quantizing the theory by imposing the usual equal

time commutation relations. At this stage, let’s also forget about the potential term in Eq. (111.44).

Then we have a theory of two free fields and we can expand the fields in terms of creation and

annihilation operators. We will denote the corresponding creation and annihilation operators by
T

ay; and ay;, where i = 1,2. They create and destroy two different types of meson, which we denote

by

0l |0) = [k,1),  al,l0) =k,2). (ITL.50)
Substituting the expansion
3k ik ik
b = /W {akie ke 4 a};ielk m} (II1.51)

into Eq. (I11.49) gives, after some algebra,
Q= i/d3k(a21ak2 - 022%1)- (I11.52)

We are almost there. This looks like the expression for the number operator, except for the fact
that the terms are off-diagonal. Let’s fix that by defining new creation and annihilation operators
which are a linear combination of the old ones:

by = ap1 + tago b = a;rﬂ — Z'CLITCQ
V2 R e
akl — 142 t_ aLl + Z'CLLQ‘

vz T

It is easy to verify that the b;’s and c¢;’s also have the right commutation relations to be creation

(I11.53)

Cr =

and annihilation operators. They create linear combinations of states with type 1 and type 2
mesons,

1
V2

Linear combinations of states are perfectly good states, so let’s work with these as our basis states.

b 0) = —=(| k, 1) — i| k, 2)). (I11.54)

We can call them particles of type b and type ¢
bLI0) = | k,b), c}|0) =]k,c). (IT1.55)
In terms of our new operators, it is easy to show that
— dSk i T
Q [ (ag10k2 — ayoak1)

= /d3k (bh by, — cler)

= N,— N, (I11.56)
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where N; = [ dkaziaki is the number operator for a field of type ¢. The total charge is therefore
the number of b’s minus the number of ¢’s, so we clearly have b-type particles with charge +1
and c-type particles with charge —1. We say that ¢ and b are one another’s antiparticle: they
are the same in all respects except that they carry the opposite conserved charge. Note that we
couldn’t have a theory with b particles and not ¢ particles: they both came out of the Lagrangian
Eq. (II1.44). The existence of antiparticles for all particles carrying a conserved charge is a generic
prediction of QFT.

Now, that was all a bit involved since we had to rotate bases in midstream to interpret the
conserved charge. With the benefit of hindsight we can go back to our original Lagrangian and

write it in terms of the complex fields

Y= 7501+ idn)
Yl = 12(¢1 — i) (IIL.57)
In terms of ¢ and ¥T, £ is
L =0Tt — pPpTey (I1.58)

note that there is no factor of 4 in front). In terms of creation and annihilation operators, 1) and
2
T have the expansions
" :/ &’k (bke—ik-x n CTeik~m)
(27)3/2 /2wy, k
d3k

T —ik-x T ik
(% _/(27r)3/2\/m (cke +be ) (I11.59)

s0 1) creates c-type particles and annihilates their antiparticle b, whereas 1T creates b-type particles
and annihilates ¢’s. Thus v always changes the @ of a state by —1 (by creating a ¢ or annihilating
a b in the state) whereas 1T acting on a state increases the charge by one. We can also see this
from the commutator [@,v]: from the expression for the conserved charge Eq. (IIL.56) it is easy to

show that

Q. ¢] = —¢, [Q,41] =T (II1.60)

If we have a state | ¢) with charge ¢ (that is, |g) is an eigenstate of the charge operator @} with

eigenvalue ¢), then

QW) = [Q,¥]lq) +vQ|q) = (14 q)¥|q) (I11.61)
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so 1| q) has charge ¢ — 1, as we asserted.

The transformation Eq. (II1.45) may be written as
Y =e M. (I11.62)

This is called a U(1) transformation or a phase transformation (the “U” stands for “unitary”.)
Clearly a U(1) transformation on complex fields is equivalent to an SO(2) transformation on real
fields, and is somewhat simpler to work with. In fact, we can now work from our ¢ fields right

from the start. In terms of the classical fields, start with the Lagrangian
L = 0pp*oth — pop*ep (I11.63)

(these are classical fields, not operators, so the complex conjugate of 1 is 1*, not 1f.) We can
quantize the theory correctly and obtain the equations of motion if we follow the same rules as
before, but treat ¥ and ¥* as independent fields. That is, we vary them independently and assign

a conjugate momentum to each:

0Ly - _OL (111.64)

jilg . .
vo0w) YT 9(0u)

Therefore we have
HZ = oM, Hﬁz* = oM (I11.65)
which leads to the Euler-Lagrange equations

oL
o 2V 0% —
oIl = 7 — (04 p*)yY* =0. (I11.66)
Similarly, we find (O + p2?)1 = 0. Adding and subtracting these equations, we clearly recover the
equations of motion for ¢; and ¢s.

We can similarly canonically quantize the theory by imposing the appropriate commutation

relations

[1/)(33 t)v H%(Zj, t)] = 25(3) (f - g)v [¢T (fv t)a H?p’r (?ja t)] = 16(3)(£ - 37)7 (IH'67)

We will leave it as an exercise to show that this reproduces the correct commutation relations for
the ¢ fields and their conjugate momenta.
Clearly ¥ and ¥* are not independent. Still, this rule of thumb works because there are two real

degrees of freedom in ¢1 and ¢2, and two real degrees of freedom in 1, which may be independently
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varied. We can see how this works to give us the correct equations of motion. Consider the Euler-
Lagrange equations for a general theory of a complex field . For a variation in the fields d) and

dv*, we find an expression for the variation in the action of the form
5S = / d2(ASY + A*64%) = 0 (ITL.68)

where A is some function of the fields. The correct way to obtain the equations of motion is to first

perform a variation §v¢ which is purely real, d1p = d¢*. This gives the Euler-Lagrange equation
A+ A*=0. (IIL.69)

Then performing a variation dy which is purely imaginary, 6y = —d9*, gives A — A* = 0. Com-
bining the two, we get A = A* = 0.

If we instead apply our rule of thumb, we imagine that ¢ and ¥* are unrelated, so we can vary
them independently. We first take 61 = 0 and from Eq. (II1.68) get A = 0. Then taking §i) = 0
we get A* = 0. So we get the same equations of motion, A = A* = 0.

We will refer to complex fields as “charged” fields from now on. Note that since we haven’t yet
introduced electromagnetism into the theory the fields aren’t charged in the usual electromagnetic
sense; “charged” only indicates that they carry a conserved U(1) quantum number. A better
analogue of the “charge” in this theory is baryon or lepton number. Later on we will show that the
only consistent way to couple a matter field to the electromagnetic field is for the interaction to
couple a conserved U(1) charge to the photon field, at which point the U(1) charge will correspond

to electric charge.

2. Non-Abelian Internal Symmetries

A theory with a more complicated group of internal symmetries is
L= %Z (8;1@5&6“@5(1 — #ngagba) -9 (Z (¢a) ) . (11170)
a=1 a=1
This is the same as the previous example except that we have n fields instead of just two. Just
as in the first example the Lagrangian was invariant under rotations mixing up ¢; and ¢o, this
Lagrangian is invariant under rotations mixing up ¢i...¢,, since it only depends on the “length” of

(é1, 2, ..., pn). Therefore the internal symmetry group is the group of rotations in n dimensions,

$a = Y Rapp (IT1.71)
b
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where Ry, is an n X n rotation matrix. There are n(n — 1)/2 independent planes in n dimensions,
and we can rotate in each of them, so there are n(n — 1)/2 conserved currents and associated
charges. This example is quite different from the first one because the various rotations don’t in
general commute - the group of rotations in n > 2 dimensions is nonabelian. The group of rotation
matrices in n dimensions is called SO(n) (Special, Orthogonal, n dimensions), and this theory has
an SO(n) symmetry. A new feature of nonabelian symmetries is that, just as the rotations don’t
in general commute, neither do the currents or charges in the quantum theory. For example, for a

theory with SO(3) invariance, the currents are

J[‘{Q] = (0"p102) — (0" d2¢h1)
Jha = (0"d163) — (0"P301)
Ty = (0 620s) — (0 6302) (IL.72)

and in the quantum theory the (appropriately normalized) charges obey the commutation relations

[Q2,3, Q3] = 1Qp 2
(@3, Qp gl = 1Qp2,3)
Q2,31 Q2] = 1Qp1 3] (II1.73)

This means that it not possible to simultaneously measure more than one of the SO(3) charges of
a state: the charges are non-commuting observables.
For n complex fields with a common mass,
n n 2
£= 32 (00— ivin) = (2:1 w) (IT.74)
a= a—

the theory is invariant under the group of transformations
Yo = > Uapthy (IIL.75)
b

where Uy, is any unitary n x n matrix. We can write this as a product of a U(1) symmetry, which is
just multiplication of each of the fields by a common phase, and an n X n unitary matrix with unit
determinant, a so-called SU(n) matrix. The symmetry group of the theory is the direct product
of these transformations, or SU(n) x U(1).

We won’t be discussing non-Abelian symmetries much in the course, but we just note here that
there are a number of non-Abelian symmetries of importance in particle physics. The familiar

isospin symmetry of the strong interactions is an SU(2) symmetry, and the charges of the strong
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interactions correspond to an SU(3) symmetry of the quarks (as compared to the U(1) charge of
electromagnetism). The charges of the electroweak theory correspond to those of an SU(2) x U(1)
symmetry group. “Grand Unified Theories” attempt to embed the observed strong, electromagnetic
and weak charges into a single symmetry group such as SU(5) or SO(10). We could proceed much
further here into group theory and representations, but then we’d never get to calculate a cross

section. So we won’t delve deeper into non-Abelian symmetries at this stage.

D. Discrete Symmetries: C, P and T

In addition to the continuous symmetries we have discussed in this section, which are parame-
terized by some continuously varying parameter and can be made arbitrarily small, theories may
also have discrete symmetries which impose important constraints on their dynamics. Three im-

portant discrete space-time symmetries are charge conjugation (C), parity (P) and time reversal

(7).

1. Charge Conjugation, C

For convenience (and to be consistent with the notation we will introduce later), let us refer
to the b type particles created by the complex scalar field o' as “nucleons” and their ¢ type
antiparticles created by v as “antinucleons” (this is misleading notation, since real nucleons are
spin 1/2 instead of spin 0 particles; hence the quotes), and denote the corresponding single-particle
states by | N(k)) and | N(k)), respectively. The discrete symmetry C consists of interchanging all
particles with their antiparticles.

Given an arbitrary state |N(k1), N(ka), ..., N(kn)) composed of “nucleons” and “antinucleons”
we can define a unitary operator U, which effects this discrete transformation. Clearly,

—

U N (K1), N(k), ..., N(kn)) = [N (K1), N(K), ..., N (kn)). (IIL.76)

We also see that with this definition U2 = 1, so U; ! = Ul = U.. We can now see how the
fields transform under C. Consider some general state |x) and its charge conjugate |x). Then

bkl x) = [N(k),x), and
Ucb}| X) = UeIN (k) x) = [N (k),X) = cf|%) = cfUe| 0)- (ILLT7)
Since this is true for arbitrary states | x), we must have UCbL = CLUC, or

bl = b =UblUT = b, ol = &l =U.clul =0l (IT1.78)
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A similar equation is true for annihilation operators, which is easily seen by taking the complex
conjugate of both equations. As expected, the transformation exchanges particle creation operators
for anti-particle creation operators, and vice-versa. Expanding the fields in terms of creation and

annihilation operators, we immediately see that
Y =) = UpUS =yt @l = T = U US = 9. (I11.79)

Why do we care? Consider a theory in which the Hamiltonian is invariant under C: U, HU! = H
(for scalars this is kind of trivial, since as long as ¢ and 1! always occur together in each term
of the Hamiltonian it will be invariant; however in theories with spin it gets more interesting). In
such a theory, C invariance immediately holds. It is straightforward to show that any transition
matrix elements are therefore unchanged by charge conjugation. Consider the amplitude for an
initial state |v) at time ¢ = ¢; to evolve into a final state | x) at time ¢t = t¢. Denote the charge
conjugates of these states by | 1) and |Y). The amplitude for |1)) to evolve into |¥X) is therefore
identical to the amplitude for | 1) to evolve into | x):

(X(t) [UIUT S UTU (1) = (x(ty) [Uee™ =0T ) (83))

= (X(ty) [ (t;)). (IT1.80)

So, for example, the amplitude for “nucleons” to scatter is exactly the same as the amplitude
for “antinucleons” to scatter (we will see this explicitly when we start to calculate amplitudes in

perturbation theory, but C' conjugation immediately tells us it must be true).

2. Parity, P

A parity transformation corresponds to a reflection of the axes through the origin, ¥ — —2.

Similarly, momenta are reflected, so
Uyl k) =| — k) (I1L.81)
where U, is the unitary operator effecting the parity transformation. Clearly we will also have

ayp a
U,,{ ’;}ng{ T’“} (I11.82)
ar a

and so under a parity transformation an uncharged scalar field has the transformation

o(Z,t) — Upd(Z, 1)U}



57

ik-Z—iwgt 4 azefilg-f+iwkt} Ut
p

A3k
0 | e |

= are
_ [ Pk [a_getR—int 4 gt emikrion]
V2w (2m)3/2 L7k —k
d3k i A
= | oy e T+ alet ]
_ S(—7t) (I11.83)

where we have changed variables k — —k in the integration. Just as before, any theory for which
UpLUg = L conserves parity.

Actually, this transformation ¢(Z,t) — ¢(—2Z,t) is not unique. Suppose we had a theory with
an additional discrete symmetry ¢ — —@; for example, £ = Lo — A\¢? (see Eq. (??)) where we have
added a nontrivial interaction term (of which we will have much more to say shortly). In this case,

we could equally well have defined the fields to transform under parity as
¢(fv t) — —¢(—f, t)a (11184)

since that is also a symmetry of £. In fact, to be completely general, if we had a theory of n

identical fields ¢q...¢,,, we could define a parity transformation to be of the form
Ga(T,t) = ¢, (T, t) = Rapdp(—7,t) (I11.85)

for some n x n matrix R,,. So long as this transformation is a symmetry of £ it is a perfectly
decent definition of parity. The point is, if you have a number of discrete symmetries of a theory
there is always some ambiguity in how you define P (or C, or T, for that matter). But this is just
a question of terminology. The important thing is to recognize the symmetries of the theory.

In some cases, for example £ = Ly — gi*1)¢ (which we shall discuss in much more detail
in the next section), ¢ — —¢ is not a symmetry, so the only sensible definition of parity is
Eq. (IT1.83). When ¢ does not change sign under a parity transformation, we call it a scalar. In
other situations, Eq. (II1.83) is not a symmetry of the theory, but Eq. (II1.84) is. In this case, we call
¢ a pseudoscalar. When there are only spin-0 particles in the theory, theories with pseudoscalars

look a little contrived. The simplest example is

L

4
L3 (0" 600uda — mE92) — ic 00,610, 6200630564 (I11.86)
a=1

0123 _ 1

where €% is a completely antisymmetric four-index tensor, and e Under parity, if

0a(T,t) = £ (—7,t), then
ao(ﬁa(fa t) — iao(ba(_fa t)
82'(;5(1(57 t) — q:ai¢a(_fa t) (11187)
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where ¢ = 1,2, 3, since parity reverses the sign of Z but leaves ¢ unchanged. Now, the interaction
term in Eq. (II1.86) always contains three spatial derivatives and one time derivative because
e"B = (0 unless all four indices are different. Therefore in order for parity to be a symmetry of
this Lagrangian, an odd number of the fields ¢, (it doesn’t matter which ones) must also change
sign under a parity transformation. Thus, three of the fields will be scalars, and one pseudoscalar,

or else three must be pseudoscalars and one scalar. It doesn’t matter which.

3. Time Reversal, T’

The last discrete symmetry we will look at is time reversal, T, in which ¢ — —t. A more
symmetric transformation is P71 in which all four components of z* flip sign: x# — —x*. However,
time reversal is a little more complicated than P and T because it cannot be represented by a
unitary, linear transformation.

We can see why this is the case by going back to particle mechanics and quantizing the La-
grangian

1

L
2

i (I11.88)

Suppose the unitary operator Ur corresponds to 7. Then

Urat)U} = q(~t)

UrpU} = Ur 00t — () = —p(-n) (111.59)
and so

Urlg(t), p(t)|U} = UriU} = i = —[q(—t), p(~1)] (I11.90)

and so we cannot consistently apply the canonical commutation relations for all time! Clearly Ur
can’t be a unitary operator. We need something else.

What we need, in fact, is an operator which is anti-linear. Under an antilinear operator (2,
aly) = Qa|¥)] = a* Q). (IIL.91)

That is, numbers are complex conjugated under an antilinear transformation. Since Dirac notation
is set up to deal with linear operators, it is somewhat awkward to express antilinear operators in
this notation.

The simplest anti-linear operator is just complex conjugation,

al ) = Qla|P)] = a’[ ) (I1.92)
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and in fact this is precisely what we need. First of all, it doesn’t screw up the commutation relations

because Qi)~1 = —i, so there is an extra minus sign in Eq. (II1.90) and there is no contradiction:
Qrlag(t)]927" = a*q(—1) (I11.93)

S0
Qrlg(t), p(0)Q7" = i* = —i = —[g(~1), p(~1)] (ITL.94)

as required. In field theory, complex conjugation corresponds to the operator PT. It has no effect

on the creation and annihilation operators,

ag o ak
Qpre o Upr =1 (ITL.95)

or on the states
Qprlki, .. kn) = k1, ... kn) (I11.96)

(this is to be expected, since time reversal flips the direction of all the momenta, and a parity
transformation flips them back). The only thing it acts on is the ¢ in the exponents occurring in

the expansion of the fields

O(Z,1) — Qprd(T, )by
-0 L
— P ] 2w (2732
A3k —ik-Ziwt T ik-Z—iwgt
mzww[“e gt
7 1) (I11.97)

[akeiE~f—iwkt + a]];e—il;-f—i-iwkt} Q;%F

Hence this is exactly what is required for a PT transformation.

In a quantum field theory, any of C, P or T may be broken (we will see some examples of
such theories later on). However, it is a general property of any local, relativistic field theory
that the amplitude must be invariant under the combined action of C'PT (this is called the CPT

theorem).
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IV. EXAMPLE: NON-RELATIVISTIC QUANTUM MECHANICS (“SECOND QUANTIZATION")

To put some flesh on the formalism we have developed so far, let’s pause and work through an
example. The following problem was used as a midterm test the first time I taught this course
(with rather bleak results ...). In the following years I gave it as a problem set. I suggest you work

through it before looking at the solution.

The Problem

Consider a theory of a complex scalar field ¥
Lo = i)* 8o + VY™ - Vi,

where b is some real number (this Lagrange density is not real, but that’s all right: the action
integral is real). As the investigation proceeds, you should recognize this theory as good old non-
relativistic quantum mechanics. Treating the theory in this manner is called second quantization,

and is a useful formalism for studying multi-particle quantum mechanics.

1. Consider £y as defining a classical field theory. Find the Euler-Lagrange equations. Find the

plane-wave solutions, those for which ¢ = ei(’;‘f_‘*’t), and find w as a function of k. Although
this theory is not Lorentz-invariant, it is invariant under space-time translations and an
internal U(1) symmetry transformation. Thus it possesses a conserved energy, a conserved
linear momentum and a conserved charge associated with the internal symmetry. Find these
quantities as integrals of the fields and their derivatives. Fix the sign of b by demanding the
energy be bounded below. (As explained in class, in dealing with complex fields, you just
turn the crank, ignoring the fact that ¢ and ¥* are complex conjugates. Everything should
turn out all right in the end: the equation of motion for ¥ will be the complex conjugate of
that for ¢*, and the conserved quantities will all be real.) (WARNING: Even though this is

a non-relativistic problem, our formalism is set up with relativistic conventions; don’t miss

minus signs associated with raising and lowering spatial indices.)

2. Canonically quantize the theory. (HINT: You may be bothered by the fact that the momen-
tum conjugate to ¥* vanishes. Don’t be. Because the equations of motion are first-order in
time, a complete and independent set of initial-value data consists of 1 and its conjugate
momentum alone. It is only on these that you need to impose the canonical quantization con-
ditions.) Identify appropriately normalized coefficients in the expansion of the fields in terms

of plane wave solutions with annihilation and/or creation operators, and write the energy,



61

linear momentum and internal-symmetry charge in terms of these operators. (Normal-order
freely.) Find the equation of motion for the single particle state |E> and the two particle
state |E1,E2> in the Schrodinger Picture. What physical quantities do b and the internal

symmetry charge correspond to?

Solution

. The Euler Lagrange equations are

oL
I¢a

so we first need the momenta conjugate to the fields. Treating ¢ and 3* as independent

fields, we find

9,11 =

(IV.1)

oL . oL A
Y, = =", T}, = = —bo"Y*
Yo Y T T a0
oL ; oL ;
. = =0, Lo = ——— = bd"). V.2
0(9y7) v 000 v:2)
Thus, the equations of motion for the two fields are
i0pt) = V31
i0gp* = —bV2* (IV.3)

(note that, as required, the equations of motion are conjugates of each other. This is actually
ensured by the fact that the action is real.) This is a wave equations for 1; expanding in

normal modes
o = e T—wit) (IV.4)
the equations of motion gives the dispersion relation

wi = —blk[%. (IV.5)

The internal U(1) symmetry is (of course)
b — e Py, Pt — ePYr (IV.6)
Recall that the conserved current is given in general by

JH =Y T Dy, — FH. (IV.7)

a
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In our case, F* = 0 (or equivalently a constant), since DL = 0. We also have Dy = —i.

Hence, the conserved charge density is the time component of J#
JO =y (IV.8)
and the conserved charge @) is the integral of this quantity over all space,
Q= /d% JO = /d% V. (IV.9)

For the invariance under space-time translations 1 (x) — (z + A\,a*), where a* is and

arbitrary four vector (unit vector), we find
Dy = a0, FF=ad"L. (IV.10)
Therefore

J* = I°Dy —d’L
= ip*a" O — a iy Ay — a’bV* - Vi
= —ip*(@- V)p — a®bVp* - Vip.

For a time translation: a® =1, a’ = 0,
H=E= /d%[—b%* Vi) = —b/d3x\V¢\2.

For this energy to be bounded from below, we need b < 0.

For a space translation: a° =0, o’ = &,
Pl = / d3x[ig)* 0'ep)
It’s easy to see that both the energy and momentum are Hermitian.

. Since the momentum conjugate to ¥* vanishes, the only surviving equal time commutation

relation to impose is on 9 and its conjugate, i7p*. Cancelling the i’s, we get

and
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Now expand the fields in the plane wave solutions given in part (1) to get

B(E 1) = / Bl Ayl FF—)
V) = [ dkBe )
Assume that A, = aap, and By, = ozalt7 then

W@ @G0 = [ & [ dREET e T (4
= / &k / P R TN iR T 026 (F — )
_ a2/d3k€iﬁ-(f7g)
— (2m)*a%(F — )

This means that a = W and Ay = W(Lk is an annihilation operator, whereas By =

Wa;i is a creation operator. The field 1 therefore only annihilates a particle and ¥* only

creates particles.

Now we can go ahead and write the energy, the momentum and the internal symmetry charge

in terms of these creation and annihilation operators. We find

E = / FER AR

1 7 T
= _b(2 3) /d?)w/dSdeklazefz(szwt)ak/ez(k T—w t)]{? )
™
1 s o N
= by [ EREY o R 8 E - )
™

= —b/d?’kazaku%\?
Similarly we find
Q = / Pk alay
Pl = / Pk kalay

This form for the momentum operator is to be expected, since a};ak is the usual number

operator. The Hamiltonian acting on a one-particle state is therefore
L H 1 |k) = —blk|)?|k)
and on the two-particle state is

FH ¢ |y ) = —b ([Ry 2 + [Ral?) [, Bo)
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(this is straightforward to show using the commutation relations of the creation and annihi-
lation operators in the usual way). This clearly corresponds to the usual energy of one- and
two-particle states if b = —1/2m. The equations of motion for these states in the Schrodinger

picture are therefore

9 - yE|2q
—|k) = =k
Zat ) 2m

)

and
0 5 L vz e\ o
iR Ko = o (B2l + Rl ) R ).

This is just the usual EOM for one- and two-particle states in NRQCD.

The conserved charge
Q= / &’k alax

is just the number operator. This is a conserved quantity in a nonrelativistic theory, since

particle creation is a relativistic effect.
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V. INTERACTING FIELDS

In this section we will put the formalism we have spend the past few lectures deriving to
work. Although we have been talking about symmetries of general (possibly very complicated)
Lagrangians, the only equation of motion we have solved is the Klein-Gordon equation, which is

just a theory of free fields. For a real field, ¢, we had

L5 = 1(0400"0 — u26?) (V.1)
and for a complex field ¥ we had

Ly = uplory —m*yTy. (V.2)

Because we could solve the Klein-Gordon equation, we could expand the fields as sums of plane

waves multiplied by creation and annihilation operators,

o d3k [ —ik-x t ik
o(z) = /(2%)3/21/2wk |[4k€ +age ]
— A’k (1 —ikx | T ik
vie) = / )Py e T ae ]
wf(x) — /dsk -Cke—ikw _’_bTeik-x} ) (V3)
(27)3/2/2wy, L K

We have expressions for the energy, momentum and U(1) charge in our theory, but it is incredibly
dull because nothing happens. We just have plane waves propagating. In the quantum theory,
as we have seen, this corresponds to a theory of noninteracting, spinless bosons. £ = Ly + Ly is
a theory of ¢ particles and 1 particles, but they never interact because the two Lagrangians are

decoupled. We can make things more interesting by adding interaction terms to the Lagrangian.

A. Particle Creation by a Classical Source

The simplest type of interaction we can introduce into the theory is to couple the ¢ field to a

classical source:

L= Ly~ plx)(a) (V.4)

where p(x) is some fixed, known function of space and time which is only nonzero for a finite time

interval. This leads to the equation of motion

0,06+ 126 = —p(x). (V.5)
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To realize why p(z) is a source term, recall from classical electromagnetism that in the presence

of a charge distribution o(#,t) and a current J(#,t) the potentials obey the inhomogeneous wave

equations
1 0%
2
v 2 o2 —Ame
L1924 47
2 — AV2

—,

 and A form the components of the four-vector A* = (¢, A), so in four-vector notation we may

write this as
0, 0" AY = 4rmJ” (V.7)

where J#* = (p,]) is the 4-current. Except for the fact that ¢ is massive, has no vector index and
is a quantum field, these two theories look quite similar, so we may interpret p(x) as a source for
the ¢ field, just as a charge distribution is a source for electric field.

This theory is actually simple enough that we can solve it exactly. If we start in the vacuum
state, what will we find at some time in the far future, after the source p(x) has been turned on
and off again? We can answer this by solving the field equations directly.

Before p(x) is turned on, the theory is free, and ¢o(z) may be expanded in terms of creation
and annihilation operators, as in Eq. (V.3). After the source has turned on, we can construct the

solution to the equation of motion as follows:

#(a) = o(a) + 1 [ d'y Dalz —y) ply) (V.8)
where Dg(x — y) is the retarded Green function, satisfying

(80" + p*)Dr(x —y) = —idW(z —y)

Dr(z—y) = 0, 2% <y (V.9)

The second requirement, that D be the retarded Green function, is required so that the boundary
condition ¢(x) — ¢p(z) as rg — —oo is satisfied.

The simplest way to find the Green function is to rewrite Eq. (V.9) in momentum space. Writing

4
Dp(z —y) = / (gﬂl;e‘ik'(m—y) Dg(k) (V.10)

we find the algebraic equation for Dg(k),

(=k? + u®)Dp(k) = —i (V.11)
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which immediately gives us

d4k i —ik-(z—
Dz —y) = / G e (V.12)

This doesn’t quite define Dg: the kY integrand in Eq. (V.12) has poles at k% = +wy. In order

to define the integral, we must choose a path of integration around the poles. Let us choose a

FIG. V.1 The contour defining Dg(z — y).

path of integration which passes above both poles. Then for yg > zy we can close the contour in
the upper half plane, giving zero for the integral since the path of integration doesn’t enclose any
singularities. Thus, the Green function vanishes for yy > x¢, making this the appropriate contour
for Dr(z —y). For xp > yo, we can close the contour in the bottom half plane, obtaining for the

integral

+

kO=w;,

k0:—wk‘|

k1 " 4
_ [ EF L ik@y) _ ik(a—y)

/ (273 2wy, (¢ ¢ )
= D(z—-y)—D(y—uz)

= [¢(=), 0(y)] (V.13)

(27‘()3 ka
1
—2wk

e Er |1
Date—y) 2" [ [e—w—w

etk (z—y)

where the function D(z) was introduced in Section 2. The retarded Green function Dr(z — y)
is therefore related to the commutator of two fields, or equivalently (since the commutator is a

c-number, not an operator), the vacuum expecation value of the commutator:

Dr(z —y) = 0(zo —yo)[¢(x), (y)]
= 0(zo — 10)(0|[o(2), 6(y)]] 0)- (V.14)
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For our present purposes, we only need the second line in Eq. (V.13). Inserting this expression

into Eq. (V.8) gives

da) = (o) +i [ dly / ) T Dl R )
=% () + i / 7(%)32% / dly (7 — k) p(y)
= o)+ | (Qj;’;% (7 *p(k) - e*3(~k)) (V.15)

where in the second line we have used the fact that if we wait until all of p(z) is in the past, the
theta function equals one over the whole domain of integration and may be dropped. We have also

defined the Fourier transform

= [ dtyeip(y). (V.16)

Thus we find, after the source has been turned off,
d3k i
S 5k
P(z) / 2n)3 2 Zoor {(ak; + (27322 A ))

Since all observables are built out of the fields, we have solved the theory. The Hamiltonian in the

e~ kT 4 h.c.} . (V.17)

far future is now

H= / Bl (4 _ Mﬁ*(k)) <ak + Mﬁ(m) (V.18)

(this is obvious if you go back to the original derivation of H in terms of ¢(z)) and so the expectation
value of the energy of the system in the far future is

3
0110) = [ G510 (V.19)

Note that because we are in the Heisenberg representation, we are still in the ground state of the
free theory — the state hasn’t evolved. The time evolution of the system is all contained in the
evolution of the fields. Now, since in the far future we have free field theory again, the spectrum of
the Hamiltonian is just free particles, which means that the expectation value of the total number

of particles created with momentum k£ is

o |ak)?
dN (k) = —=— V.20
( ) (27T )32wk ( )
and so each Fourier component of p produces particles with the corresponding four-momentum
‘2

with a probability proportional to |s(k)|*. The expectation value of the total number of particles

produced is

/dN /2W32Wk|p(k:)|2. (V.21)
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B. More on Green Functions

Since Green functions are of central importance to scattering theory, let’s pause for a moment
and study the expression (V.12) a bit more. The retarded Green function Dg(x — y) was obtain
by choosing the path of integration shown in Fig. (V.1). Other paths of integration give Green
functions which are useful for solving problems with different boundary conditions. Choosing a
path of integration which passes below both poles would give the advanced Green function, obeying
Ga(z —y) =0 for zp > yo. This would be useful if we knew the value of the field in the far future
and were interested in its value before the source was turned on. Another possibility is a path
which goes below the pole at —wj and above the pole at wg. In this case, when zg > yo we perform

the kY integral by closing the contour below, obtaining the result D(x —y) for the integral. When

K

~% A\
" . ° >
O &

FIG. V.2 The contour defining Dp(z — y).

xo < yo we close the contour above, obtaining the same expression but with « and y interchanged.

This defines the Green function

Dr(e—y) = { D(x —y), x0> yo;
(y ), xo < Yo.
<

= 0(z° = 4°)(06(x)8(y)| 0) + O(yo — 0)(0 |¢(y) ()| 0)
(01T ¢(x)o(y)|0) (V.22)

where the last line defines the time ordering symbol T, which instructs us to place the operators
that follow in order with the latest on the left. This Green function, called the Feynman propagator,
will be of central importance to scattering theory, and we shall return to it shortly. It is convenient
to write the Feynman propagator as

4 .
Dp(z—y) = [ LF ey (V.23)
F Y (2m)* k2 — p2 + e ’

where the limit € — 0% is understood and the path of integration in the k° plane is now along the

real axis, since the poles are then at k” = +(wy, — i€) and are displaced properly above and below
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the real axis. Note that the sign of the ie term is crucial: if € were negative, the contours would

enclose the opposite poles, and the time ordering would come out reversed.

C. Mesons Coupled to a Dynamical Source

The Lagrangian Eq. (V.4) is analogous to electromagnetism coupled to a current which is
unaffected by the dynamics of the field. While this is in many cases a good approximation, in the
real world the current itself interacts with the electromagnetic field, and the resulting dynamics
are quite complicated. For scalar field theory, the analogous situation is described by a potential

which couples the two fields ¢ and ¢:
L=Ly+ Ly~ gipo. (V.24)

Note that the potential only depends on ¢ and ¢ in the combination 111, so the interaction term
doesn’t break the U(1) symmetry. We are therefore guaranteed that the interacting theory will
also conserve charge. Furthermore, the interaction depends only on the fields, not their derivatives,
so the conjugate momenta are the same as they were in the free theory. The equations of motion

are

00"+ pPp = —gulep,
O +m*y = —gio. (V.25)

The field equations are now coupled, so the fields interact. In fact, comparing this with Eq. (V.4),
we see that 91y is a current density, a source for the ¢ field, just like p(z). This model is much
more complicated that the previous one, however, because there is a back-reaction: the current
YT in turn depends on the field ¢. The source is now not a prescribed function of space-time, as
it was in the previous case, but a full dynamical variable, so solving this theory is going to be much
harder. In general we cannot solve this system of coupled nonlinear partial differential equations
exactly. Instead, we will have to solve them perturbatively: that is, if ¢ is small we can treat the
interaction term as a small perturbation of free field theory. We will be able to solve the equations
of motion as a power series in ¢.5 In fact, most of the rest of this course will be concerned with
applying perturbation theory to an assortment of different theories. Much of what is known about

quantum field theory comes from perturbation theory.

6 Since g has dimensions of mass, the power series will actually be a series in g/M, where M is some typical mass
or energy in the problem.
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The theory defined in Eq. (V.24) describes the interactions of two types of meson, one of which
carries a conserved charge. This doesn’t look anything like the particles we see in the real world,
but we will use it in this section as a toy model to illustrate our perturbative approach to scattering
theory. However, we have seen that the equations of motion look quite similar to the equations of
motion of an electric field coupled to a current. If the v fields were spin 1/2 fermions instead of
spin 0 bosons we would have a theory of the strong interactions between nucleons, where the force
is transmitted through the exchange of ¢ mesons. We’'ll take advantage of this analogy and refer
to the v particles as “nucleons” (in quotation marks) and the ¢’s as mesons. We’ll call this our

“nucleon”-meson theory.

D. The Interaction Picture

How do we set this problem up? First of all, we would like to make use of some of our previous
results for free field theories. In particular, we would like to be able to write our fields in terms
of creation and annihilation operators, because in this form we know exactly how the fields act
on the states of the theory. Unfortunately, the solution to the Heisenberg equations of motion are
no longer plane waves but instead something awful. We can fix this with a clever trick called the
teraction picture.

We have already discussed the Schrédinger and Heisenberg pictures. The interaction picture

combines elements of each. All three pictures will coincide at ¢ = 0:

[9(0))s = [9(0))a = |¥(0))1
Os(0) = On(0) = 04(0) (V.26)
where the subscript I refers to the interaction picture, and O represents a generic operator with
no explicit ¢ dependence.

Recall that in the Schrodinger picture, the operators don’t evolve with time, and the ¢ depen-

dence is carried entirely by the states
Os(t) = 05(0)
d
i ¥(M)s = HY(t))s, (V.27)

while in the Heisenberg picture the states are independent of time and the operators (and in

particular, the fields) carry the time dependence
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d
i< Ou(t)) = [On(t), H]. (V.28)

We showed earlier that matrix elements are the same in the two pictures.

In the interaction picture (IP) we split the Hamiltonian up into two pieces,
H=Hy+ H; (V.29)

where Hj is the free Hamiltonian (that is, the Hamiltonian corresponding to the free-field La-

grangian), and H; contains the interaction term. Since
H:/d%ZHgg&a—L:/d?’xZHg(z}a—Lo—LI, (V.30)

if £ contains no derivatives of the fields (so it doesn’t change the conjugate momenta from the

free theory), we see immediately that
H;y=-Lj. (V.31)
In our example, H; = —L; = giT1p¢. States in the LP. are defined by

[9()1 = e w(t)s. (V.32)

If we were dealing with a free field theory, H; = 0, this would immediately give |1 (t))r = |¥(t)) g =
|1(0)) and the states would be independent of time, just as in the Heisenberg picture.

Demanding that matrix elements be identical in all three pictures, we find

s(W(t) [0s| ¥(1))s = 1) |01(t)[ $())1 = s(W(t) le T Or(t)e ™ |4 (t))s (V.33)
and so in the I.P. the operators evolve according to the free Hamiltonian:
O1(t) = eHotQ (0)e~Ho! (V.34)
(where we have used Eq. (V.26)). This is the solution of the equation of motion

F204(1) = [01(1), Ho). (V.35)

This is useful because fields in an interacting theory in the I.P. will evolve just like free fields
in the Heisenberg picture, so we can continue to use all of our results for free fields. All of the
complications have been relegated to the equation of motion for the states. From the equations of

motion of the Schrodinger field, Eq. (V.27), we have

i%e_iH°t| (b)) = Hge ™ot (1)),

= Hoe "M (t))r + 6_iH°ti%| V()1 = (Ho(0) + Hr(0))e |y (1)) s

= i%l B(t))r = e H(0)e ot p(t)) = Hy(t)|9(t))s (V.36)
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where H(t) = etfot H (0)e~#0! | as expected from Eq. (V.34). Again we see explicitly that when
Hj; = 0 the fields in the I.P. are independent of time.

E. Dyson’s Formula

We can already get an idea of how perturbation theory is going to work in the interaction picture.
The time dependence of the operators is trivial, simply given by the free field equations. On the
other hand, the time dependence of the states is going to be taken into account perturbatively,
order by order in the interaction Hamiltonian. Since the Hamiltonian generates time evolution,
at first order in perturbation theory the Hamiltonian can act once on the states. The interaction

term ¥ f1)¢ contains a collection of creation and annihilation operators, such as
c'vfa, cfea, bbial, beal, ... (V.37)

These interactions don’t conserve particle number, and can contribute to a number of processes.
In the first term, the Hamiltonian acts on the initial state, annihilates a ¢ particle and creates a 1)
particle and antiparticle: this corresponds to the decay process ¢ — 1. The second corresponds
to the absorption 1 + ¢ — 1, and so on. At second order in perturbation theory the Hamiltonian
can acts twice on the state, producing more complicated processes like ¥ + 1 — ¢ — 1 + ¥
(v anti-1) scattering through the creation of an intermediate ¢). In this section we will set up a
formalism to apply perturbation theory to scattering processes.

Scattering processes are particularly convenient to study because in many cases the initial and
final states look like systems of noninteracting particles. What do we mean by this? In a scattering
process, we start out with some initial state | ) consisting of a number of isolated particles. Since the
particles are widely separated, we don’t expect them to feel the effects of the potential in Eq. (V.24),
and so they will look like free plane wave states (that is, eigenstates of the free Hamiltonian Hy.)
In particular, we expect them to be eigenstates of particle number, even though N will not in
general commute with the interaction Hamiltonian H;. We say we are colliding two electrons, or
two protons, or whatever, with some particular momentum. The initial state looks simple.

As the particles approach one another, they begin to feel the potential, and the states start to
evolve according to Eq. (V.36) in a complicated and non-linear way. At this intermediate stage,
the system will look extremely complicated when expressed in terms of our basis of free particles.
Particles will be created and destroyed, since Hy in general doesn’t commute with N. We no longer
have, for example, just two colliding protons, but a complicated mess of protons, pions, photons,

and so forth.
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We can imagine several results of the scattering process. Several initial particles could collide
and form a bound state, such as p+p — 2D (two protons fusing to form a deuterium nucleus). In
this case, no matter how long we wait after the scattering process has occurred the final state will
never look like an eigenstate of the free Hamiltonian, because the interaction is responsible for the
bound state. If we turn the interaction off, the bound state will fly apart. The formalism we are
going to develop for scattering theory will not be very useful in this situation.

Instead, we could have a process in which no bound states are formed. Then some long time
after the interaction the system will consist of a bunch of widely separated particles, perhaps
three protons, an antiproton and fourteen pions. The system will again look like a collection
of noninteracting particles. Again it will look simple. This is the type of process we will be
considering.

Before we go any further, I should tell you that this is a bit of a fake. In fact, no matter how far
you go into the past or future from a scattering process you never end up with a collection of free
particles. We already know this from electromagnetism: long after the collision process, an electron
still carries its electromagnetic field along with it. When we quantize electromagnetism, we will
see that this corresponds to a cloud of photons around the electron. Similarly, the “nucleons” in
our toy model will always have a cloud of mesons around them. If we turn off the interaction,
the states will change, so our simple picture is not quite right. Despite this, our quick and dirty
scattering theory will still work. You can see that this might be the case by imagining that instead

of Eq. (V.24), our theory is defined by the Lagrangian

L=Ly+Ly—gft)Te (V.38)

where f(t) = 0 for large |t| and f(t) = 1 for ¢ near 0, as shown in Figure V.3. For processes where

s — e e e e e

FIG. V.3 The “turning on and off” function f(¢) in Eq. (V.38). In the limit A — oo, T'— oo, A/T — 0 we

expect to recover the results of the original theory Eq. (V.24). The scattering process occurs near ¢ = 0.

bound states occur, f(t) clearly drastically changes the states in the far future, since when f(¢) — 0
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the interaction turns off and the states will fly apart. But in cases where there are no bound
states formed, you might imagine that adding f(¢) to the interaction won’t change the scattering
amplitude at all. In particular, if we imagine that a long time 7'/2 after the scattering process
occurs, we turn the interaction off very slowly (adiabatically) over a time period A, we expect that
the simple states in the real theory will slowly turn into the eigenstates of the free Hamiltonian with
unit probability. In other words, there must be a 1 — 1 correspondence between the asymptotic
(simple) eigenstates of the full Hamiltonian and the eigenstates of the free Hamiltonian. This
means that we can’t consider bound states, which are not eigenstates of the free Hamiltonian. In
the limit 7" — oo, A — oo and A/T — 0 (the last requirement ensures that edge effects vanish)
we should recover the full theory.

This description is really meant as a hand-waving way of justifying our approach in which the
initial and final states are taken to be eigenstates of the free Hamiltonian. It is possible to justify
this approach (more) rigorously, but this would take us into technical details which we don’t have
time for in this course. The hand-waving approach will have to suffice at this stage. *

So we want to solve

i w) = ) w0) (V.39)

(we will drop the subscript I on the states, since we will always be working in the I.P. from now

on) with the boundary condition
[ 9(=00)) = [0). (V.40)

We want to connect the simple description in the far past with the simple description in the far

future, long after the collision has taken place. If we define the scattering operator S
(00} = S| (=o0)) = S11) (v.41)
then the amplitude to find the system in some given state | f) in the far future is
(f1S]d) = Sy. (V.42)

This is conventionally known as the “S-matrix element”. We can solve for .S iteratively: integrating

both sides of Eq. (V.39) from ¢; = —o0o to ¢, we find

(o) = 1)+ () [ dt Hien) v (V.43)

7 See Peskin and Schroeder, Section 7.2, for the proper treatment of this problem.
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Iterating this gives

oy =)+ (-0) [ dn Hi(w)l

4 (=) /t dt, t:odtQH[(tl)HI(tgﬂw(tg)). (V.44)

—00 —

Repeating this procedure indefinitely and taking ¢ — oo, we obtain the following expansion for S:
oo e} t1 tn—1
5= Z(—z’)”/ dtl/ dtg.../ dty Hy(t1). H (1), (V.45)
n—0 —00 —00 —00

There is a more symmetric way to write this. Look at the n = 2 term, for example:

/_ ~ /_t U o H (8 Hi(ts). (V.46)

This corresponds to integrating over the region —oo < t9 < t; < oo shown in part (a) of the figure.
We can reverse the order of integration, and noting that this is the same region of integration as

in part (b) of the figure, we can write the term as

/ dts [ dtyHy(t) Hy(t2)

—00 to
_ / dty [~ dtoHyto) Hi (1), (V.47)
L

so we can write the second term of the expansion as

1 { /°° dty [ dty Hy(ta)Hy (1) + /_ O:O dty /_t ; dts HI(tl)HI(tQ)]. (V.48)

2! |/ t

Notice that in the first term ¢ > t1, while in the second t; > t3. So the Hj’s are always ordered

tz tl
‘ i1 ‘ 2
(a) (b)

FIG. V.4 The shaded regions correspond to the region of integration in (a) Eq. (V.46) and (b) Eq. (V.47).

with the earlier one on the right. As before, we define the time-ordered product T(0O103) of two
operators O1(z2) and Oz(z2) by
O1(71)O2(w2), t1 > ta;

T(O1(21)O2(x2)) = { Os(22)01 (1), 11 < b, (V.49)
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In terms of the time-ordered product, we can write the second term in the expansion of S as

% /_ dn /_ s T(H (1) Hy (1), (V.50)

Similarly, for n operators we define the time ordered product (or T-product) such that the operators
are ordered chronologically, the earliest on the right and the latest on the left. H; commutes with
itself at equal times, so there is no ambiguity in this definition. The n’th term in the expansion of

S may then be written as

e [ ). ) v5)

and the expansion for S is then

S = i)(_?f!)n /O:odtl.../O:odtnT(HI(tl)...H](tn))
= nf%(_ni!)n/d41‘1---/d4an(H1(x1)...H1(xn)). (V.52)

We can even be slick and write this series as a time-ordered exponential,
S = Te i d'eHi(@), (V.53)

where the time-ordering acts on each term in the series expansion. This is Dyson’s formula.

F. Wick’s Theorem

To evaluate the individual terms in Dyson’s formula we will have to calculate matrix elements
of time ordered products of fields between the initial and final scattering states. For example, in

our meson- “nucleon” theory at second order in g we have to evaluate matrix elements of the form

(FITHr(@)Hi(@2))]8) = (f [T@F (@) (@) ()P (@2)(22)d(22))] 8)- (V.54)

For the scattering process N + N — N + N (elastic scattering of two “nucleons”), we have
|4) = |k1(N); ka(N)), | f) = |ks(N);ks(N)), where ks = ky + kg — k3 since our theory con-
serves momentum. Since we know how the fields act on the states in the L.P., this matrix element
is straightforward to calculate. However, in this form it’s still rather messy, because the T-product
contains 16 arrangements of “nucleon” creation and annihilation operators. It would be much
simpler if we could normal-order this expression, because then the only ordering which would con-
tribute to this process would be ones with two “nucleon” annihilation operators on the right and

two “nucleon” creation operators on the left. In fact, there is a relation between time-ordered and
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normal-ordered products, which goes by the name of Wick’s theorem. To state Wick’s theorem,

we define the contraction of two fields,
A(z)B(y) = T(A(z)B(y))— : A(x)B(y) : (V.55)
It is easy to see that A‘(—x)_é (y) is a number, not an operator. Consider first the case ° > y°. Then

T(A(z)B(y)) = (AT + ADYBW 4 B = AB : +[AF), B (V.56)

Lymm—
so A(x)B(y) is a number (given by the canonical commutation relations). Similarly, it is a number

when 2° < 3°, so we can sandwich both sides of Eq. (V.55) between vacuum states to find that
A@)B(y) = (0]A(@)B()|0)
= (0[T(A(x)B(y))[0) = (0] : A(z)B(y) : | 0)
= (0|T(A(2)B(y))|0) (V.57)
since the vacuum expectation value of a normal ordered product of fields vanishes (the annihilation
operators on the right annihilate the vacuum). So we have found that the contraction of two fields

is just the vacuum expectation value of the time ordered product of the fields. We have already

seen this object before - it is the Feynman propagator for the field,

2)8(y) = Dr(a — y) B e S N
o(0)oly) = Drle —y) = Q@)W 0) = [ Goqeh o (V)

where the lim,_,g+ is implicit in this expression.

For the charged fields, it is straightforward to show that the propagator is

— — d4k‘ (o ;
R B e (V.59)
while other contractions vanish:
P@)dy) = v @) = 0. (V.60)

(The last equation is true because ¥ only creates c-type particles and annihilates b-type particles,
therefore (0 |T(¢(x)¥(y))|0) =0.)
Having defined the propagator of a field, we can now state Wick’s theorem. For any collection

of fields ¢1 = ¢q, (1), ¢2 = @a,(x2), ... the T-product of the fields has the following expansion

T($1.-6n) = : b1t :
b PLgB3bn 1 O1badg.b Tt G121, :
L B1r03aB5. bt o+ P12t Dr_3Byy_ oBn10, :
+ o (V.61)

_l’_
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On the right-hand side of the equation we have all possible terms with all possible contractions of

two fields. We are also using the notation
: A(x)B(y)C(2)D(w) :=: A(x)C(2) : B(y)D(w) (V.62)

Wick’s theorem is true by definition for n = 2. The proof that this is true for all n is by induction,
and so not terribly illuminating, so we won’t repeat it here.

Wick’s theorem has unravelled the messy combinatorics of the T-product, leaving us with an
expression in terms of propagators and normal-ordered products, whose matrix elements are easy
to take without worrying about commutation relations. In its general form, Eq. (V.61), it looks
rather daunting, so let’s get a feeling for it by applying it to the expression for S at O(g?) in our

model:

(_;g) / d'zy / d 2T (1 (1)1 (1) p(@1) o (22)9 (22) p(2) ). (V.63)

Wick’s theorem relates this to a number of normal-ordered products. One of these terms is

T !

—3a)?
(mg)/d4$1/d4$2 Y (@1)i (1) (219! (w2) i (w2) d(2) - (V.64)

This term can contribute to a variety of physical processes. The 1 field contains operators which

annihilate a “nucleon” and create an “anti-nucleon.” The 9! field contains operators which anni-

¢

hilate an “anti-nucleon” and create a “nucleon.” So the operator

()b (1) 0 () (w2) () =0T (1 b () ()b (2): Hrn) () (V.65)

can contribute to elastic NN scattering, N + N — N + N. That is to say, the matrix element

(ks (N): ka(N) | st () ()t () (2): | B (N); Ra(N) (V.66)
is nonzero, because there are terms in the two v fields that can annihilate the two nucleons in
the initial state and terms in the two ' fields that can create two nucleons, to give a nonzero
matrix element. Other combinations of annihilation and creation operators in this term can also
contribute to N+N — N+ N and N+ N — N+ N. You can also see that there is no combination
of creation and annihilation operators that will contribute to N+ N — N + N. The % fields would
have to annihilate the nucleons, and the v fields can’t create anti-nucelons. We already knew this
had to be the case, because the theory has a conserved U(1) charge which wouldn’t be conserved

in this process. It is reassuring to see that this actually works in practice.
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Another term in the expansion of the T-product is

—ig)? —
( 2!9) /d4x1/d4$2 s (1)) (1) p(a1)T (w2) b (w2) p(2) : (V.67)

This term can contribute to the following 2 — 2 scattering processes (you should verify this):
N+¢—+N+¢, N+¢—+N+¢, N+ N—->dp+¢, ¢+é— N+ N.

A single term is able to contribute to a variety of processes like this because each field can either

destroy or create particles.

G. S matrix elements from Wick’s Theorem

Having used Wick’s theorem to relate (unpleasant) T-products to products of normal ordered
fields and contractions (which are easy to work with), let’s now calculate the scattering amplitude
for “nucleon”-“nucleon” scattering at first order in perturbation theory. First note that for a given
process we are interested not in having an expression for the operator S, but instead for the matrix

element

(f1(5 =1l4). (V.68)

We really want S — 1, not .S, because we aren’t interested in processes in which no scattering at
all occurs, which corresponds to the leading order term of the Wick expansion. For NN — NN

scattering we want the matrix element

(P1(N), po(N) [(S = D[ p1(N), p2(N). (V.69)

Note that there are no arrows over the momenta in the states. We are now doing relativistic field

theory in earnest and so we are going to use our relativistically normalized states from the first

lecture,
| &) = (2m)%/ /2w k). (V.70)
We can write these states as
| k) = al(k)|0) (V.71)

where the relativistically normalized creation operator af(k) is defined as

al (k) = (2m)%/?\/ 2wy, a) (V.72)
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and the scalar field ¢ has the expansion

o(x) = / 7( @’k {a(k)e_ik'm + aT(k‘)eik'm} ) (V.73)

27)32wy,

From Eqs. (V.70) and (V.71), we also find

a(k)| k) = a(k')a'(k)|0)
= [a(K),al(k)]|0)
= (27)%2w; 6@ (k — k)| 0) (V.74)

and so

3 1.
[ TR ) k) = [0). (V.75)

27)3 2wy,

Similar relations holds for the relativistically normalized “nucleon” and “anti-nucleon” creation

and annihilation operators, so a relativistically normalized incoming two nucleon state is

| p1(V); p2(IN)) = b7 (p1)bT (p2)| 0). (V.76)

Now, to evaluate Eq. (V.69) at second order in the Wick expansion we need to evaluate the matrix

element in Eq. (V.66),

135 | Wt (@) (21) YT (22) ) (22): | p1s p2) (V.77)

(since we only have nucleons in the initial and final states, I'm going to suppress the “N” label on
the states). The only way to get a nonzero matrix element is by using the nucleon annihilation
terms in ¢(z1) and ¥ (x2) to annihilate the two incoming nucleons, and using the nucleon creation
terms in (1) and 1T(z2) to create the two nucleons in the final state. Any other combination

of creation and annihilation operators will give zero inner product. So in equations,

L0 | T (1) (1)t (2)i(22): | p1ip2) =
(P15 05 10T (1)1 (22)] 0)(0 1 (1)1 (w2) | p1; p2)- (V.78)

From the explicit expansion of v in terms of bf(k) and ¢(k) and Eq. (V.75), you can easily show
that

(0|t (w1)1p(w2)| p1s po) = e P1EITI2EL 4 T IPVTITIR2IL (V.79)
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Using this and its complex conjugate, we find four terms contributing to the matrix element

Pph | VT (@) (@)Yt (22) P (22): | p1;p2) =
ip}-x1+iph-zo ip] -x2+iph-T1 —1p1-T1—1P2-T2 —1p1-T2—1ipP2-T1
(e / / + e / ! )(e + 6 )
— P TIFipy 2 —ipLT1—ip2-@2 | ip)-T2+ipy w1 —ip1-T2—ip2-a1

L o o o
+e'P1 T2+1Py-T1—iP1-T1—1P2 T2 4 oW1 T1+ipy T2 —1P1-T2—1P2-T1 (V.80)

Notice that the first two terms on the first line of the final answer differs by the interchange x1 <> x2.
The same is true for the last two terms. Since we are integrating over x1 and xo symmetrically,
and since gb@%(@) is symmetric under x1 <+ o, these terms must give identical contributions to
the matrix element. This factor of 2 cancels the 1/2! in Dyson’s formula. Using our expression for
the ¢ propagator, Eq. (V.58), we obtain the following expression for the second order contribution

to NN scattering

(—ig)? /d4x1 d* x2¢($1)¢($2)
« ( iph a1 +iplh-re —ip1-T1 —ipa-T2 + ezpl Ta+iph-r1—ip1-T2—ip2- xl)
d*k ?
_ o gt / V.81
zg) / r14 22 @m)A k2 — 12 + ic ( )
X (61(171—111+k)-zl+z(P/2—P2—k)'m2 + ei(Plg—Pl-i‘k)'fBl“'i(Pll_m_k)'m> :

The z1 and x5 integrations are easy to do — they just give us d functions, so this becomes

: d*k i
(_19)2/ (27_[_)4 k2 — MQ + i€ [(27{)45(4) (pll —p1+ k)(QW)45(4) (pIQ — D2 — k)
+(2m) 0@ (ph — p1 + k) (2m) '8 (9 — p2 — k)] . (V.82)

Finally, we can do the k integration using the ¢ functions, and we get

—ig)?(2m)*6™W (p) + ph — p1 — ( i - ! ) V.83
(Sig) (2n)' 0T p1 + 22 =P = 12) (P) —p1)2 —p2 +ie  (ph—p1)2 — p2 +ie (V.83)

Notice that performing the final integral over ¢ functions leaves us with a factor of

(2m)*6 (py — ps)

where p; is the sum of all final momenta, and p; is the sum of initial momenta. This just enforces
energy-momentum conservation for the scattering process. Since energy and momentum are con-
served in any theory with a time- and space-translation invariant Lagrangian, it is traditional to

define the invariant Feynman amplitude Ay; by

(FI(S = 1)]i) = iAz(2m)6™ (pf — py). (V.84)
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The factor of i is there by convention; it reproduces the phase conventions for scattering in non-
relativistic quantum mechanics. Thus, we find the invariant Feynman amplitude for “nucleon”-
“nucleon” scattering to be

1 1
A:—2< — 4+ ) V.85
g () —p1)2 — p? +ie  (ph—p1)? — p2 +ie ( )

In the centre of mass frame, we can write the momenta as

Py = (\/p* +m?, —pé (V.86)
where € - ¢/ = cosf, and 0 is the scattering angle. This immediately gives
(p1 —p)? = =2p*(1 = cosB), (p1 —ph)* = —2p*(1 + cos0) (V.87)
and so we get
A=g? ! ! (V.88)

2p%(1 — cos ) + p? * 2p2(1 + cosf) + p2 |
Here we’ve dropped the ie because the denominator never vanishes. Note that the two terms in
Eq. (V.88) are required because of Bose statistics. Scattering into two identical particles at an angle
0 is indistinguishable from scattering at an angle m — 6, and so the probability must be symmetrical
under the interchange of the two processes. Since these particles are bosons, the amplitude must

also be symmetric.

H. Diagrammatic Perturbation Theory

While the intermediate steps were a bit messy, our final result for NN elastic scattering,
Eq. (V.85), was remarkably simple. Indeed, nobody ever bothers thinking about Dyson’s for-
mula or Wick’s theorem when calculating scattering amplitudes because there is a very simple
diagrammatic shorthand which has all of this formalism built into it. These are called Feynman
Diagrams. Feynman diagrams are essentially pictures of the scattering process - or more precisely,
pictures of the fields and contractions which must be evaluated to give the matrix element. They
are very easy to construct, according to simple rules.

First of all, at n’th order in perturbation theory the interaction Hamiltonian will act n times, so

a given Feynman diagram will contain n interaction vertices. These are diagrams representing the
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interaction Hamiltonian in which each field in a given term of H is represented by a line emanating
from the vertex. To distinguish t’s from 11’s, we can draw an arrow on the corresponding line. A

single interaction vertex for our toy theory is shown in Fig. V.5.

this line is for the ¥ in ¥Tpe:
«&— it creates a nucleon or annihilates
an anti-nucleon

this line is for the ¢ in yfype:

/ / it creates an anti-nucleon or

annihilates a nucleon

this line is for the ¢ in ¥iye:
it creates or annihilates a meson

FIG. V.5 Interaction vertex for the “nucleon”-meson theory.

Next, contractions are represented by connecting the lines coming out of different vertices. Any
time there is a contraction, join the lines of the contracted fields. The arrows will always line up,
™ 1
because the contractions for which they don’t, ¢(z)(y) and ¥ (2)y!(y), are zero. An unarrowed
[
line will never be connected to an arrowed line because 1 (z)¢(y) is clearly zero as well. So the term
in Eq. (V.64) corresponds to the diagram in Fig. V.6, while the term in Eq. (V.67) corresponds to

the diagram in Fig. V.7. (Since the arrows always line up, we have only drawn one arrow on the

contracted nucleon lines).

FIG. V.6 Diagrammatic representation of the contraction in Eq. (V.64).

/N

FIG. V.7 Diagrammatic representation of the contraction in Eq. (V.67).

Now, any fields which are left uncontracted must either annihilate particles from the incoming
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state or create particles from the outgoing state. If there are different ways of doing this, they
correspond to indistinguishable processes, so we must add the corresponding amplitudes. Thus, we
write down a separate Feynman diagram for each distinct labeling of the external legs. For NN

scattering, this gives us the two Feynman diagrams, shown in Fig. V.8:

k| |

P2 — \’p/2 P2 — Nilg pll

FIG. V.8 Feynman diagrams contributing to NN scattering at order g2. The arrows on the lines indicate

the flow of conserved charge; the other arrows indicate the direction of momentum flow.

For nucleons, the direction of the arrow on the line indicates the direction of flow of the U(1)
charge. An incoming arrow in the initial state corresponds to a nucleon being annihilated; an
incoming arrow in the final state corresponds to an anti-nucleon being created. Similarly, an
outgoing arrow in the initial state corresponds to an anti-nucleon and an outgoing arrow in the
final state corresponds to an outgoing nucleon. Note that I am using the convention that Feynman
diagrams are read from left to right - so the incoming states come in on the left and the outgoing
states go out on the right. Other conventions - right to left, top to bottom, bottom to top - are
also used in other books (as well as previous versions of these notes!).

These diagrams have a very simple physical interpretation. For the first diagram for NN
scattering, you can say that a nucleon with momentum p; comes in and interacts, scattering into
a nucleon with momentum p} and a meson with momentum k& = p; — p). Energy and momentum
are conserved in this process, but the virtual meson doesn’t satisfy k> = p?. In terms of the
uncertainty principle, the meson must not live long enough for its energy to be measured to great
enough accuracy to measure this discrepancy. It therefore can’t exist as a real particle, but must
be reabsorbed after a short time. To distinguish it from a physical particle, it is referred to as a
“virtual” meson, and it is reabsorbed by a nucleon with momentum ps, scattering it into a nucleon
with momentum p),. (Note that although we are writing this as though there is a definite ordering
to these events, the graph has no time-ordering in it. We could just as well say that the meson is
emitted from the second nucleon and then absorbed by the first.)

The second diagram must be there because of Bose statistics. Since the two incoming nuclei

are identical, it is in principle impossible to say which of the incident nuclei carries p; and which
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carries po. The processes occuring in the two graphs are indistinguishable, and so the amplitude
must sum over both of them. Note that Bose statistics are automatically built into our creation
and annihilation operator formalism.

Having written down our two diagrams and interpreted them, we can now evaluate their contri-
butions to the scattering amplitude iAy; by the following rules (called the Feynman rules for the
theory):

(a) At each vertex, write down a factor of
(—ig)(2m)*s® <Z k@>

where ), is the sum of all momenta flowing into (or out of, if you like, as long as you're

consistent) the vertex.

(b) For each internal line with momentum k flowing through it, write down a factor

4
/ (;lﬁ];:‘lD(kz)

where D(k?) is the propagator for the appropriate field:

2y /l:
D(k)_kQ—MZ—Fie

for a meson, and

for a “nucleon”.

(c) Divide the final result by the overall energy-momentum conserving & function, (27)46(pr —

pr), where p; and pp are the sums of the total initial and final momenta, respectively.

That’s it. Note that there is no excuse for not getting the factors of (27)* right. Every factor
of d*k always comes along with a factor of (27)~%, and every 6@ function always comes with a
factor of (27)%.

Actually, it’s a bit simpler even than this: we can shortcut some of the trivial delta functions and
integrations by simply imposing energy-momentum conservation on the momenta flowing into each
vertex. We can incorporate these simplifications into our Feynman rules for i Ay;. After drawing
all possible diagrams at each order, assign a momentum to each line (internal and external) and

enforce energy-momentum conservation at each vertex. Then
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(a') At each vertex, write down a factor of (—ig).
(b’) For each contracted line, write down a factor of the propagator for that field.

This is fine for graphs like the ones we have been considering. However, there are also diagrams
with closed loops for which energy-momentum conservation at the vertices is not sufficient to fix
all the internal momenta. For example, the diagram in Fig. V.9 corresponds to the matrix element
obtained from the contraction

—n

(p|: 1 (@) (w) (1) (w2)$(21)b(2) : | ). (V.89)

Enforcing energy-momentum conservation at each vertex is still not sufficient to fix the momentum

) m )

FIG. V.9 Feynman diagram corresponding to matrix element (V.89).

k flowing through the loop, and so we must keep the factor of

s
/ Gy (V.90)

Similarly, the fully contracted term

1 T 1 —

O] 1w}(xl)w(fﬂz)@ﬁ(m)w($2)¢($1)¢(9«“2) :10) (V.91)

corresponds to the two-loop graph in Fig. (V.10). In this diagram, neither p nor k is constrained,

v

FIG. V.10 Feynman diagram corresponding to matrix element (V.91).

so we must integrate over both momenta. Thus we add an additional Feynman rule for i.4:
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(c) For each internal loop with momentum & unconstrained by energy-momentum conservation,
write down a factor of

d'k
(2m)*

With these rules, it is a simple matter to write down the two Feynman diagrams in Fig. V.8,

and immediately read off the amplitude (V.85).

I. More Scattering Processes

We can now write down some more Feynman diagrams which contribute to scattering at O(g?):

P11 D
P1 Dy
Py — — ) P2 — k ~— p}

FIG. V.11 Feynman Diagrams contributing to NN — NN

N(p1)+ N(p2) — N(p))+ N(ph): There are two Feynman graphs contributing to this process,
shown in Fig.(V.11). Applying our Feynman rules to these diagrams, we immediately read off
1 1
AV 2 _ 2|
(pr—p1)? = (pr+p2)® —p

iA = (—ig)? (V.92)

It is important to be able to recognize which diagrams are and aren’t distinct. Since the diagrams
are simply a shorthand for matrix elements of operators in the Wick expansion, the orientation
of the lines inside the graphs have absolutely no significance. We could just as well have drawn
the diagrams in Fig. V.11 as in Fig. (V.12). The diagrams are the same in the two figures
because they have the same arrangement of lines and vertices: in the first figure, the vertices are
N(p1)— N(p})) — ¢ and N(p2) — N(ph) — ¢ in both diagrams, with the two ¢’s contracted. Similarly,
the second diagrams in both figures are identical. We could even be perverse and draw the second
diagram as in Fig. (V.13).

N(p1)+N(p2) = ¢(p})d(ph), or nucleon-nucleon annihilation into two mesons. The amplitude

is given by the diagrams in Fig. (V.14), which gives
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/
p2 p
\%/ ' p1 /
, 20)
P1 > <

P2

FIG. V.12 Alternate drawing of the Feynman diagrams in Fig. (V.11).

P2 Pl

/
P1 jod)
FIG. V.13 Alternate drawing of diagram the second diagram in the previous figure.

1 ?

A = (—ig)? +
i = (~ig) (p1 —p1)? —m2  (p1—ph)

. V.93
— — (v.93)
In this case we have virtual nucleons in the intermediate state, instead of virtual mesons. Once
again, Bose statistics are taken into account by the two diagrams, which differ only by the exchange

of the identical particles in the final state.
N (p1) + ¢(p2) — N(p}) + #(ph), or nucleon-meson scattering. From the two diagrams in Fig.
(V.15) we obtain

i i
+ :
(p1—=py)? =m?  (p1+p2)® —m?

iA = (—ig)? (V.94)

Once again, we could have drawn the first diagram as shown in Fig. (V.16)
This completes the list of interesting scattering processes at O(g?). Note that there are processes
such as NN — NN and N¢ — N¢ which we didn’t write down; clearly these are simply related to

the analogous process with particles instead of antiparticles. Indeed, the fact that these amplitudes

/ /

P1 P b1 %)

P2 p’z D2 P1

FIG. V.14 Diagrams contributing to NN — ¢¢.
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b1 Y2
D1 P
/
P2 P b2 P2
FIG. V.15 Diagrams contributing to N¢ — N¢.
/
p2 P2

FIG. V.16 Alternate drawing of the first diagram in the previous figure.

are identical to those with the corresponding antiparticles is a consequence of charge conjugation
invariance (C'), discussed in the previous chapter.

In some cases there are additional combinatoric factors which must be incorporated into the
Feynman rules. Consider the Lagrangian of a self-coupled scalar field

L=1Ly— % 4 (V.95)

The reason for the factor of 4! in the definition of the coupling is made immediately clear by
examining the perturbative expansion of the theory. This theory has a single interaction vertex,

shown in Fig. (V.17). At O(\) in perturbation theory, the only term which contributes to

FIG. V.17 Interaction vertex for ¢* interaction.

PP — @@ scattering is the completely uncontracted term

A
4

(K1 ko] = o(2)d(2)d(2)p() = (K1, ko). (V.96)
Now, any one of the ¢ fields can annihilate the first meson; any one of the remaining three can
annihilate the second, leaving either of the remaining fields to create either of the final mesons,
giving a total of 4! different combinations. For the Feynman rule for this vertex, the factors of 4!
cancel and we are left simply with —i\.

At higher orders in perturbation theory, there are more complicated diagrams contributing to

these scattering processes. For example, for NN — NN scattering in our meson-“nucleon” theory,
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at O(g*) we have diagrams like the two shown in Fig. (V.18). The first diagram arises from Wick
b1 Py b1 /\ i

P2 D5 P2 Py

FIG. V.18 Two representative graphs which contribute to NN — NN scattering at O(g*).

contractions of the form

() () ()t () ()0 (8) T ()0 () (1) D) (3 ) ) - (V.97)

whereas the second diagram arises from Wick contractions of the form

T =

()0 () (@) (20 ()0 (8) T (2)0 (3) b {1) b2) b 3 ) ) - (V.98)

At O(g*) we also get a new process, ¢¢ — ¢¢ scattering, from the graph in Fig. (V.19). The

k+_p’1 ,

P1 > P1

dl A Ylk+p—p)

P2 -« p/2
k—po

FIG. V.19 Diagram contributing to ¢¢ — ¢¢ scattering.

momenta flowing through the internal lines in this figure have been explicitly shown. Because of the
overall energy-momentum conserving ¢ function, it does not matter whether we label, for example,
the bottom line by k — pa or k + p1 — p} — ph. We can also see explicitly that energy-momentum
conservation at the vertices leaves one unconstrained momentum k which must be integrated over.
According to our Feynman rules, this last graph is

, , d*k it

ZA:(_29)4/ 112 2., 2 2,

(2m)* (k2 — m? +i€)((k + p1)? — m?2 + ie)
1

(k4 p1 —p)? — m? +ie)((k — p2)? — m? + ie)

(V.99)

The evaluation of integrals of this type is a delicate procedure, and we won’t discuss it in this
course. Note, however, that for large k* the integral behaves as

d*k
kS
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and so is convergent. This is not generally the case: in many situations loop integrals diverge,
giving infinite coefficients at each order in perturbation theory. This was a serious problem in
the early years of quantum field theory. However, it turns out that these infinities are similar in
spirit to the infinity we faced when we found a divergent vacuum energy. By a sufficiently shrewd
redefinition of the parameters in the Lagrangian, all infinities in observable quantities may be
eliminated. There is a well-defined procedure known as renormalization which accomplishes this

feat.

J. Potentials and Resonances

People were scattering nucleons off nucleons long before quantum field theory was around, and
at low energies they could describe scattering processes adequately with non-relativistic quantum
mechanics. Let’s look at the nonrelativistic limit of the “nucleon-nucleon” scattering amplitude
and try to understand it in terms of NRQM.

First of all, recall® the Born approzimation from NRQM: at first order in perturbation theory,
the amplitude for an incoming state with momentum k to scatter off a potential U (7) into an

outgoing state with momentum K is proportional to the Fourier transform of the potential,
Axg(E = F) = —i / B e~ F =BTy, (V.100)

In the centre of mass frame, two-body scattering is simplified to the problem of scattering off a

potential, both classicially and quantum mechanically. Let us therefore compare the nonrelativistic

potential scattering amplitude Eq. (V.100) with that from the first diagram in Fig. (V.8):
—ig? B ig?

(p1 —p)? =12 [y — P +

iA = (V.101)

where we have used the fact that in the centre of mass frame, the energies of the initial and scattered
“nucleons” are the same. To compare the relativistic and nonrelativistic amplitudes, we also must
divide the relativistic result by (2m)?, to account for the difference between the relativistic and
nonrelativistic normalizations of the states. Defining the dimensionless quantity A = g/2m, this
gives

22

S V.102
FE R VA0

/dSTU(F)e%(ﬁ{*ﬁl)'F =

8 See, for example, Cohen-Tannoudji, Diu and Laloé, Quantum Mechanics, Vol. 11, Chapter VIII, especially section
B. 4
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Inverting the Fourier transform gives
d3 g7
UG = N [ G
(2m)% 1% +
)\2 00 q2 eiqr _ e—iqr
_ /0 7

42 q% + p? iqr
221 o0 qeiqr
= - dg —— V.103
27r 2w /_oo e ¢+ p? ( )

and closing the contour of the integral in the upper half complex plane to pick up the residue of
the single pole at ¢ = +ip gives

U(r) = X (V.104)

47r

This is called the Yukawa potential. We note two features:

1. The potential falls off exponentially with a range of p~!, the Compton wavelength of the

exchanged particle.
2. The potential is attractive.

The first feature is generic for the exchange of any particle. Indeed, this was how Yukawa predicted
the existence of the pion, by working backwards from the observed range of the force (about 1 fm)

to predict the mass (about 200 MeV). You can see directly from the scattering amplitudes that the

”_« ”_«

sign of the Yukawa term in the amplitude is the same in “nucleon”-“nucleon”, “antinucleon”-“anti-

MW

nucleon” and “nucleon”-“antinucleon” scattering. This is a generic feature of scalar boson exchange
- it leads to a universally attractive potential. This is in contract to the electrostatic potential,
which arises from the exchange of a spin-1 boson, and can be either attractive or repulsive. Gravity,
which is mediated by a spin-2 field, is again universally attractive.

MW

Now let’s look at “nucleon”-“antinucleon” scattering. The first term in Eq. (V.92) again cor-
responds to scattering in a Yukawa potential. What about the second term? First, we note that
in the nonrelativistic limit (p; + p2)? =~ 4m? > p2, so this term is suppressed compared with the
potential scattering term. This shouldn’t be surprising - particle creation and annihilation is a

purely relativistic effect. In the centre of mass frame, we have

D, Ey = Ey = /p* + m? (V.105)

p1 = —P2
and so the amplitude is proportional to

1

A :
S AMZ ¥ 4p? — 12 e

(V.106)
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There are two cases to consider. If y < 2m, the denominator never vanishes. We can therefore drop
the +ie, and the scattering amplitude is a monotonically decreasing function of p?, corresponding
to the intermediate meson going further offshell as p? increases. However, if > 2m, the scattering
amplitude has a pole, corresponding to the intermediate meson going on mass-shell at k? = (p; +
p2)? = p?. At this kinematic point, the intermediate meson is no longer virtual, and instead is
a real propagating particle. This is reflected as a resonance in the cross section. Searching for
resonances in cross sections is one way of discovering new particles at colliders. For example, the
figure below shows the cross-section (roughly the amplitude squared) for ete™ to annihilation to
muon pairs as well as to quarks (the curve marked “hadrons”). Both processes can proceed either
through an intermediate photon or an intermediate Z° boson. At low energies the intermediate
photon dominates and the cross-section is monotonically decreasing, but there is a clear resonance

at a centre of mass energy around 91 GeV, the mass of the Z° boson.

10°

e 7 e 7
- M +>‘WZ\ON<;
= e prooe It
=
5 _ _
32 e q e q
2 3
g 107k
© -
g B gl Z°
= S et q et q
107 &
- - e SVAVAVAVAS
e+e7—>yy —+ Y
IIII|IIII|II1I|IIII|I1II|IIII e
10 e 8
0O 20 40 60 80 100 120 V!

Center of Mass Energy [GeV]

FIG. V.20 Cross sections for electron-positron scattering to various final states. Note the resonance in the
cross sections corresponding to the intermediate Z° boson going on-shell. The amplitude for ete™ — vy

does not have an intermediate Z° boson, and so the corresponding cross section does not have a resonance.

Note that the Z° peak in the figure is not a pole, but rather a peak of finite height. This is
another general feature of resonances. This is because, for @ > 2m, the meson is unstable to decay
into a “nucleon”-“antinucleon” pair via the diagram in Fig. (VIL.3). (For u < 2m, the decay is not
kinematically allowed). When treated correctly, this instability adds a finite imaginary piece to the
denominator of the scattering amplitude, shifting the pole into the complex plane, and rendering
the resulting probability finite at the peak. The —+ie in the amplitude is therefore not relevant in

this case, either - in fact it is only in diagram with closed loops that the +ie is crucial.
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VI. EXAMPLE (CONTINUED): PERTURBATION THEORY FOR NONRELATIVISTIC QUANTUM
MECHANICS

We can get some more practice in the techniques of the previous chapter by applying them
to the second quantized form of NRQM, introduced at the end of Chapter 3. Since the second
quantized formulation of NRQM is the same as we have been using for relativistic QM, we can do
perturbation theory using the same techniques. (This part wasn’t on the midterm, but did make

it onto a problem set).

The Problem

Consider adding a second field x to the theory, coupled to 1 by a potential:
L= Lo+ ix*dox +bVX* - Vx — / B’V (|2 — )@ O (E, )X (T )0(F, t). (VL1)

As you are about to show, the expectation value of the interaction Hamiltonian in the position
state |x (7)1 (72)) is V(|71 — 72|); hence, for V positive, this is a repulsive potential which depends
only on the distance between the particles. This potential is non-local in space, and so violates

causality in a relativistic theory, but since the theory is non-relativistic this doesn’t matter.

1. Show that this term does indeed correspond to a two-body potential V(|Z — #'|) by showing
that in the presence of the interaction the two-particle matrix element of the Hamiltonian

(i.e. the energy of the two-particle state) is shifted by
(T3, Tu|Hp|Z1, Z2) = V(|T1 — T2|) (T3, Ta| T, Z2)

(normal order freely). Since this is a non-relativistic theory, you can use the usual position

eigenstates from NRQM,

2. Using Dyson’s formula, find (to lowest order in V) <Eg, E4]S - 1\51, E2>, the amplitude for
two body scattering, as a function of V. Show that in the centre of mass frame you recover

the Born approxzimation of nonrelativistic quantum mechanics for scattering off a potential,
iA / BV (|i)e AR T (VL.2)

where Ak is the change in momentum of one of the scattered particles. (You should also get

energy- and momentum-conserving ¢ functions in your amplitude).



96

3. Returning now to relativistic quantum mechanics, consider the amplitude for the scattering
of two distinguishable “nucleons” 1, and v, with identical masses and couplings to the ¢
field. In the non-relativistic limit, we can consider this as the scattering of two “nuclei” due
to an effective nucleon-nucleon potential induced via meson exchange. In analogy with your

answer to part (c), show that the effective nucleon-nucleon potential has the Yukawa form

e’“"

V(r)~g°

r

Is the force attractive or repulsive?

Solution

1. Since the free Hamiltonian for the y field is the same as for the ¢ field, we can use the
same expansion as before. Using Dyson’s formula to first order, we don’t encounter any time

ordered products, so life is pretty easy

(0[S —1]0) = (0] / dzd®x'V (17 — o)X (@, )" (T, O)x (2, (T, 1)|0)

1
~ (2 /d3x’d4xV( ) /d4k d*kpd* ked* kg
efzkax e*ikbxeikcx elkdx«)‘ak a]];bakcakfdm)

1
- G / P’ d'zV (7 — ) / A had kyd ko kg
¢~ that’ gmikvz giked! gikar 54 (| )64 (ko — k)6t (ks — kq)d (ks — k) X 4
1 . L, L,
_ (2 - /d3x'd4xV(|f— x/’)e—zklx e—zkgxezk;;x ezk‘4m % 4
7r

= /dgsc/d4:cV(]f— x_;|)e_m/(k1_kS)e_m/(kQ_k“) x 4

= /d?’x'd?’xV(]az —a|)e i’ (k1 — kg)eif(k;_kz)é(El + Ey — E3— Ey) x4
The factor of four comes from the various ways I can get a non—zero matrix element. This
would be 4!, if the particles were identical. This is not clear from the question. Now do a
change in variables

, , r+s , s—r
r=x—, S=r+xr =>r= 5 xr = 5

Now d3zd3z’ = lal31"d33 to get
OIS =110) = 55 52/d3rd33V |7])e 3T (k2 +ha—ka)—k1) o 35 +ha—ks)=Ka) §( B, 4 Fy — B3 — Ey)

= 2 2/d3rv |7)e 3T Ra=ROX264 (k1 4 fy — ks — Ky)

_ 7(%2 / ErV (|7)e 05 (ke + ky — ks — k)
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Note that I didn’t have to make use of the centre of mass frame.

. The Feynman amplitude for this Feynman diagram is

A= (~ig) 55— (2m)* ks - A
¢ ( Zg) q2—,u2+i6( 7T) 5(k1+k2 ks k4)a q p

In the nonrelativistic limit, m? > p?, therefore the change in the energy is neglible(¢g3 =

2m2 + | |2 + |p3|2 — 2v/m2 + P12/ m? + |p3]? — 0). Thus,

iA = S (2m) 6 (ky + ko — ks — ka)

i
T1a2 + n

Comparing that with the result obtained in c), one finds

iqr

V(r]) = — 22773/d3q76
(1) = ~g P

oo T eiqrcose
= —922773/0 /0 msz’n@dﬁqqu

With
/ﬂ' 6iq’r00508in9d0 — L {eirp _ e—irp}
0 irp
We find
1 [ e 1"
v _ g2 37/
(I71) g2 | 1
—pr
_ 9247T4€

The last step involved closing the contour above and picking up the pole at p = iu. This is

an attractive potential.
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Vil. DECAY WIDTHS, CROSS SECTIONS AND PHASE SPACE

At this stage we are now able to calculate amplitudes for a variety of processes by evaluating

Feynman diagrams,
(F1(S = Di) = iA@2m)'6 D (pr — pr)

but we have yet to make contact with anything measurable. In order to calculate probabilities, we
must square the amplitudes and sum over all observed final states. But it looks like the probability

is going to be proportional to
[S5if* ~ 169 (pr — pr) .

|6W (pr — pr)|??? Squaring a delta function makes no sense. What happened?

The problem is that we are not working with “square-integrable” states. Instead, our states are
normalized to 6(® functions. They are not normalizable because they are plane waves, existing at
every point in space-time. Thus the scattering process is in fact occurring at every point in space,
for all time. No wonder we got divergent nonsense. This is clearly not what we wanted.

The proper way to solve this problem is to take our plane wave states and build up localized
wave packets, which are normalizable and for which the scattering process really is restricted to
some finite region of space-time. Another approach, which is simpler and will give the right answer,
is to return to our old crutch and put the system in a box of volume V', and turn the interaction
on for only a finite time 7. This will solve the normalization problem because plane wave states

in the box are square-integrable, the states being normalized to
(K |KY = 6z (VIL1)

instead of 6(3)(E — K ). Furthermore, if we divide our answer by T, we will get the transition
probability /unit time, which is really what we are interested in. Finally, we can take the limit
T,V — oo and hope it makes sense (it will).

As we discussed earlier in the course, in a box measuring L on each side with periodic boundary

conditions, the allowed values of momenta must be of the form

2mn 2mn
ka) = L x? ky = —

21mn,
k, = VII.2
T, ! (VL2)

where n,, n, and n, are integers, as shown in the k; — k, plane in Fig. (VIL.1). The integrals

over momentum for the expansion of the fields therefore becomes a sum over discrete momenta,
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ky 2L

FIG. VIL.1 Allowed values of k; and k, in a box of measuring L on each side.

and the scalar field ¢ has the expansion

$lz) =Y are ™ot (VIL3)
V20NV 2oV

E
(you can check that this is the right expansion by seeing that the commutation relations for az and
ay reproduce the correct canonical commutation relations for the fields). Switching back to our
non-relativistic normalization for our states, we see that each time a field creates or annihilates a
state it will bring in an additional factor of
eztik-ac

V2 V'V

we had in the last set of lecture notes, when we were working

(VIL4)

(in contrast to the factor of ¥

with relativistically normalized states in infinite volume). Thus, we have for finite V = L3 and T,

(F10S = D]iyvr = iAVT 2m) 6500 — pr) x ][

1 1
1w W (VILS)

where the products are over final (f) and initial (i) particles, and the notation VT indicates finite

volume and time. The function

(4) 1 /T/2 / 3 2,1px
Sy 7(p) @)t o dt vd Ze (VIL.6)

approaches a ¢ function in the V,T — oo limit.

Each quantity in Eq. (VIL.5) is finite, so squaring it is now sensible. However, since we want to
make contact with the real world, we note that no experimentalist can measure the cross section for
the scattering process N(p1) + N(p2) — N(p}) + N(ph) for any particular values of the momenta

since it is impossible to resolve a single state. It is only possible to measure all states about
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some small region Ak in momentum space. From the figure, it is clear that in a region of size

Ak AkyAk., there are

L L L \%4
—Aky— Ak, —Ak, = —= Ak, Ak, Ak, IL.
27 2 V2w (2m)3 v (VILT)

states. If there are N particles in the final state, in the infinitesimal region of size d3p1d®ps...d>pn

there will be

(VILS)

N
H v 3 d’p
Hon

states, which must be summed over. Squaring our expression for the amplitude, summing over all
final states and dividing by the total time 7', we find the following expression for the differential

transition probability per unit time wy /7"

dspf 1
. I.
8 1;[ (2m)32w, H 20V (VIL9)

w 1
—F = ZIART () |83 (pr — pi)

2
T |

Note that the factors of V' cancel in the product over final particles. We will find that for decay
rates and cross sections the V in the product over initial particles also cancel. The only tricky
part of taking the limit V,T — oo is the |5‘(/{1%(p)|2 function. This will approach a function which

is infinitely peaked at the origin, so we might anticipate it will be proportional to a delta function.
So let’s look at

4 /2 3= 3 =/
/ d'p|oir ()| / dt / dt’ / &1 / B e (VIL10)
T/2 T/2

Performing the integral fd4p, the exponential factors just give us (2m)*6*(z — 2’), so we can

trivially do the integrals over ¢’ and z/, and we find

/ d4p ‘5(4)

2
So indeed ‘5(4) (p)‘ is proportional to a § function, with a coefficient which diverges in the limit

T/2
dzx

(VIL11)
—T/2

1‘_

TV — oc:

2
i |2m) 83 (p)| = VT (2m) 16D (p). (VIL12)

Substituting this into Eq. (VIL.9) and taking the limit V,T — oo, we find

3
a2 as@) d’py 1
= Anlventovrer - x 11 Gome 1L opy

NI g

final particles f initial particles ¢

1
2E;V’

= |Afi\2VD H

initial particles ¢

(VIL.13)
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where we are using F and w interchangeably for the energies of the particles, and we have defined
the factor D by
45(4) dpy
D = (2n)*"W (pp — p1) 11 —i (VIL.14)

3 .
final particles f (27T) 2Ef

Note that D is manifestly Lorentz invariant, since the measure d>py/(27)32E; is the invariant
measure we derived earlier on. Also note that just as in the case of our Feynman rules, each 6"

function comes with a factor of (27)™, and each integration d"k comes with a factor of (27)~"

, SO
there is no excuse for getting the factors of 27 wrong.

Now, in fact we are only really interested in processes with one or two particles in the initial
state (but still an arbitrary number of particles in the final state), corresponding to decays and

2 — N particle scattering. The relevant physical quantities we wish to calculate are lifetimes and

cross sections. So let’s examine each of these in turn.

A. Decays

For a decay process there is a single particle in the initial state, so

w 1

Note that the factors of V' have cancelled, as they must in order to have a sensible V' — oo limit.
In the particle’s rest frame, we will define the quantity dI" as the differential decay probability /unit

‘lme.
(II = f’L . VII.](;

Then the total decay probability /unit time, T', is

1

= —
2M all final states

| A D. (VIL17)

Since the probability of the particle decaying/unit time is I', after a time ¢ the probability that
the particle has not decayed is just e'*. Therefore, I' = 1/7, where 7 is the particle’s lifetime (in
natural units). I"is called the “decay width.” If we consider the uncertainty principle, we see that
it does in fact correspond to a width. Since the particle exists for a time 7, any measurement of its
energy (or mass, in its rest frame) must be uncertain by ~ 1/7 = I'. Thus, a series of measurements

of the particle’s mass will have a characteristic spread of order I, as indicated in Fig. (VIL.2).
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# of measurements

FIG. VIL.2 The result of a series of measurements of the mass of a particle with lifetime 7 = 1/T". The

width of the distribution is proportional to I'.
B. Cross Sections

In a physical scattering experiment, a beam of particles is collided with a target (or another
beam of particles coming in the opposite direction), and a measurement is made of the number of
particles incident on a detector. So for an incident flux F' =# of particles/unit time/unit area, an

infinitesimal detector element will record some number dN scatterings/unit time
dN = Fdo (VIL.18)

where do is called the differential cross section. The total number of scatterings per unit time is
then N = Fo, where o is the total cross section. With this definition, we have

differential probability
do =

unit time x unit flux

Al ! »p (VIL19)
4B B |07 — 3| '

where ¢ and ¥ are the 3-velocities of the colliding particles, in terms of which the flux is |07 —v3|/V.
This is easy to see. Consider first a beam of particles moving perpendicular to a plane of area A
and moving with 3-velocity ¢. If the density of particles is d, then after a time ¢, the total number

of particles passing through the plane is
N = |v] Atd. (VII.20)

Therefore the flux is N/At = |v]d. With our normalization, there is one particle in the box of
volume V', so d = 1/V, and the flux is |0]/V. In the case of two beams colliding, the probability
of finding either particle in a unit volume is 1/V, but since the collision can occur anywhere in the
box the total flux is |07 — a|/V2 x V = |v] — t|/V.

From Eq. (VII.19), the total cross section is

1 1

g = = =
4FE1 Fy |Ul - U2’ all final states

| A D. (VIL.21)
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Once again, the factors of V' cancel and the result is well-behaved in the limit T,V — oo.

C. D for Two Body Final States

These formulas for the decay widths and the cross sections are true for arbitrary numbers of
particles in the final states. For two particles, there are six integrals to do (d*p1d>ps), but four of
the variables are constrained by the energy-momentum conserving § function §(¥ (p1 + p2 — p1),
leaving only two independent variables to integrate over. Thus, we can write D in a simpler form.

For a two-body final state,

&Ppy PPy 1504)
b= / (2m)32E, (27)32E; (2m)"0"7 (pr + P2 = pi)- (VIL22)

In the centre of mass frame, p7 = 0, and E; = FEp, the total energy available in the process.

Therefore
dgﬁl d3172 3
D = 2m)36®) (B + 7o) (27)0(Ey + By — B
d*py
= m(%ﬁ(& + Ey — Er)
1
where we have performed the integral over ps, and po = —p1 is now implicit. We have also written

d3p) = p2dpidcos b1dgy = p2dp1dSY;, where 6 and ¢ are the polar angles of p;.
To eliminate the last dependent variable, the ¢ function of energy must be converted to a ¢

function of p;. Using the general formula

@l = Y b ) (VIL.24)

zoEzeroes of f |f/(l'0)|

to change variables from F; to p;, we must include a factor of

‘G(El + EQ) -1

op1

Since E? = p? +m?, and E3 = p3 +m? = p? + m? (from pr = —p1),

0F, DN 0F> _ P

_n _ VII.25
Opr  Ei° Ops s ( )
and so
Ei+ E E\+ E E
‘8( L+ Ey)| _ pi(Br+ Ey)  piBEr (VIL.26)
Op1 EEs ErEo
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The desired result for a two body final state in the centre of mass frame is therefore

_ 1 pldQI
1672 Ep

(VIL.27)

In this derivation, we have assumed that the particles A and B in the final state are distinguishable,
because we treated the final states |A(p}), B(p2)) and |A(p2), B(p1)) as distinct. In fact, if the
particles are identical then these states are in fact identical, and so we’ve double-counted by a
factor of 2!. In general, for n identical particles in the final state, we must multiply D by a factor
of 1/nl.

Now let’s apply this to a couple of examples. Going back to our QMD theory, suppose u? > 4m?,
so that the decay ¢ — NN is kinematically allowed. There is only one diagram contributing to
this decay at leading order in perturbation theory, shown in Fig. (VIL.3), so iA = —ig (simple!)
and the decay width of the ¢ is

9 m

I' = — dQ
2 1672 / !
2

= I (VIL.28)

87r,u

since [d) =4m. p; is straightforward to compute from energy-momentum conservation. The ini-

FIG. VIL.3 Leading contribution to y — NN.

tial four-momentum is (u, 0) and the final momenta of the nucleons are P; = (4/ p?+m2 py), Po=

(\/p1 4+ m?,—p1), so p1 = V/p? — 4m?/2.

As a second example, we consider 2 — 2 particle scattering in the centre of mass frame. Since
the results which follow are just kinematics and don’t depend on the amplitude A, they are valid

in any theory. The 3-velocities are 7 = p1/(ym1) = p1/E1, and Uy = pa/Es = —p1/Ea, so

I 1 1 Ey+FEy  piEr
TR T _ , VIL29
o1 = %2 = p1 (El + Ez) " EE, Eq1Es ( )
This leads to
1 1 ds)
do = b o AP (VIL30)

4p; Er 1672
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and so

2 A, VIL31
dQ ~ 647%E2 p; Al ( )

where p; and p; are the magnitudes of the three-momenta of the incoming and outgoing particles,

respectively.

D. D for 3 Body Final States

For three body final states, there are nine integrals to do and four constraints from the §
function, leaving five independent variables. The derivation is straightforward but more lengthy
than for the 2 body final state, so we will just quote the result here. If the outgoing particles have
energies Ky, Fy and E3, then we will choose the independent variables to be Fq, FEo, 61, ¢1 and

¢12, where ¢19 is the angle between particles 1 and 2. In terms of these variables,

in the centre of mass frame. In some cases (such as the decay of a spinless meson), the amplitude is
independent of ©; and ¢;2; in this case, we can integrate over those three variables ([ dQ21d¢12 =

872) to obtain

1
D = ——=dFdEs. II.
327r3d 1dEs (VIL.33)



106

VIIl. MORE ON SCATTERING THEORY

Having now gotten a feeling for calculating physical processes with Feynman diagrams, we now
proceed to put scattering theory on a firmer foundation. To do that, it is useful first to think a bit

about Feynman diagrams in a somewhat more general way than we have thus far.

A. Connected and Amputated Diagrams

In the previous section, we noted that at O(g?) in perturbation theory, contracting all the fields
gives us the “vacuum bubble” shown in Fig. V.10. Since this doesn’t contribute to a scattering
process, we neglected it. However, the graph does contribute to the “scattering” process of the
vacuum state in the far past to the vacuum state in the far future; that is, the matrix element
(015]0).

This is a peculiar result! In a theory with energy and momentum conservation, if you start out
in the vacuum you should stay in the vacuum state with unit probability (in Latin, ex nihilo nihil
fit). However, one can show that if the interaction is turned on for a finite time 7', the effect of

adding up all these vacuum bubbles is simply a phase®:
(01S5)0) = exp (—iEoT). (VIIL.1)

Aha! This is just the usual Schrodinger evolution of a state with energy Ey! The problem is that
when you turn on interactions, the zero particle state is no longer the state of lowest energy of the
theory - the vacuum state is instead a very complicated state containing lots of virtual nucleon-
antinucleon-meson states. Since by fiat (and normal ordering) we set the energy of the zero particle
state in the noninteracting theory to be zero, the energy of the true interacting vacuum is not zero,
but Ejg.

This sounds like a problem. When we scatter particles, we are scattering them in the background
of the true vacuum, not the noninteracting vacuum. For example, at O(g*) in perturbation theory
we would expect to have to include graphs like Fig. VIII.1, while at higher orders we would include
all other possible vacuum bubbles. These are called disconnected diagrams. The bubble graphs
tell us how the true vacuum state |§2) is related to the O-particle state | 0), and since they involve
no internal or external particles, are the same no matter what scattering graph they are added

onto. However, as we will argue in the next section, there is a simple fix: if we simply agree not

9 See Peskin & Schroeder, section 4.4, for a more thorough discussion and proof of this.
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FIG. VIII.1 A disconnected diagram.

to include disconnected diagrams when we calculate scattering amplitudes, we will get the correct
scattering amplitude in the true vacuum.

A similar effect occurs for the single particle states. If we naively calculate the graph in Fig.
VIIIL.2 we will get infinity, since the nucleon line after the bubble is an on-shell propagator, i/0. I
won’t discuss these diagrams in detail in this course, but they are related to the fact that the single
particle states in the free theory are not the same as the single particle states in the interacting
theory. In particular, the energy in the meson field surrounding the nucleon will shift the energy
(and hence the mass) of the single nucleon state. More subtly, these diagrams will also change the
amplitude for the nucleon field to annihilate or create single nucleon states. As you will show next
semester, when these two effects are properly taken into account, you will get the correct result for
scattering amplitudes by neglecting diagrams of the form VIIL.2, with loops on external lines. We
refer to diagrams in which all loops on external lines have been cut off as “amputated”.

In the rest of this chapter we will justify these two claims, as well as giving a more formal

discussion of Feynman diagrams.

FIG. VIII.2 An un-amputated diagram.

B. Feynman Diagrams, S-matrix elements and Green’s Functions

Up to now, we’ve had a rather straightforward way to interpret Feynman diagrams: with all
the external lines corresponding to physical particles, they correspond to S matrix elements. In

order to reformulate scattering theory, we will have to generalize this notion somewhat, to include
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Feynman diagrams where the external legs are not necessarily on the mass shell; that is, the
external momenta do not obey p?> = m?. Clearly, such quantities do not directly correspond to S
matrix elements. Nevertheless, they will turn out to be extremely useful objects.

Let us denote the sum of all Feynman diagrams with n external lines carrying momenta

ki,...,ky, directed tnward by
G (ky,. .. k)
as denote in the figure for n = 4. (For simplicity, we will restrict ourselves to Feynman diagrams

k 1 k2
Ja Ve

FIG. VIII.3 The blob represents the sum of all Feynman diagrams; the momenta flowing through the

external lines is unrestricted.

in which only one type of scalar meson appears on the external lines. The extension to higher-spin
fields is straightforward; it just clutters up the formulas with indices). The question we will answer
in this section is the following: Can we assign any meaning to this blob if the momenta on the
external lines are unrestricted, off the mass shell, and maybe not even satisfying k1 +ko+ks+ky =07

In fact, we will give three affirmative answers to this question, each one of which will give a bit

more insight into Feynman diagrams.

1. Answer One: Part of a Larger Diagram

The most straightforward answer to this question is that the blob could be an internal part of a
more complicated graph. Let’s say we were interested in calculating the graphs in Fig. VIII.4(a-d),
which all have the form shown in Fig. VIII.4(e), where the blob represents the sum of all graphs
(at least up to some order in perturbation theory). Recalling our discussion of Feynman diagrams
with internal loops, we would label all internal lines with arbitrary momenta and integrate over
them. So if we had a table of blobs, we could simply plug it into this graph, do the appropriate
integrals, and have something which we do know how to interpret: an S-matrix element.

So this gives us a sensible, and possibly even useful, interpretation of the blob. Before we go any

further, we should choose a couple of conventions. For example, we could include or not include
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FIG. VIII.4 The graphs in (a-d) all have the form of (e).

the n propagators which hang off G (k1,...,kpn). We could also include or not include the overall
energy-momentum conserving §-function. We’ll include them both.

So, for example, here are a few contributions to é(4)(k1, ko, ks, ky):

ky ky
]{31_> <_]{34 k1% (—]{32 kl—) ij

~(2) . — - :
GO (1, ko, k3, ka) = = + + +0(g”)

]ﬁ-z—) <—]<‘3 k4—) %]ﬁg k?Q—) Hkﬁ
ks ks

= (271’)45(4><k71+]{34) (2%)45(4>(k2+k3) +(2 permutations)

1 1
k3 — pu? + ie k% — pu? + e

FIG. VIIL5 Lowest order contributions to G™ (ky, ks, ks, kg).

One simple thing we can do with these blobs is to recover S-matrix elements. We cancel off the
external propagators and put the momenta back on their mass shells. Thus, we get

4 2 2
k2 — 42 .
(ks ka |(S — 1) b, ko) = [] et G =k, —ka, b, o). (VIIL2)

r=1 v

Because of the four factors of zero out front when the momenta are on their mass shell, the graphs
that we wrote out above do not contribute to S — 1, as expected (since they don’t contribute to

scattering away from the forward direction).

2. Answer Two: The Fourier Transform of a Green's Function

We have found one meaning for our blob. We can use it to obtain another function, its Fourier

transform, which we can then give another meaning to. Using the convention for Fourier transforms,
d*k - ,
_ k ik-x
$@) = [ Gryif e
fk) = / A f(x)e (VITL3)
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(again keeping with our convention that each dk comes with a factor of 1/(27)), we have

(n) d'k d*ky, . . ~(n)
G"(x1,...,xy) = /W.../Wexp(zkl 1+ . ik xy)GYY (k.o ky)  (VIILA)

(hence the tilde over G defined in momentum space).

Now, consider adding a source to any given theory,
L — L+ p(x)p(x) (VIIL5)

where p(x) is a specified c-number source, not an operator. As you showed in a recent problem

set, this adds a new vertex to the theory, shown in Fig. VIIL.6.

~—Fk

——X
ip(k)

FIG. VIIL.6 Feynman rule for a source term p(z).

Now, consider the vacuum-to-vacuum transition amplitude, (0|S]0), in this modified theory.
At n’th order in p(z), all the contributions to (0|S|0) come from diagrams of the form shown in

the figure.

FIG. VIIL.7 n’th order contribution to (0]S|0) in the presence of a source.

Thus, the n’th order (in p(z)) contribution to (0[S|0) to all orders in g is

in 4 4 _ ~ -
m/é:;i/ é:)4p(k1)...p(kn)G(”)(kl,...,kn). (VIIL6)

The reason for the factor of 1/n! arises because if I treat all sources as distinguishable, I overcount

the number of diagrams by a factor of n!. Thus, to all orders, we have

it [ dky d'k .
— [ ==L " 5(— 5(—kn) G
1+;n!/(2w)4.../(2w)4p( k). p(—kn) G (K, k)

(015]0)

=1+ Zl ] / dizy .. d 'z, p(xy) ... plan) G (2, ... xy). (VIIL.T)
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This provides us with the second answer to our question. The Fourier transform of the sum of
Feynman diagrams with n external lines off the mass shell is a Green’s function (that’s what the
G stands for). Recall we already introduced the n = 2 Green’s function (in free field theory) in
connection with the exact solution to free field theory with a source.

Let’s explicitly note that the vacuum-to-vacuum transition ampitude depends on p(x) by writing

it as
(01510)p.

(015]0), is a functional of p, which is how mathematicians denote functions of functions. Really,
it is just a function of an infinite number of variables, the value of the source at each spacetime

point. It comes up often enough that it gets a name,
Z[p] = (01]5]0),. (VIIL.8)

(The square bracket reminds you that this is a function of the function p(z).) Z[p] is called the
generating functional for the Green’s function because, in the infinite dimensional generalization
of a Taylor series, we have
0" Z|pl
op(x1) ... 0p(wn)

where the § instead of § once again reminds you that we are dealing with functionals here: you are

= "G (xy,. .., x,) (VIIL9)

taking a partial derivatives of Z with respect to p(z), holding a 4 dimensional continuum of other
variable fixed. This is called a functional derivative. As discussed in Peskin & Schroeder, p. 298,
the functional derivative obeys the basic axiom (in four dimensions)

5 J(zx)J () = 0D —y), or - J(z:c) / d'y J(y)e(y) = e(@). (VIIL10)

This is the natural generalization, to continuous functions, of the rule for discrete vectors,

0

%a}j = 5ij, or 88$ Zl‘jkj == k‘l (VIIIll)
(2 (2 ]

The generating functional Z[J] will be particularly useful when we study the path integral formu-
lation of QFT.

The term “generating functional” arises in analogy with the functions of two variables, which
when you Taylor expand in one variable, the coefficients are a set of functions of the other. For
example, the generating function for the Legendre polynomials is

flz,2) = \/22—12T+1 (VIIL.12)
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since when expanded in z, the coefficients of z" is the Legendre polynomial P, (z):

1
flx,2) = 1+:1cz—|—5(3:v2—1)22+...

= Py(x) + 2P () + 22Po(x) + ... (VIIL.13)

Similarly, when Z[p] in expanded in powers of p(z), the coefficient of p™ is proportional to the
n-point Green’s function G (z1,...,2p). Thus, all Green’s functions, and hence all S matrix
elements (and so all physical information about the system) are encoded in the vacuum persistance

amplitude in the presence of an external source p.

3. Answer Three: The VEV of a String of Heisenberg Fields

But wait, there’s more. Once again, let us consider adding a source term to the theory. Thus,

the Hamiltonian may be written
Ho+ Hr — Ho+ Hi — p(z)p(x) (VIIL.14)

where H is the free-field piece of the Hamiltonian, and H; contains the interactions. Now, as far
as Dyson’s formula is concerned, you can break the Hamiltonian up into a “free” and interacting
part in any way you please. Let’s take the “free” part to be Ho+ H; and the interaction to be pp.

I put quotes around “free”, because in this new interaction picture, the fields evolve according to
(&, t) = (i, 0)eH? (VIIL15)

where H = [ d3x (Ho + Hj). These fields aren’t free: they don’t obey the free field equations of
motion. You can’t define a contraction for these fields, and thus you can’t do Wick’s theorem.
They are what we would have called Heisenberg fields if there had been no source, and so we will
subscript them with an H.

Now, just from Dyson’s formula, we find

Z[p]

(0[5]0), = (0|T exp (z / d4:U,0(:U)<pH(:L‘)> 10) (VITL16)
S Z:/d‘l:cl e dh i p(@1) . p(@) O[T (o (1) - prr(an)) | O)

and so we clearly e

G (21,...,2,) = (0|T (pr(z1) ... or(x,)) | 0). (VIIL17)

For n = 2, we have the two-point Green’s function (0|7 (pu(x1)pm(x2))|0). This looks like our

definition of the propagator, but it’s not quite the same thing. The Feynman propagator was



113

defined as a Green’s function for the free field theory; the two-point Green’s function is defined in

the interacting theory. One of the tasks of the next few sections is to see how these are related.

C. Scattering in the True Vacuum

From the discussion in the previous section, we have three logically distinct objects:

1. S-matrix elements (the physical observables we wish to measure),
2. the sum of Feynman diagrams (the things we know how to calculate), and

3. n-point Green’s functions, defined by Eq. (VIIL.9) or, equivalently, (VIII.17).

By introducing a turning on and off function, we could show that these were all related. Now we
want to get rid of that crutch, and define perturbation theory in a more sensible way. The question
we will then have to address is, what is the relation between these objects in a more rigorous
formulation of scattering theory?

We set up the problem as follows. Imagine you have a well-defined theory, with a time indepen-
dent Hamiltonian H (the turning on and off function is gone for good) whose spectrum is bounded
below, whose lowest lying state is not part of a continuum (i.e. no massless particles yet), and the

Hamiltonian has actually been adjusted so that this state, | €2), the physical vacuum, satisfies
H|Q) =0. (VIIL.18)

Note that in an interacting theory the true vacuum | Q) is not the same as the 0-particle state | 0),
because of the presence of disconnected bubble graphs. The vacuum is translationally invariant

and normalized to one
PIQ)=0, (Q]Q)=1. (VIIL.19)
Now, let H — H — p(x)e(x) and define

Zp]

(Q1519),

= (Q2|U(00, —00)| ), (VIIL20)

where the p subscript again means, in the presence of a source p(x), and the evolution operator
U(t1,ts) is the Schorédinger picture evolution operator for the Hamiltonian [ d3z (H — p(z)¢(x)).
We then define

1 6" Z[pl
i"dp(x1)...0p(xy)

G (zy,... z,) = (VIIL.21)
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which, using Dyson’s formula just as we did at the end of the last section, is equivalently
G (21, ... 20) = (T (pr(x1) ... o (x)) | Q). (VIIL.22)

Note that this is, at least in principle, different from our previous definitions of Z and G, which
implicitly referred to S matrix elements taken between free vacuum states, with the interactions

defined with the turning on and off function. Thus, we can ask two questions:

1. Is G™ defined this way the Fourier transform of the sum of all Feynman graphs? Let’s call
the G defined as the sum of all Feynman graphs Ggf) and the Z which generates these

Zp. The question then is, is G(™ = Gg;l)? Or equivalently, is Z = Zg?

The answer will be “almost”: we can compute Green’s functions just as we always did, as the
sum of Feynman graphs, with the added caveat that we neglect all disconnected diagrams,
as we discussed earlier. This is actually rather surprising, since we derived Feynman rules

based on the action of interacting fields on the bare vacuum, not the full vacuum.

2. Are S matrix elements obtained from Green’s functions in the same way as before? For
example, is

ka — 1

G(—kY, kb, kr, ka)? (VIIL23)

(K1, ka | S = 1k, ko) = [T =
a

The answer again will be “almost.” The problem will be, as we have already discussed, that

in an interacting theory, the bare field ¢o(z) no longer creates mesons with unit probability.

The formula will hold, but only when the Green’s function G is defined using renormalized

fields ¢ instead of bare fields.

First we will answer the first question: Is G = ng)? Our answer will be similar to the
derivation of Wick’s theorem on pages 82-87 of Peskin & Schroeder, which you should look at as
well.

The object which had a graphical expansion in terms of Feynman diagrams was

L+
Zrl = lim (0|Texp (—i [ p(mm(mﬂ) 0) (VITL24)
t+—+oo t_
where I remind you that |0) refers to the bare vacuum, satisfying Hp|0) = 0. Instead, let us
consider the following object:
, (01T exp (=i [ [Hs = p(x)er(@)]) 0)
Zplg = lim :
te—too (O[T exp (=i [+ #r) | 0)

. (VIIL25)
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where we have divided the the vacuum-to-vacuum S-matrix element (0]S|0), which is just the
sum of all vacuum bubbles. But since the vacuum bubbles are independent of the initial and final
states, they are universal for all diagrams, and so dividing Zp by (0]S|0) cancels the effects of the
vacuum bubbles. Z% is therefore simply the sum of all connected Feynman diagrams.

To get ng) (1,...,2y), we do n functional derivatives with respect to p and then set p = 0:

G (a1, .. o) = lim OIT [pr(a1). . pr(en) exp (=i f* H1) | 10)

. (VIIL26)
tx—rEo0 (0|T exp (—i ttj H[) | 0)

Now, we have to show that this is equal to Eq. (VIII.22). This will take a bit of work.
First of all, since Eq. (VIIL.26) is manifestly symmetric under permutations of the x;’s, we can

simply prove the equality for a particularly convenient time ordering. So let’s take

L >ty>...>t, (VIIL.27)
In this case, we can drop the T-ordering symbol from G(™ (x1,...,2p). Now, since
ty
Ur(ty,ta) = Texp (—i dtax H]) (VIIL.28)
ta

is the usual time evolution operator, we can express the time ordering in G%") as

Gz, wn) = lim O1Ur(ts, t1)pr(z) Uit t2)pr(x2) - - - pr(an)Ur(tn, t-)[0)

VIII.29
W 0101t 1)) 0) (VIIL.29)

Now, everywhere that U;(t,,t,) appears, rewrite it as Ur(t,,0)U(0,t), and then use the relation

between Heisenberg and Interaction fields,

er(x) = Ur(t;,0) 1 (2:)Us(t:,0)

= U[(O,ti)QOI((Ei)U](ti,O) (VIH.?)O)

to convert everything to Heisenberg fields, and get rid of those intermediate U’s:

Gz, wn) = lim <0|U1(t+70)‘PH($1)SDH(372)-”‘PH(mn)UI(Oat—”O)'

VIII.31
t4—=to0 <O‘U](t+,O)U](O,t_)‘O> ( )

Let’s concentrate on the right hand end of the expression, Ur(0,t_)|0) (in both the numerator and
denominator), and refer to the mess to the left of it as some fixed state (¥ |. First of all, since

Hp| 0) =0, we can trivially convert the evolution operator to the Schrédinger picture,

Jlim (@ [0(0,£)|0) = Tim (W [U1(0, ) exp(iHot-)|0) = lim (¥[U(0,£-)]0).  (VIIL32)

lim
t_—o0
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Next, insert a complete set of eigenstates of the full Hamiltonian, H,

Jim (@ [U(0,2-)[0) = Tm (T[U(0,¢-) [|Q)(Q[+ D [n)(n]| |0)
n#0
= (|92)(Q]0) +, lim__ > et (| n)(n|0) (VIIL33)

n#£0
where the sum is over all eigenstates of the full Hamiltonian except the vacuum, and we have used
the fact that H|Q) = 0 and H|n) = E,|n), where the E,’s are the energies of the excited states.

We're almost there. This next part is the important one. The sum over eigenstates is actually
a continuous integral, not a discrete sum. As t_ — —oo, the integrand oscillates more and more
wildly, and in fact there is a theorem (or rather, a lemma - the Riemann-Lebesgue lemma) which
states that as long as (¥|n)(n|0) is a continuous function, the sum (integral) on the right is zero.

The Riemann-Lebesgue lemma may be stated as follows: for any “nice” function f(x),

im [ f(2) {Sin ’“} =0. (VIIL34)

p—oo J, COS 4T

It is quite easy to see the graphically, as shown in Fig. VIIL.8.  Physically, what the lemma

B fa)sinpe

FIG. VIII.8 The Riemann-Lebesgue lemma: f(z) multiplied by a rapidly oscillating function integrates to

zero in the limit that the frequency of oscillation becomes infinite.

is telling you is that if you start out with any given state in some fixed region and wait long
enough, the only trace of it that will remain is its (true) vacuum component. All the other one and
multiparticle components will have gone away: as can be seen from the figure, the contributions
from infinitesimally close states destructively interfere.

So we’re essentially done. A similar argument shows that

Jm (0[Ur(t+, 0)] )] 0) = (0] 2){Q[¥) (VIIL.35)
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and applying this to the numerator and denominator of Eq. (VIIL.31) we find
O Qer(x1) - .- pr(zn)| 2)(2]0)

(0] €2)(Q2 |€2){€210)
= G(")(:nl, NN ,xn)

G (.. an) =

= Z (connected diagrams with n external legs) . (VIIL.36)

So there is now no longer to distinguish between the sum of diagrams and the real Green’s

functions.

D. The LSZ Reduction Formula

We now turn to the second question: Are S matrix elements obtained from Green’s functions
in the same way as before?
By introducing a turning on and off function, we were able to show that
(lhy. .y ls|S =1 kyyoo o k) =
S

2,2 " 12 2
la = T R B e gy ke ). (VIIL37)
7 7
b=1

a=1

The real world does not have a turning on and off function. Is this formula correct? The answer
is “almost.”

The correct relation between S matrix elements (what we want) and Green functions (what, as
we just showed, we get from Feynman diagrams) which we will derive is called the LSZ reduction
formula. Since its derivation doesn’t require resorting to perturbation theory, we no longer need to
make any reference to free Hamiltonia, bare vacua, interaction picture fields, etc. So FROM NOW
ON all fields will be in the Heisenberg representation (no more interaction picture), and states will
refer to eigenstates of the full Hamiltonian (although for the rest of this section we will continue

to denote the vacuum by | ) to avoid confusion)
o(x) =vn(z), [0)=|Q). (VIIL.38)

The physical one-meson states in the theory are now the complete one meson states, relativistically

normalized

HIk) = k2 + 12| k) = wi| k), (K |k) = (27)%2w,6®) (k — K). (VIIL39)

The reason the answer to our question is “almost” is because the field ¢ in the Lagrangian

does not have the correct amplitude to create and annihilate mesons in the interacting theory. In
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particular, it is not normalized to create a one particle state from the vacuum with a standard
amplitude - instead, it is normalized to obey the canonical commutation relations. For free field
theory, these two properties were equivalent. For interacting fields, however, the amplitude to
create a meson from the vacuum has higher order perturbative corrections. It is easy to see this
diagrammatically. In free field theory, (k|¢(0)|0) = 1, and matrix elements of ¢ between the
vacuum and non single-particle states vanish. Once we include interactions, this is no longer the
case - for example, the diagram in Fig. (VIL.3) contributes to the matrix element (N N|p(x)|0).
By conservation of probability, this means that once you turn on interactions, (k|¢(z)|0) < 1, so
in an interacting theory the fields are not correctly normalized to create mesons.

We can fix this with a simple rescaling. Let us denote the fields in the Lagrangian which are
normalized to obey the canonical commutation relations by ¢q (these are typically referred to as
“bare” fields), and define a rescaled (“renormalized”) field ¢(x) in terms of ¢g. By translational

(k ()| Q) = (k [P p(0)e P Q) = € (k |1o(0)] ). (VIIL40)

By Lorentz invariance, you can see that (k |p(0)| Q) is independent of k. It is some number, which
for historical reasons is denoted Z'/2 (and traditionally called the “wave function renormalization”),

and only in free field theory will it equal 1,
ZY?% = (k|p(0)| Q). (VIIL41)

We now can define a new field, ¢, which is normalized to have a standard amplitude to create one

meson'?,

o(z) = 2 %p(z), (k|p(z)]| Q) = . (VIIL.42)

However, the renormalized fields still produce multiparticle states from the vacuum. Despite this,
we can now state the LSZ (Lehmann-Symanzik-Zimmermann) reduction formula: Define the renor-

malized Green functions G,
G (z1,...,20) = (QT (o(z1) . .. p(x0)) | Q) (VIIL.43)

and their Fourier transforms, G(™. In terms of renormalized Green functions, S matrix elements

are given by

10 1f the free field has a nonvanishing vacuum expectation values, i.e. (0|¢o(z)|0) # 0, we will have to subtract this
off as well.
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S ZQ_HQ T k;Q—,LLQ
Lo 0alS = 1 kys o k) =TT ;
<17 ) | ‘ 1, y > ; (;I;[l

GUE(=ly, ... —lg k.. k)

i

e
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(VIIL.44)

That’s it - almost, but not quite, what we had before. The only difference is that the .S matrix
is related to Green functions of the renormalized fields - in our new notation, the factors of G in
Eq. (VIIL2) should be Gg. Given that it is the renormalized fields ¢(z) which create normalized
meson states from the vacuum, this is perhaps not so surprising. What is more surprising is that
even the renormalized field ¢(x) creates a whole spectrum of multiparticle states from the vacuum
as well, and that these do not pollute the relation between Green functions and S-matrix elements.
Naively, you might think that the Green function would be related to a sum of S-matrix elements,
for all different incoming multiparticle states created by ¢(z). However, as we shall show, these
additional states can all be arranged to oscillate away via the Riemann-Lebesgue lemma, much as

in the last section.

1. Proof of the LSZ Reduction Formula

The proof can be broken up into three parts. In the first part, I will show you how to con-
struct localized wave packets. The wave packet will have multiparticle as well as single particle
components; however, the multiparticle components will be set up to oscillate away after a long
time. In the second part of the proof, I will wave my hands vigorously and discuss the creation of
multiparticle states in which the particles are well separated in the far past or future; these will
be called in and out states, and we will find a simple expression for the S matrix in terms of the
operators which create wave packets. In the third part of the proof, we massage this expression

and take the limit in which the wave packets are plane waves, to derive the LSZ formula.

1. How to make a wave packet

Let us define a wave packet | f) as follows:

3 —
=] (zj)ﬁsz(k)' k) (VIIL45)

-

where F'(k) = (k|f) is the momentum space wave function of | f). Associate with each F' a position

space function, satisfying the Klein-Gordon equation with negative frequency,

3 - .
f(z) = / %F(lg)elk'x, ko = wg, (O+ p?)f(z)=0. (VIIL.46)
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Note that as we approach plane wave states, |v) — | k), f(z) — e,
Now, define the following odd-looking operator which is only a function of the time, t (re-
call again that we are working in the Heisenberg representation, so the operators carry the time

dependence)

)= / B (07,000 (7,1) — [(F, )00 (1)) (VITL4T)

This is precisely the operator which makes single particle wave packets. First of all, it trivially

satisfies
Qe () =0 (VIIL.48)

and has the correct amplitude to produce a single particle state | f):

(k! (1) )
d3k, ! s S
3 —ik’-x —ik’-x
d3k/ 7 1.0 -
- ’ N i, etk _ —iklx
) / 7] Grpaa ") ( e KT — K0y ) (1 ()| )
dSk’ - o
= i/WUF(k/)(—iwk/ — iwk) / d3LE ez(k —k)we—z(wk,_wk)t
k/
) F(E) (VIIIL.49)
where we have used
/ Bz e F BT = (2m)5@) (k- ) (VIIL50)

and we note that the phase factor e ~“(“» ~“k)t hecomes one once the § function constraint is imposed
(this will change when we consider multiparticle states). Note that this result is independent of
time.

A similar derivation, with one crucial minus sign difference (so that the factors of wy and wy

cancel instead of adding), yields
Q! (t)|k) = 0. (VIIL51)

Thus, as far as the zero and single particle states are concerned, ¢! (t) behaves as a creation
operator for wave packets. Now we will see that in the limit ¢ — 400 all the other states created
by ©f (t) oscillate away.

Consider the multiparticle state | n), which is an eigenvalue of the momentum operator:

P n) = pl| n). (VIIL52)
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Proceeding much as before, let us calculate the amplitude for ¢/ (t) to make this state from the

vacuum:
(n |’ () 2)
3K - -~ o
— 3 " B(K —ik'x _ —ik'x
=i [ [ i PO (0] (pla)one ™ — = “ayp(a)) | )
3K - o o
3 / ; —ik'-x —ik"-x
= z/d on 22wk/F(k ) (—zwkre —e 60) (n]e(x)| Q)
3K - oy iy A
3 NA i, etk _ —iklx iPn T
_z/d o 22%/17(1@)( e e H 50y ) € |p(0) )
3 .
=i [ G P (i — i) [ e F i p(0)] )
(27)2 2wy "
= 0 P (5 i 4 (0) ) (VIIL53)
Wpn,
where
Wy, = \/P2 + P2 (VIIL.54)

Note that we haven’t had to use any information about (n |p(z)| Q) beyond that given by Lorentz
invariance; thus, we haven’t had to know anything about the amplitude to create multiparticle
states from the vacuum. The crucial point is the existence of the phase factor e “rn —Pn)t in

Eq. (VIIL.53), and the observation that for a multiparticle state with a finite mass,
Wy, < PO (VIIL55)

This should be easy to convince yourself of: a two particle state, for example, can have p' = 0 if
the particles are moving back-to-back, while the energy of the state p? can vary between 2u and
0o. In contrast, a single particle state with 7= 0 can only have p® = wp = p < pY. Thus, for the
single particle state the oscillating phase vanishes, as already shown, whereas it can never vanish
for multiparticle states.

So now we have the familiar Riemann-Lebesgue argument: take some fixed state |v), and

consider (¢ |of (t)| Q) as t — Foc. Inserting a complete set of states, we find

Jim (]! (0]9) = lim | (@] Q)@ ()] 2)

t—+oo

b [ I O10) + 3 Gl (1)
(27)32wy, n#0,1
Cwin o (VIIL56)

where we have used the fact that the multiparticle sum vanishes by the Riemann-Lebesgue lemma.
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Similarly, one can show that

lim (Q |/ (t)[¢) =0 (VIIL57)

t—+oo
for any fixed state |1)).

Thus, our cunning choice of ¢/ (t) was arranged so that the oscillating phases cancelled only for
the single particle state, so that only these states survived after infinite time. We have a similar
interpretation as before: in the t — —oo limit, ¢/ (¢) acts on the true vacuum and creates states
with one, two, ... m particles. Taking the inner product of this state with any fixed state, we
find that at ¢t = 0 the only surviving components are the single-particle states, which make up a

localized wave packet.

2. How to make widely separated wave packets
The results of the last section were rigorous (or at least, could be made so without a lot of work).
By contrast, in this section we will wave our hands violently and rely on physical arguments.

We now wish to construct multiparticle states of interest to scattering problems, that is, states
which in the far past or far future look like well separated wavepackets. The physical picture we
will rely upon is that if Fl(E) and FQ(E) do not have common support, in the distant past and
future they correspond to widely separated wave packets. Then when (/2(t) acts on a state in the
far past or future, it shouldn’t matter if this state is the vacuum state or the state | f1), since the
first wavepacket is arbitrarily far away. Let us denote states created by the action of ¢/2(t) on

| f1) in the distant past as “in” states, and states created by the action of ©/2(¢) on | f1) in the far

future as “out” states. Then we have

lim (" (t2)] fi) = | fu, fo)O (1), (VITL58)

t—o00 (—00)
Now by definition, the S matrix is just the inner product of a given “in” state with another

given “out” state,

Ut (o falfry F2) I = (f3, 41| i, S (VITL59)

Thus, we have shown that

(fs, f4|S| f1, fo) = lim lim lim  lim

tg—o0 tz3—oc0 tg——00 t1—+—00

(@ T (ta) " (t3) @ (t2)0" (1) ). (VIIL.60)

3. Massaging the resulting expression

In principle, we have achieved our goal in Eq. (VIII.60): we have written an expression for S
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matrix elements in terms of a weighted integral over vacuum expectation values of Heisenberg
fields. However, it doesn’t look much like the LSZ reduction formula yet, but we can do that with
a bit of massaging.

What we will show is the following

FafalS =AU fr ) = [dbor.dan fi @) 3 () folaz) o)
x i[O + 1) QT (1) . .. o(24)] Q). (VIIL61)

This looks messy and unfamiliar, but it’s not. If we take the limit in which the wave packets

become plane wave states, | f;) — | ki), fi(z) — e we have

(k3 ka|S — 1| k1, k2) = / d'y ... d 'y, e ratiherasikr =ik
Xi4 H(DT + MQ)G(4) (1'1, s 7x4>

ky —

1

GO (ky, kg, ks, —ka), (VIIL.62)

-1

T

which is precisely the LSZ formula. Note that we have taken the plane wave limit after taking the
limit in which the limit £ — 400 required to define the in and out states; thus, in this order of
limits even the plane wave in and out states are widely separated.

Before showing this, let us prove a useful result: for an arbitrary interacting field A and function

f(x) satisfying the Klein-Gordon equation and vanishing as |z| — oo,

i / Az f(2)(O+ p2)A(z) = i / d'z f(2)05 Ax) + Ale)(=V? + 1i?) f(2)
:i/#xﬂm%A@%nM@%ﬂ@
_ /dt&o/d?’xz 2)3A(z) — A(2) f(2))
_ / dt 9y AY (1)

_ ( lim — lim ) AL (1) (VIIL63)

t——o0 t—+00

where we have integrated once by parts, and A/ () is defined as in Eq. (VIIL.47). Similarly, we can

show

/d4xf (O + p®)A(z) = ( lim — lim )AfT(t). (VIIL.64)

t——+o00 t——o0

Note the difference in the signs of the limits. We can now use these relations to convert factors of

(O 4 p?)p(x) to ©f(t) on the RHS of Eq. (VIIL61). Doing this for each of the x;’s, we obtain

RHS = ( lim — lim )( lim — lim )( lim — lim)
tg—+o00 tg——00 t3——+00 tz——00 to——00 to—+o00
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x( lim — lim )mT¢f1(xwfz<x2>¢fﬂ<x3>¢fﬂ<x4>|Q>-

t1—>—0o0 t1—>+o0

(VIILG65)

Now we can evaluate the limits one by one.

First of all, when t4 — —o0, it is the earliest (in the order of limits which we have taken), and
so acts on the vacuum. Thus, according to the complex conjugate of Eq. (VIIL.57), we get zero.
When t4 — +00, it is the latest, and acts on the vacuum state on the left, to give (f4|. Similarly,
only the t3 — oo limit contributes, creating the state OUt< f3, fa|. Next, taking the two limits of

to, we find

t1——o0 t1—+o0

RHS = ( lim — lim ><out<f3,f4\gof1(t1)\fz>

to——+00

— lim OU(fa £y o ()"t (1) Q>> : (VIIL66)

Unfortunately, we don’t know how ¢/2(ty — o00) acts on a multi-meson out state, and so it’s not

clear what the second term is. Let’s parameterize our ignorance and define

(] = lim (s, fy]o"(t). (VIIL67)

to—00

Then taking the ¢; limits, we find

RHS = °"W(fs 1, \f17f2>in —oute falf1, £2)0 = (1) + (@) f1)
(f3, f21S = 1| f1, f2) (VIIL68)

as required. Note that we have used the fact (from Eq. (VIIL.56)) that

Jim (@[ (01)| ©2) = W e (1)) = (| f1). (VIIL69)

lim
t1—>—0o0
So that’s it - we’'ve proved the reduction formula. It was a bit involved, but there are a few

important things to remember:

1. The proof relied only on the properties
(Qe(0)]2) =0, (klp(0)]) =1. (VIIL.70)

No other properties of ¢ were assumed. In particular, ¢ was not assumed to have any
particular relation to the bare field ¢ which appears in the Lagrangian - the simplest relation
is Eq. (VII1.42), but the Green functions of any field ¢ which satisfies the requirements

(VIIL.70) will give the correct S-matrix elements. For example,

o(z) = () + j9¢(z)” (VIIL71)
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is a perfectly good field to use in the reduction formula. As a simple test of this, try making
the substitution in Eq. (VIIL.71) for a free field theory and calculate a scattering amplitude
- despite the fact that you will now have a lot of nontrivial graphs to calculate, you should

find that scattering amplitudes in this theory vanish identically.

Physically, this is again because of the Riemann-Lebesgue destructive interference. One
appropriately renormalized, ¢(0) and ¢(0) only differ in their vacuum to multiparticle state
matrix elements. But this difference just oscillates away - the multiparticle states created

by the field are irrelevant.

Practically, this has a very useful consequence: you can always make a nonlinear field redef-
inition for any field in a Lagrangian, and it doesn’t change the value of S-matrix elements
(although it will change the Green functions off shell, but that is irrelevant to the physics). In
some cases this is quite convenient, since some complicated nonrenormalizable Lagrangians

may take particularly simple forms after an appropriate field redefinition.

This is a good result to remember, if only to save a few trees. A lot of papers have been
written (even in recent years) which claim that some particular field is the “correct” one
to use in a given problem. Most of these papers are silly - the authors’ pet form of the
Lagrangian has been obtained by a simple nonlinear field redefinition from the standard

form, and so is guaranteed to give the same physics.

. We can also use the same methods as above to derive expressions for matrix elements of
fields between in and out states (remembering that the S matrix is just the matrix element

of the unit operator between in and out states). For example,

out<k17 o 7kn |A($)| Q) — /d4x1 o d4$n eik1-x1+...+ikn-xn

<" TT (2 + 12) T(Q (1) . .. () A(@)| ) (VIIL72)

for any field A(z). Substituting the expression for the Fourier transformed Green function,

the matrix element can be calculated in terms of Feynman diagrams:

d*k nok2— 2

out Lk 1A() Q) = / b TT B G@O (hy, hsk) (VITLTS)
(271') r=1 t
where G(Q’l)(xl, ..., Zp;x) is the Green function with n ¢ fields and one A field.

. In principle, there is no problem in obtaining matrix elements for scattering bound states -

you just need a field with some overlap with the bound state, which can then be renormalized
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to satisfy Eq. (VIIL.70). For example, in QCD mesons have the quantum numbers of quark-
antiquark pairs. So if ¢(z) is a quark field and g(z) an antiquark field, g(x)g(x) should
have a nonvanishing matrix elements to make a meson. So “all” you need to calculate for

meson-meson scattering from QCD is

T |(qq) r(21)(@q) r(22) (@) r(x3)(qq) rR(4)| Q) (VIIL.74)

where the renormalized product of fields satisfies (meson |(gq)z(0)|2) = 1. Of course, no-
body can calculate this T-product since perturbation theory fails for the strong interactions,
but that’s not a problem of the formalism (as opposed to the turning on and off function,
which had no way of dealing with bound states). One could use perturbation theory to

calculate the scattering amplitudes of an eTe™ pair to the various states of positronium.



127

IX. SPIN 1/2 FIELDS

A. Transformation Properties

So far we have only looked at the theory of an interacting scalar field ¢(x). Recall that since ¢

is a scalar, under a Lorentz transformation z# — z'* = A",z", ¢ transforms according to

¢(x) = ¢/ (x) = $(A™"2). (IX.1)

This simply states that the field itself does not transform at all; the value of the field at the
coordinate z in the new frame is the same as the field at that same point in the old frame. In
general, ¢ could have a more complicated transformation law. For example, we could have four
fields ¢*, u = 1..4, which make up the components of a 4-vector. In this case, ¢* will transform

under a Lorentz transformation as
¢(z) = ¢(x) = A, 6" (A~ a). (IX.2)
In general, a field will transform in some well-defined way under the Lorentz group,
¢a(x) = Dap(A)gp(A ). (IX.3)

If ¢, has n components, Dg,(A) is an n x n matrix. The matrices D(A) form an n-dimensional

representation of the Lorentz group: if A1 and Ay define two Lorentz transformations,
ZDab(Al)Dbc(AQ) = Dac(A1A2)- (IX.4)
b

In addition, D(A™1) = D(A)~!, and D(1) = I, the identity matrix.

We are interested in describing particles of spin 1/2. From our previous experience in quantum
mechanics, we already know how such objects transform under rotations, a subgroup of the Lorentz
group. A spin 1/2 state |1) has two components:

|7/’T>>
W) = , IX.5
¥ (WQ %9

The spin operators S, S, and S, are given by
_1 _1 _1
Sx = 50’1, Sy = §O'y, SZ = 50’2 (IX6)

where 0, 0y and o, are the Pauli matrices

0 1 0 —i 1 0
O'x_< ),ay—<' ),O’z—< ) (IX.7)
1 0 i 0 0 -1
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For a particle with no orbital angular momentum, the total angular momentum J is just given by
the spin operators. In general, rotations are generated by the angular momentum operator J: !

a general state | 1) transforms under a rotation about the é axis by an angle 6 as

|¥) = Ur(€,0)|¥) (IX.8)

where the rotation operator
Ur(é,0) = e/¢0 (IX.9)

is unitary. Therefore, a state with total angular momentum 1/2 transforms under this rotation

ale

) — e~ T2 y) (IX.10)

so the matrices

e—w~el9/2

form the spinor representation of the rotation group. Hence, a quantum field u which creates and

annihilates spin 1/2 particles will transform under rotations according to
u'(z) = U;r%u(x)UR = 1902 (R ) (IX.11)

where R is the rotation matrix for vectors, and we are suppressing spinor indices.

In a relativistic theory, we must determine the transformation properties of spinors under the
full Lorentz group, not just the rotation group. The most satisfying way to do this would be to
pause for a moment from field theory and develop the theory of representations of the Lorentz
group. We could find all possible representations of the group, and then finally restrict ourselves
to the spinor representation. But since we have only a small amount of time, and since we are
really not interested in any representations of the Lorentz group beside the scalar, vector (both of
which we already understand) and spinor representations, corresponding to particles of spin 0, 1
and 1/2 respectively, we will simply introduce a nice trick for obtaining the spinor representation
from the vector representation. This is not generalizable to other representations, but it will serve

our purposes.

11 See, for example, Cohen-Tannoudji, Diu and Laloé, Quantum Mechanics, Volume 1, Chapter VI (especially Com-
plement Byry).

12 Recall that the exponential of a matrix M is defined by the power series e™ =1+ M + M?/2! + M3/3! + ... This
is only equal to the exponential of the entries in the matrix if M is diagonal.
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Let us return to the rotation subgroup of the Lorentz group. The rotations are the group of

2 = 22 +y% + 2% invariant (and which retain the

transformations (z,y, z) — (2/,y/, 2’) which leave r
handedness of the coordinates, so we do not include reflections). We can assemble the components
of a 3-vector into a two by two traceless Hermitian matrix
z T — 1y
T+ 1y —z
a b

c d
entry). Hermiticity requires Rea = Red, Ima = Imd = 0, Reb = Rec and Imb = —Ime,

A two by two complex matrix ( ) has eight independent components (two for each complex

reducing the number of independent components to four, and tracelessness reduces this to three,
so Eq. (IX.12) is the most general form for a two by two traceless Hermitian matrix. Consider the
transformation X’ = UXUT, where U is a two by two unitary matrix with unit determinant. Then

X' is also a traceless, Hermitian matrix

TrX = TrUXUT = TrUTUX = TrX

Xt = (uxut )T = X' (IX.13)

so in general we can write it as

2! ' — 1y
X' = . (IX.14)

o+ =2
Since
detX’ = detUdet X detU" = det X (IX.15)
we have
2?4y 22 =2 4 4 2P (IX.16)

so this is another way of writing the transformation law of a vector under rotations. It is easy to

show by direct matrix multiplication that
U = ¢ i0:¢0/2 (IX.17)

is the appropriate transformation matrix for a rotation about the é axis.
The U’s by themselves form a two-dimensional represenation of the rotation group, and a
spinor is defined to be a two-component column vector which transforms under rotations through

multiplication by U:

u' = Uu. (IX.18)



130

This agrees with our previous assertion, Eq. (IX.10).
We can extend this construction to the whole connected Lorentz group. Removing the trace-

lessness condition on X increases the number of free parameters by one, so it now takes the general

form
t+z x—1y
X = . (IX.19)
r+iy t—=z
Now consider the transformation
X' =QxQf (IX.20)

where Q) is no longer required to be unitary, but still det @ = 1. Then under the transformation

Eq. (IX.20), detX = detX’, so
t/2 o ./,U/Q - le . 212 — t2 . .’E2 . y2 o Z2 (IX21)

and so the transformation corresponds to a (proper'?) Lorentz transformation. We note that the
matrix () has six independent parameters, which is the same as a proper Lorentz transformation
(three independent rotations and three independent boosts).

Consider the transformation of the 4-vector (1,0) under a boost in the 2 direction,

(1,0) = (v, —y/7? = 12). (IX.22)

It is convenient to introduce the parameter ¢, defined by

cosh¢ =, sinh¢=—/72—1 (IX.23)

where v = v/v2 — 1 parameterizes the boost. Then the vector transforms as
(1,0) — (cosh ¢, sinh ¢). (IX.24)

It is straightforward to verify that in our matrix representation, this boost corresponds to the
transformation matrix @, = exp(o,¢/2) (note that there is no i in the exponential; @, is Hermitian,

not unitary, so Qf = Q,):

X/ — €¢UZ/2X6¢0'2/2

e?2 0 1 0\ /e?2 0
N ( 0 e¢/2> (0 1)( 0 e¢/2>

13 The proper or connected Lorentz transformations do not include reflections or time reversal. Any proper Lorentz
transformation may be written as a product of a rotation and a boost.
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e 0
- ( 0 e—¢>
(cosh ¢ + sinh ¢ 0 )

(IX.25)
0 cosh ¢ — sinh ¢

and so t’ = cosh¢ and 2/ = sinh ¢, as required. In general, you can verify that a boost in the é

direction is given by
Q = 702, (IX.26)

The @’s, the group of unitary two by two matrices with unit determinant (including the rotation
matrices U) form a representation of the connected Lorentz group. Under a boost, a spinor
transforms as u — Qu.

This construction is not unique. If we have a set of matrices Q(A) which form a representation
of a group, so do the matrices Q*(A), as do the matrices SQ*(A)ST for some unitary matrix S.

This is easy to verify; for example, the new representation preserves the group multiplication rule:
SQ"(A)STSQ* (A2)ST = S[Q(A)Q(A2)]" 5T = SQ*(A1A2) S (IX.27)

where we have used the fact that the @)’s form a representation. However there may or may not
be any physical difference between the two representations. Two representations Q and Q are said

to be equivalent if there is some unitary matrix S such that
Q(A) = SQ(A)ST (IX.28)

for all transformations A. This is physically sensible because if two representations are equivalent,
I can always transform an object u transforming under one representation to one transforming

under the other representation by performing the change of basis
u — Su. (IX.29)

There is no physics in a change of basis, so a set of fields transforming under ) are physically
equivalent to a set of fields transforming under Q. On the other hand, if no such matrix S exists,
then the two representations are inequivalent, and there is a physical difference between fields
transforming according the two representations. We will see a practical illustration of this shortly.

For the Lorentz group, the two representations ) and Q* are, in fact, inequivalent. Therefore

there are two different types of spinor fields we can define; those which transform according to )
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and those which transform according to QQ*. However, for the rotation subgroup, U and U™ can be
shown to be equivalent representations, with S = ioy:

U(R) = iooU*(R)(io2)! = ( 0 1>U*(R)<0 _1> (IX.30)
-1 0 1 0

for all rotation matrices U(R) = exp(—id - €0/2). This is why we never encountered two different

types of spinors when dealing only with rotations. However, for boosts, it can be shown that
ioy (e—g'éqﬁ/?)* (i0)T = €76#/2 £ =F20/2 (IX.31)

and so the two representations Q and SQ*ST of the Lorentz group are not equivalent.
Thus we can define two types of spinors which we shall denote by w4 and u_. They transform

in the same way under rotations,

Uy — €002y, (IX.32)

but differently under boosts

uy — e 2y, (IX.33)

0,1/2) representation of the

In group theory jargon, u, is said to transform according to the D
Lorentz group and u_ transforms according to the D(1/20) representation.

In order to construct Lorentz invariant Lagrangians which are bilinear in the fields, we shall
need to know how terms bilinear in the u’s transform. Not surprisingly, since in some sense the
spinors were the “square roots” of the vectors, we can construct four-vectors from pairs of spinors.

First consider the bilinear u1u+. Under a Lorentz transformation,

uLqu — uiQTQu+. (IX.34)

If Q is purely a rotation, QT = Q! (@ is unitary) so uLqu — u1u+. Therefore it is a scalar under

rotations (but not under Lorentz boosts). The three components of

ul&'u+ = (ulaaju+, uloqur, ulaqur) (IX.35)
form a three-vector under rotations (I have left this as an exercise for you to show). Putting

these together, you should also be able to show that the four components of
VH = (uLqu,uL(}’qu) (IX.36)
form a four-vector. A similar construction shows that the components of
WH = (ul u_, —ul Gu_) (IX.37)

transform as a four vector under a proper Lorentz transformation.
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B. The Weyl Lagrangian

We will now promote our spinors to fields, that is spinor functions of space and time, trans-

forming under Lorentz transformations according to
Uy (x) = Up(A)Tuy (2)Up(A) = D(A)uy (A1) (IX.38)
and similarly for u_, where Uy (A) is the unitary operator corresponding to Lorentz transformations,
Ur(A)| k) = | AK). (IX.39)

Note that the u’s are complex fields. We can now construct a Lagrangian for u,, keeping in mind

the following restrictions:

1. The action S should be real. This is because we want just as many field equations as there
are fields. By breaking up any complex fields into their real and imaginary parts, we can
always think of S as being a function only of a number of real fields, say N of them. If S
were complex, with independent real and imaginary parts, then the real and imaginary parts
of the resulting Euler-Lagrange equations would yield 2N field equations for N fields, too
many to be satisfied except in special cases (see Weinberg, The Quantum Theory of Fields,

Vol. I, pg. 300).

2. L should be bilinear in the fields, to produce a linear equation of motion. In the absence of
interactions, we want uy to be a free field with plane wave solutions, which requires linear

equations of motion.

A

3. L should be invariant under the internal symmetry transformation uy — e u, ul —

e“‘ui. This is because we want to have some contact with the real world, and all observed

fermions carry some conserved charge (like baryon number or lepton number).

We'’ve already seen that bilinears in w4 and ui form the components of a four-vector; to make
this a scalar we have to contract with another vector. The only other vector we have at our
disposal is the derivative d,. Hence, the simplest Lagrangian we can write down satisfying the

above requirements is
£=i(uldous +uld-Vuy). (1X.40)

The 7 in front is required for the action to be real, which you can verify by integrating by parts.

The sign of £ is not fixed; we will take it at this point to be +. We will see later on that this
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theory has problems with positivity of the energy no matter what sign we choose, so we will defer
the discussion to a later section.
The Lagrangian Eq. (IX.40) is called the Weyl Lagrangian. We can get the equation of motion

by varying with respect to ui:

", = LT =0 (IX.41)
U+ O(0uuly)
so the equation of motion is
oL -
— = 0= (0+7-V)ur =0. (IX.42)
oul,

Multiplying this equation by dy — & - V and using the relation
oi0j = ZZ €ijkOk + 0ij (IX.43)
k
gives us (¢ - V)2 = V2 and so
(83 = V*) uy = Ouy =0, (IX.44)

Remember that u4 is a column vector, so both components of 4 obey the Klein-Gordon equation
for a massless field.

Defining the energy to be positive,

ko

I
=
[\

(IX.45)

there are two solutions for u (x):

—ik-x

us(z) = uge  uy(z) = vy et (IX.46)

where u and vy are constant 2 component spinors. Based on our previous experience with complex
fields, we expect that when we quantize the theory, uy will multiply an annihilation operator for
a particle and vy will multiply a creation operator for an antiparticle. Substituting the positive

energy solution into the Weyl equation gives
(8 + & - Vuy(z) = (—iko + i - k)uy (z) =0 (IX.47)
and so

(ko — G- K)uy = 0. (IX.48)
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Consider k to be in the 2 direction, k¥ = ko2. Then we have (1—0,)uy =0, or

1
Uy X ( ) . (IX.49)
0

What does this tell us about the states of the quantum theory? Well, in the quantum theory we
expect that uy will multiply an annihilation operator. Consider a state | k) moving in the positive

z direction, k= (0,0,k,), ko > 0. Then we expect that

A 1
(0 up ()| k) x e~ ( ) (IX.50)
0
or
1
(0us(0)] k) x . (IX.51)
0
It will turn out that this state is in an eigenstate of the z component of angular momentum, J,:
J. k) = A k). (IX.52)

It is straightforward to find A. Since w is a spinor field, we know how it transforms under rotations

about the z axis by an angle 0,
UL (2, 0)us (0)UR(2,0) = e=-0/%u,(0) (IX.53)
and therefore

(01URu+(0)UR| k) = (0]e 7= *u (0)| k)

A 1 . 1
x e—i0:0/2 ( ) — —10/2 ( ) ) (IX.54)
0 0

Ugrlk) = e |k)

But since

Ugr|0) = |0) (IX.55)
we also have
. ) 1
(O U (2, ) (O)UR(Z,0) | k) = (0 [uy (0)] k) o e~ (IX.56)
0
and so

A=1/2. (IX.57)
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Therefore in the quantum theory the annihilation operator multiplying u, will annihilate states

with angular momentum 1/2 along the direction of motion. Similarly, we can show that

1
V4 X N
0

and that vy will multiply a creation operator that creates states with angular momentum -1/2
along the direction of motion.

Therefore, the quanta of this theory consist of particles carrying spin +1/2 in the direction of
motion and antiparticles carrying spin —1/2 in the direction of motion, while there are no corre-
sponding states with particles (antiparticles) carrying spin antiparallel (parallel) to the direction of
motion (since there is no corresponding solution to the equations of motion for the fields). These
states don’t look much like electrons, since electrons (or any other massive spin 1/2 particle) can
have spin either parallel or antiparallel to the direction of motion. In fact, it is not consistent for
a massive particle to have only one spin state, since for a massive particle it is always possible to
boost to a frame going faster than the particle. In this frame, the particle’s 3-momentum is in
the opposite direction but its spin is unchanged. Thus, if the spin was parallel to the direction of
motion in one frame, it is antiparallel in the other.

Thus, spin along the direction of motion is only a good quantum number for massless particles,
and is usually called the helicity of the particle. Spin is usually reserved for massive particles to
describe their angular momentum in the rest frame. A particle with positive helicity (along the
direction of motion) is referred to as “right-handed,” while if the helicity is negative (antiparallel
to the direction of motion) it is “left-handed.” Thus, in the quantum theory we expect that u (x)
will annihilate right-handed particles. Since the field operator therefore changes the helicity of the
state it acts on by —1/2, it should also create left-handed antiparticles. For the u_(z) field, we
would find that it annihilates left-handed particles and creates right-handed particles.

This doesn’t sound very much like an electron, or a quark, or a proton, or most of the fermions
observed in Nature. It sounds the closest to a neutrino. The masses of the three types of neutrino
observed are very small - less than about 10~" of the mass of the electron - so to a good approxima-
tion they are massless. Indeed, right-handed neutrinos and left-handed antineutrinos have never
been observed, and so neutrinos are, to a good approximation, described by the u_ field.

Clearly the Weyl Lagrangian, in distinguishing right and left-handed particles, violates parity.
Under a parity transformation the three momentum of a particle flips sign, while its spin is un-
changed. Thus parity interchanges left and right-handed particles. Similarly, the Weyl Lagrangian

violates charge conjugation invariance, since charge conjugation will turn a left-handed neutrino
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into a left-handed antineutrino, which has never been observed. However, the combined operation
of C'P will turn a left-handed neutrino into a right-handed antineutrino. Thus, although we haven’t
quantized the theory to show this explicitly, we expect that the Weyl Lagrangian violates C' and

P separately, but conserves the product CP.

C. The Dirac Equation

This is all very well, but it’s not what we set out to find. We were really looking for a theory
of electrons, which are certainly not massless. Furthermore, the strong and electromagnetic inter-
actions of electrons are observed to conserve parity (the weak interactions, which we shall study
later, violate parity). Therefore we would like to write down a free field theory of massive spin 1/2
particles which has a parity symmetry.

We have already argued that parity interchanges left and right-handed fields. Thus we can

define the action of parity on the u4 fields to be
P :uy(Z,t) = up(—2,t). (IX.58)

A parity invariant theory must therefore have both types of spinors. The simplest Lagrangian is

just
Lo =iul (8y+7-Vuy +iu (8o — 7 V)u_ (IX.59)

but this is nothing more than two decoupled massless spinors. However, it is easy to check explicitly
that uiu_ and uT_qu transform as scalars under Lorentz transformations. Therefore we can include

the parity conserving term

L= Ly—m uiu_ + u_u+)

= il (@ +7 - V)uy +iul (@ -7 V)u —m (uhu +uluy) (IX.60)

The coupling multiplying the uiu_ term has dimensions of mass, so we have suggestibly called it
m. This is the Dirac Lagrangian, and as we shall see it describes massive spin 1/2 fields. In its
current form it doesn’t look the way Dirac wrote it down, but we will be introducing some slick
new notation shortly to put it in a more elegant form.

We can again vary the fields and derive the equations of motion. We find the coupled equations

(00 +7-V)uyr = mu_

(00— 7 V)u_ = muy. (IX.61)
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Multiplying the first equation by 0y — 7 - 6, we find
(B = Vuy = —im(dy — & - Vu_ = —mPuy (IX.62)
and so each of the components of u; and u_ obeys the massive Klein-Gordon equation
(0,0" + m?)ux(x) = 0. (IX.63)

At this point we will introduce some notation to make life easier. We can group the two fields

uy and u_ into a single four component “bispinor” field :

b= (u+> . (IX.64)

In terms of v, the Dirac Lagrangian is

£ =ity + ivta - vy — mytsy (IX.65)

g 0 0 1
&:< ) 5:( ) (1X.66)
0 —¢ 1 0

and each entry represents a two-by-two matrix. The equation of motion is

where

(0o +a- V) = Bmap. (IX.67)

This is the Dirac equation. Note that we can get the Dirac equation directly from Eq. (IX.65) from

the Euler-Lagrange equations for 1):

oL
HH = —m—m—m =
ORI
oL . -
90T = 0= iy +a Vi —mpy =0. (IX.68)

You just have to remember that i is now a four component column vector, and so these are now
matrix equations. If you prefer, you can leave the spinor indices explicit in this derivation.

In terms of ¢, a parity transformation is now
P p(Z,t) — pY(—2,t) (IX.69)
and under a Lorentz boost

P — eV 2y, (IX.70)
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Since u4 and u_ transform the same way under rotations, ¢ transforms under rotations as

R:1p — ey (IX.71)
- g 0
where L = % .
0 ¢
The o’s and S obey the relations
B,ai} =0, {aa;}=0(#j), fP=al=a5=a3=1 IX.72
J 1 2 3

where {A, B} is the anticommutator of A and B:
{A,B} = AB + BA. (IX.73)

Finally, we note that the components of (171, 4 T@) form a 4-vector.

This representation is not unique. We could, for example, have defined ¥ by

1 Uy +U_
)= 7 < v u) (IX.74)

and all of these results would still hold, except the a’s and § would be different. However, they

would still obey the anticommutations relations Eq. (IX.72). In this basis (the “Dirac” basis), we

find
0 o 1 0
d»:( ) 5:< ) (1X.75)
o 0 0 1

We could define other bases as well. The Weyl basis turns out to be convenient for highly relativistic
particles m < F while the Dirac basis is convenient in the nonrelativistic limit m > F. However,
as we shall see, in most situations we will never have to specify the basis. The anticommutation
relations Eq. (IX.72), which hold in any basis, will be sufficient.

Very shortly we will introduce some even more slick notation which will allow us to write all
of our results in a Lorentz covariant form. However, before proceeding to that let us finish our
discussion of the plane wave solutions to the Dirac equation. We will need these solutions to canon-
ically quantize the theory, since the plane wave solutions multiply the creation and annihilation

operators in the quantum theory.

1. Plane Wave Solutions to the Dirac Equation

As in the Weyl equation, take the energy py to be positive, pg = /|p]? + m?. Then we have

both positive and negative frequency solutions

Y(x) = uge P, ap(z) = vyeP" (IX.76)
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where uy and vy are constant four component bispinors. Substituting the first solution into the

Dirac equation, we find

(po — & - Pug = Bmauy. (IX.77)
0

). In the rest frame, p=0 and
-1

1
For definiteness, we will work in the Dirac basis, so § = (

po = m, so we find

a
b
up = Buy = upy = (IX.78)
0
0
and so two linearly independent solutions are
1 0
I Il R - I
ug = v2m , U =V2m . (IX.79)
0 0
0 0

(The factor of v/2m in the normalization is a convention. Note that Mandl & Shaw do not include

this factor in their definition of the plane wave states.) Now, in both the Dirac and Weyl bases

g, =1 (UZ ’ ) (IX.80)

0 o,

the spin operator is

SO Szug) = +%ug) and Szug) = —%u}?). The two solutions correspond to the two spin states. As

we expected, both solutions are present for a massive field.
Now we use our knowledge of the transformation properties of ¥ to find the the plane wave

solutions when § # 0. Instead of solving the Dirac equation for p # 0, we can just boost the

coordinate system in the opposite direction
(r) _ aep/2, ()
Uy =e ug (IX.81)
where é = j/|p], cosh¢ = v = E/m and sinh ¢ = |p]/m. Using o? = 1 and o;a; = —ajay, we get
() _ %, = ssinn @] ,0
Uy = {cosh 5 + a - ésinh 2] Uug " (IX.82)

Now, cosh ¢/2 = /(1 + cosh ¢)/2 and sinh ¢/2 = /(1 + sinh ¢)/2, so

E+m E—-m_ | &
\/ - +\/ 5@ e}u (IX.83)

)

(r) _
Uy’ =

(=1
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so in the Dirac basis we find, for p’'in the Z direction,

vVE+m 0

- u? = . (IX.84)

The case where p'is not parallel to 2 is straightforward to compute from Eq. (IX.83).
Similar arguments also allow us to find the solutions for the v’s, which in the quantum theory

we expect to multiply creation operators for antiparticles. We find

0 0
w_ =0 @_ 5|0
vV e 2m 5 V> = 2m
0 1 0 0
0 1
FEF—-—m 0
0 —E—m
oW = : U}ff) — . (IX.85)
vVE+m 0

0 vVE+m

Notice that we have chosen our solutions to be orthonormal:

(Mt (s) _ ] (Mt (s) _ TS
uglug =2mo", vz vy’ = 2mo (IX.86)
or
u M pul) = 2mem, oIl = —ome (IX.87)

This second form is useful because we’ve already noted that ¢f31 is a Lorentz scalar. Therefore

we can immediately write

ug)Tﬁués) _ ufgfﬁﬂug) — 9T
vérﬁﬁvés) = v}(;ﬁﬂv](;) = —2mé"* (IX.88)

since the scalar is unaffected by Lorentz boosts.

D. ~ Matrices

With all of these a’s and (3’s, the theory doesn’t look Lorentz covariant. Time and space appear

to be on a different footing, although we know they’re not because L is a scalar. We can clean
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things up a bit by introducing even more notation which makes everything manifestly Lorentz
covariant. It will also allow us to write down combinations of bispinors which transform in simple
ways under Lorentz transformations.

We’ve already seen that for two bispinors ¥ and 1o, ”(/JIﬁ”ng is a Lorentz scalar. It’s convenient

to make use of this fact and define the Dirac Adjoint of a bispinor ¥
v =yip. (IX.89)
Therefore 1,15 is a scalar: under a Lorentz transformation

Y192 = Py (IX.90)

(note that since 8% = 1, 4T = 1)3). Furthermore, we know that the components of (1/)1[1,[}2, ¢I&¢2) =
(11812, 11 Barhy) transform like the components of a four-vector. It’s convenient then to define

the four matrices v, u = 1..4, by
V=8, 7' = Ba;. (IX.91)

(Note that the label i on the a’s is not a Lorentz index and so there is no distinction between
upper and lower indices on «. The index ¢ on 7y is a Lorentz index, and so this equation defines y*
with raised indices.) The components of the four vector are now simply written as ;7*1). The
~v*’s are called the Dirac v matrices. You will learn to know and love them.

Under a Lorentz transformation 1) — D(A)w, and so ¢ = ¢T3 — TDT(A)B = ¢1BEDT(A)B =
1 D(A), where we have defined the Dirac adjoint of the operator D(A)

D(A) =~°DT(A)A°. (IX.92)
Since under a Lorentz transformation,
Py = YDAV DAY = Ay (IX.93)
we find that the v matrices satisfy
D(ANY“D(A) = A*,4". (IX.94)

We can now use this technology to construct objects from the bispinors which transform in
more complicated ways under the Lorentz group. For example, ¥y*y“4 transforms like a two

index tensor:

y"y" 1 — PD(A)Y*D(A)D(A)y" D(A)y

= Ao A ghy Py (IX.95)
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(where we have used D(A)D(A) = 1, which follows from the fact that ¢ is a scalar).

The commutation relations for the a’s and 8 may now be written in terms of the ~+’s as
{7} =29 (IX.96)

Thus, the v matrices all anticommute with one another, and (v%)% = —(y

1. For any four-vector a,, we define ¢ (“a-slash”) by
d = ay,y". (IX.97)
From the v algebra it follows that
dp+ pd = 2a-b (IX.98)
and ¢d¢ = a®. The Dirac Lagrangian may be written in a manifestly Lorentz invariant form
V(P —m)p (IX.99)
and the Dirac equation is
(ig —m)y = 0. (IX.100)

Note that these are all four by four matrix equations, where we have suppressed matrix indices.
Also, everything is still classical, and the v matrix algebra is simply a statement about matrix
multiplication, not about quantum operators anticommuting.

Another property of the v matrices is that they are not all Hermitian,
P = = gy’ = 709*° (IX.101)
but they are self-Dirac adjoint (“self-bar”)

A = (IX.102)

7, (5) _ rs _ _(r) () =(r) (s) _
Uy uy' =2mé"™ = = vy, Uylvy =0 (IX.103)

and since iQuy(x) = i(—ip)uz(x) = puy(x) and i@vg(x) = i(ip)vy(x) = —pvg(z), the Dirac equation

implies that the plane wave solutions satisfy

(p—mp) =0=(p+mp (IX.104)

P D
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Taking the Dirac adjoint of Eq. (IX.104) gives
7 (p—m) =0 =100 (p+m). (IX.105)

The plane wave bispinors also obey the completeness relations

2
Z U =p+m, Z %y (T) =p—m. (IX.106)
r=1

These will be very useful later on when we calculate cross sections.

1. Bilinear Forms

We have already seen that 1) transforms like a scalar and that the components of 1y*1) form
a 4-vector. We could go on indefinitely and construct n component tensors 1)y*~...y*2), but since
any collection of v matrices is simply a four by four matrix there are only be sixteen independent
bilinears which can be constructed out of ¥ and 1. We already have five - the one component
scalar and the four-vector. We can choose the remaining eleven to transform simply under Lorentz
transformations.

Consider first 1)y*~¥2p. This is a sixteen component object. However, we may split it up
into symmetric and antisymmetric pieces: ¥{y*,7"}¢ and P[y*,7*|. Since {y*,4*} = 29,
the symmetric combination is simply 2¢g*¥11) and so is not an independent bilinear form. The
antisymmetric combination is new. We define

ot = %[v“,’v”] (IX.107)

and then the six independent components of o*4 transform like a two index antisymmetric
tensor (note that some books define o with an opposite sign to this). This bring the number of
bilinears to eleven, so we need to find five more.

Skipping to four component objects, we next consider ¥y#~v*~y*yP1. But if any two indices are

the same, this doesn’t give us anything new. For example,
AOAIA0A2 = 00 102 (12 12 (IX.108)

So only the matrix v9v'92~43 and its various permutations are new. Thus we define a new matrix

V5t

)
75 =177 = ewasy*r 1Y =17 (IX.109)
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Here, €,,0p is a totally antisymmetric four index tensor, and
€0123 = 1 = —€1023 = €1032 = ... (IX.110)

75 is in many ways the “fifth v matrix.” It obeys

(1) =1, 5 =11 =—75 {¥.7"}=0. (IX.111)

Since ewjagwf‘*y”w“vﬁ has no free indices, it transforms like a scalar under boosts and rotations,
Pysh — Pys1p. However, its transformation differs from that of 1) when we consider parity

transformations. Under parity,
W(T,t) = BY(=7,t) = 1"9(~Tt)
P(F,t) = P(—F, )8 = P(—7,1)7° (IX.112)
and so under a parity transformation
YY(Z,t) — Pip(—T,t) (IX.113)

exactly as a scalar should transform. However,

Dyt = Y057 0 (=7, t) = —ysy Oy (=T, t) = —gys (-1, b). (IX.114)

Thus 151 changes sign under a parity transformation, and so transforms like a pseudoscalar.

The final four independent bilinear forms are the components of

YYY5Y (IX.115)

which make up an axial vector. Again, we see that under a parity transformation ¥y*(Z,t) —
970949 %(~, 1), and so

Pyp(Z, 1) = — Py (=2, t), i =1..3. (IX.116)
The spatial components of 1)y*1) flip sign under a reflection whereas the time component is un-

changed, which is how a vector transforms under parity. On the other hand, the addition of the

~s means that the axial vector transforms like

PO (E,t) — =Py s (— 7, 1)

PYP(T, ) = Py b (—F,t), i = 1.3 (IX.117)
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which is the correct transformation law for an axial vector.
Thus, we have chosen the sixteen bilinears which can be formed from a Dirac field and its

adjoint to transform simply under Lorentz transformations. To summarize, we have

S = 9tp (scalar)
VH = a)ytp  (vector)

T = 1pot”yp  (tensor)

P

Pys5p  (pseudoscalar)
Al = Yytys1p  (axial vector). (IX.118)

Given these transformation laws it will be easy to construct Lorentz invariant interaction terms in
the Lagrangian. For example, if we have a vector field A* (such as a photon), a Lorentz invariant
interaction is A“@*yp,w. An axial vector field B* could couple in a parity conserving manner as
B“E’yufyg)@b. A scalar field ¢ (such as a meson) could couple like ¢)1), whereas the coupling ¢tpy51
conserves parity if ¢ transforms like a pseudoscalar. Finally, in a parity violating theory (such as
the weak interactions) a vector field W* could couple to some linear combination of vector and
axial vector currents: W“Em(a + bys)1. This interaction is parity violating because there is no

way to define the transformation of W# under parity such that this term is parity invariant.

2. Chirality and ~5
0

1
In the Weyl basis, v5 = (
0 -1

). We can define the projection operators (in any basis)

Pr=3(1+7), Pr=3(1—"7) (IX.119)
These satisfy the requirements for projections operators: P}% = Pr, P? = P, PRP, =0, Pp+P, =
1, and they project out the Weyl spinors u4 and u_ from the Dirac bispinor:

u
( 0+> = J(1+ )0 = Prib = ¥r

0
( ) =11 =)y = Py = ¢y (IX.120)

U_
We also find that 1¥p = v Pr = " Pry® = ¥ Pr, and 91, = ¥)Pgr. ¥, and g are just the left and
right-handed pieces of the Dirac bispinor in four component, rather than two component (u_ and

u4 ), notation. The Weyl Lagrangian for right-handed particles may therefore be written

L = i Pryp = $id Payp = P PLi PRy = PRidYR. (IX.121)
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Similarly, for left-handed particles we have £ = ¢i@y. The Dirac Lagrangian is

L =pridr, + ridpr — mQrLyr + PrYL). (IX.122)

As we noticed before, we see that without the mass term the Dirac Lagrangian just describes two
independent helicity eigenstates. The mass term couples the right and left-handed fields, so the
helicity of the massive field is no longer a good quantum number. As we argued from physical
grounds earlier, this is exactly what must happen for a massive particle, since its helicity is no
longer a Lorentz invariant quantity.

We also note that we may write the parity violating Weyl Lagrangian describing left-handed

neutrinos in the four-component form

L= idpr. (IX.123)

When m # 0, the Dirac Lagrangian is invariant under the U(1) symmetry v g — e~y g.
Because of the mass term, the left and right handed fields must transform the same way under
the internal symmetry. However, when m = 0 this is no longer required, and the theory has two

independent U (1) symmetries,

b — e M, YR =Yg (IX.124)

and

YR — e Mpr, hp = Pr. (IX.125)

The independent symmetries are called chiral symmetries, where the term chiral denotes the fact
that the symmetries has a “handedness”, that is, it distinguishes left and right handed particles.
Chiral symmetries play an important role in the study of both the strong and weak interactions.
For example, the weak interactions involve the coupling of vector fields (the W=+ and Z bosons) to
only the left-handed components of spin 1/2 fields. The Z boson, for example, is the quantum of

the Z# vector field, which has a coupling of the form

ZM) pypr = ZPpgyu(1 — 5)1. (IX.126)

Such a theory clearly violates parity.
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E. Summary of Results for the Dirac Equation

These pages summarize the results we have derived for the Dirac equation, without proofs. You
will find many of these results in Appendix A of Mandl & Shaw; however, they use a different

normalization for the plane wave states.

1. Dirac Lagrangian, Dirac Equation, Dirac Matrices
The theory is defined by the Lagrange Density
L=yt lioy+ia-V - pm| ¢. (IX.127)

where 1 is a set of four complex fields, arranged in a column vector (a Dirac bispinor) and the a’s
and ( are a set of 4x4 Hermitian matrices (the Dirac Matrices). The corresponding equation of

motion is
(idy + i@ - V — Bm)h = 0. (IX.128)
The Dirac matrices obey the following algebra,
{ai, a;} = 26ij, {oi, B} =0, B> =1. (IX.129)
Two representations of the Dirac algebra that will be useful to us are the Weyl representation

g 0 0 1
g= ( ) 5= ( ) (1X.130)
0 —¢ 1 0

and the standard (or Dirac) representation

0 ¢ 1 0
= (_) > , B= < > (IX.131)
c O 0 -1

(where each component represents a 2 X 2 matrix).

QL

2. Space-Time Symmetries

The Dirac equation is invariant under both Lorentz transformations and parity. Under a Lorentz

transformation characterized by a 4 x 4 Lorentz matrix A,

A () — D(A)p(A ). (IX.132)
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For a boost characterized by rapidity ¢ in the é direction,
D (A(é¢)) = e¥e9/? (IX.133)

while for a rotation of angle # about the é axis,

D (R(é0)) = e~ike0 (IX.134)
where
. 1/ 0
L=z (IX.135)
2\0 ¢

in both the Weyl and standard representations.
Under parity,

P (Z,t) = Bo(~2,1). (IX.136)

3. Dirac Adjoint, v Matrices

The Dirac adjoint of a Dirac bispinor is defined by

=93 (IX.137)
and the Dirac adjoint of a 4 x 4 matrix is
A=BATB. (IX.138)
These obey the usual rules for adjoints, e.g.
(v40)" = oAv. (IX.139)
The v matrices are defined by
V=8, 7' = Ba. (IX.140)

From these we can define the v matrices with lowered indices by

Yo = G’ - (IX.141)

The v matrices are not all Hermitian,

Y =y = gy’ = 77" (IX.142)
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but they are self-Dirac adjoint (“self-bar”)

FH = A+ (IX.143)
They obey the v algebra
{77} = 29" (IX.144)
and also obey
D(A)y"D(A) = A" (IX.145)
For any 4-vector a, we define
d = a,y" (IX.146)
and from the vy algebra it follows that
dtp+ pd = 2a - b. (IX.147)

In this notation, the Dirac Lagrange density is

(g —m)y (IX.148)
and the Dirac equation is
(i@ —m)y = 0. (IX.149)
4. Bilinear Forms
There are sixteen linearly independent bilinear forms we can make from a Dirac bispinor and its

adjoint. We can choose these sixteen to form the components of objects that transform in simple

ways under the Lorentz group and parity. These are

S = Pnp (scalar)
VH = apytap  (vector)
TH — Gl (tensor)
P = 95 (pseudoscalar)

AF = ypytysep  (axial vector) (IX.150)
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where we have defined
Y = —[y*, 4] (IX.151)

and

, i v
75 =" = et =7 (IX.152)

Here, €,,0p is a totally antisymmetric four index tensor, and
€0123 = 1. (IX.153)

v5 is in many ways the “fifth v matrix.” It obeys

(75)2 = ]-7 V5 = ’Yg = _757 {757’7M} =0. (IX154)

5. Plane Wave Solutions
The positive-frequency solutions of the Dirac equation are of the form
W = ue” P (IX.155)
where p? = m? and p® = /p2 + m2. The negative-frequency solutions are of the form
P = ve??, (IX.156)

There are two positive-frequency and two negative-frequency solutions for each p. The Dirac

equation implies that
(Pp—m)u=0=(p+m)v. (IX.157)

For a particle at rest, p = (m, 6), we can choose the independent u’s and v’s in the standard

representation to be

V2m 0 0
w_| ° (2) v.2m oW = ! @ = . (IX.158)
0 0 0 0 V2m 0 0
0 0 0 V2m

(Note that these are normalized differently than in Mandl & Shaw. They omit the v/2m from the

o O

normalization and instead include it in the definition of D, the invariant phase space factor.) We

can construct the solutions for a moving particle, ug) and vg), by applying a Lorentz boost.



These solutions are normalized such that

They obey the completeness relations

2 2
z:lug)ug) =p+m, ng)ﬁg) =p—m.

Another way of expressing the normalization condition is

—(r) (8) _osrs, u _ (1) (s)
Uy fy“uﬁ = 20"pt =Ty ’y“vﬁ .

This form has a smooth limit as m — 0.

152

(IX.159)

(IX.160)

(IX.161)
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X. QUANTIZING THE DIRAC LAGRANGIAN
A. Canonical Commutation Relations

or, How Not to Quantize the Dirac Lagrangian

We now wish to construct the quantum theory corresponding to the Dirac Lagrangian, and so
we expect to be able to set up canonical commutation relations much in the same way as for the

scalar field. The momentum conjugate to v is

. ocC
= 5w

while the momentum conjugate to ¢! vanishes. Although this seems odd, it is not a problem.

= ol (X.1)

The equations of motion from the Dirac equation are first order in time, and so ¢ and ¢! form
a complete set of initial value data. That is, if we know 1 and ¥' at some initial time, we can
find the state of the system at any following time (if the equations were second order in time, we
would also need the time derivatives of the fields at the initial time). It is only on these fields,
which completely define the state of the system, that we need to impose canonical commutation

relations. Therefore we take
[a(@,t), (L) (3, 1)] = 020 (& = ). (X.2)
Here we have explicitly displayed the spinor indices a and b. Suppressing the indices, we have
(@, 1), 01 (7)) =09 @ - ), [0, v( )] = [B'@ 0,07 ] =0. (X.3)

Just as in the case of the scalar field, any solution to the free field theory may be written as a sum

of plane wave solutions

2 ) — (1), () =i () (T‘) P
(E,t) = Z/ 5 3/2\/7[b ug'e P 4 ¢ P }
P(F,t) = Z/ 2m) 3/2 T [bgﬁugﬁeip'm —I—Cg)vgﬁe_ip'ﬂ : (X.4)

In the classical theory, the b’s and ¢’s are numbers, the Fourier components of the solution, just as
in the case of the scalar field. The u’s and v’s are the four component bispinors we found explicitly
in the previous section. Since there are two spin states for the fields, a general solution to the
Dirac Equation has components with both spin states, and so the b’s and ¢’s carry a spin index.
In the quantum theory, the b’s and ¢’s are replaced by operators. We expect that the canonical

commutation relations Eq. (X.2) will require that the b’s, ¢’s and their conjugates be creation and
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annihilation operators, so to make things simpler let us make the ansatz

b5, 651 = BT6® (- p)
[CI(;")’CI(;)T] = 0660 (5 — ) (X.5)

where B and C' are constant which we shall solve for. Substituting Eq. (X.5) into the commutation

relations gives

d3pdPp
7 T — (_Z") ()17, (1) —(s) 0 _ip-z—ip’-y
W(&1), (7 ) Z/ (%)3@@{[% o Jugs e

+[C§;) C( )]U( )U(S),y()e—zp x+ip’ y}

o 1
1 dgp —ip-(Z—7)
= @np E{ (p +m)y
—C(p— m),yOeiﬁ(f—y“)}
1 d3p i (i )
@7 | 28,° {B@oy® + ' +m)y
~C(por" — piy' = m)"}. (X.6)
Here we have used the completeness relations ), Uy "7 (T =p+mand ), v v = p—m. Clearly if
B = —C, the p;7* and m terms cancel, and the py = Ep in the numerator cancels the denominator.

So choosing B = —C' = 1, we obtain

[w<‘fv t)a 77“(57 t)] =

1 —ip(F—F o
@) /d3pe PE=0) = 53) (7 — ) (X.7)

as required. Note, however, that the sign in the commutator for the ¢’s is opposite to what we
might have expected, and suggests that something may not be quite right here.
To see if this is a sensible quantum theory, we should look at the Hamiltonian and see if the

energy is bounded below:
H =T1%009) — L = it °00) — g7 Oyt) + mpa)p = —id Dip + mo. (X.8)
Since 9 satisfies the Dirac equation, we can write this as
H = i)y 00t = ihT . (X.9)

In terms of the creation and annihilation operators,

100 = Z/ 3/2\/ [b(r) ;(?T) —ipw —cgﬁvg)eip'm (X.10)
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and so the Hamiltonian is

H = /d?’x?-[
_ / B ptiog
d3pd>p
_ 3 (1t ("M ip'-x (r), ("t —ip/ -
—Z/d W3\/;[b”up p—i—c vpep}x
[bl(;)ug)e—zp-:v _ C}(Dj)TUé)eip"I} ) (X.11)

As usual, the d3x integral times the exponential becomes a delta function, and using uﬁr f,(8) =

B0 = 2657, = o)

Uy 7 U , we arrive at

p p p
_ 3 (i) _ 010, 56
= Z/d pE, (B0 — el 1 5@ (0)]. (X.12)

The 6 (0) will vanish when we normal order, so we just find

H =Y [ dpE, N(p.1) = Nelp.7) (X.13)

where Ny(p,r) and N.(p,r) are the number operators for b and ¢ type particles.

There is indeed something seriously wrong with this theory - the Hamiltonian is unbounded
from below! The c-type particles (antiparticles) carry negative energy. The theory therefore has
no ground state, since you can always lower the energy of a state by adding antiparticles.

Unlike previous problems with positivity of the energy, we can’t fix this problem simply by
changing the sign of the Lagrangian. This will simply force the b particles to carry negative energy.
There is therefore no way to obtain a sensible quantum theory from the Dirac Lagrangian using

canonical commutation relations.

B. Canonical Anticommutation Relations

We didn’t spend two lectures on spinors and v matrices just to throw it all in at the first sign of
trouble. The theory can be rescued, but the canonical commutation relations must be abandoned
and replaced with something else. Recall that for the scalar field theory we could interpret GL
and aj as creation and annihilation operators because of their commutation relations with the

number operator N = [ dk a,tak (or equivalently, with the Hamiltonian H = [ d3k wka,tak.). Let

me remind you that this worked because of the following useful identity for commutators:

[AB,C] = A[B,C] + [A,C]B. (X.14)
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This immediately gives

[N, ak /d3k’ ak,ak,,ak] = a,t (X.15)

and also

[N, ak] = —ag. (X.16)
Therefore az acting on a state raises the eigenvalue of N by one and the energy by wy, while

aj, acting on the states lowers both eigenvalues, exactly as expected for creation and annihilation

operators. However, there is another useful identity for commutators
[AB,C] = A{B,C} —{A,C}B (X.17)

where {A, B} = AB + BA is the anticommutator of A and B. This is extremely useful, because it
means that if we were to impose anticommutation relations on the ay’s and ay’s, they could still

be interpreted as creation and annihilation operators. That is, let us impose the relations
{ar,al} = 6Ok -F)
{ag,ap} = {aL,aL,} =0. (X.18)

We then find, using Eq. (X.17)

[N,al] = /d3k' ar aE,,aL] = /d?’k'ak,{ak/ al} = al
[N,ar] = /d3k" ag Q7 Q] = /d3k:' {ak,,ak}ak/ =— (X.19)

exactly as required. This suggests we try the following anticommutation relations for the b’s and

c’s:

() &y _ srs53) (7 o
{bﬁ bﬁ’}_dé (=P
{ef) i) = 70 (5 - p)
(o5’ ,b§; b= 006 =0
(el e = (D, ey = i) DTy = =0, (X.20)
Not surprisingly, substituting these anticommutation relations into the field expansions we find
that the equal-time commutation relations are replaced by now obey equal time anticommutation

relations

{0(@, 1), 01, )} = 6O F-7)
{0(&, 1), 0@ 1)} = {¥1(& 1), 9171} = 0. (X.21)
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Note that you have to be careful when dealing with anticommuting fields, since the order is always
important. For example, ¢(Z, t)y(v,t) = = (i, ) (2, t).

The crucial step is now to see if this modification gives us an energy bounded from below. It is
easy to see that it does, since the previous derivation of the Hamiltonian goes through completely

unchanged up until the last line:

H = Z/d3pEp (b8 — el

- / d*pE, b7 4 el +6@(0)] . (X.22)

The anticommutation relations have given us a crucial sign change in the second term. Throwing

away the (3 (0) as usual, we now have

H=Y" [ dpE, Ny(p.r) + No(p.7) (X.23)

which is bounded from below. Both b and ¢ particles carry positive energy.

C. Fermi-Dirac Statistics

We have saved the theory, but at the price of imposing anticommutation relations on the creation
and annihilation operators, and we must now examine the consequences of this. First consider the
single particle states in the theory. We label these by the spin r (where r = 1 or 2 labels spin
up and down, as we did when in the last chapter when writing down the explicit form of the
plane wave solutions) as well as the momentum p. As usual, they are produced by the action of
a creation operator on the vacuum (for definiteness, we consider particle states, not antiparticle

states, although the arguments will clearly apply in both cases):

15r) = b7|0)
@, s|7.r) = (055" 0)
_ (s) 3t
= (015,657} 0)
= 676 (7 - ) (X.24)

and so the states have the correct normalization, just as they did in the scalar case. However, the

multiparticle states are different from the spin 0 case. We find

B s) = 0568 0y = 060 0) = | 7, 57, 7) (X.25)



158

and so the states of the theory change sign under the exchange of identical particles. Thus, the
particle obey Fermi-Dirac statistics, instead of Bose-Einstein statistics. Consistency of the theory
has demanded that we quantize the particles as fermions instead of bosons. In particular, the Pauli
exclusion principle follows immediately from

(bg;))Q - (b@)2 —0 (X.26)

p1

which means that there is no two-particle state made up of two identical particles in the same state
|ﬁ1,7";]71,7‘> =0. (X27)

Thus, it is impossible to put two identical fermions in the same state.
It isn’t immediately obvious that a theory with Fermi-Dirac statistics will be causal. For bosons,
we said that [¢(x), ¢(y)] = 0 for (z—y)? < 0 guaranteed that spacelike separated observables, which

are constructed out of the fields, couldn’t interfere with one another:
0(2),0()] = 0, (z—y)* <0, (X.28)

However, for fermi fields we now have the relation {1)(z),%(y)} = 0 as well as {¢(z), 9T (y)} =0
for (x — y)? < 0 (this follows from the analogous calculation to that from which we derived
Ay (x—y) =0 for (x —y)? <0.) How do we see that this requirement guarantees causality in the
quantum theory?

The reason it does it that observables are always bilinear in the fields. For example, the energy,

momentum and conserved charge are given by

H = / Bt (7, 0)000(E, 1)
P = =i [ il @ 00w
Q = / Bt (Z, 0)0(E, 1), (X.29)

This is not surprising. We know that spinors form a double-valued representation of the Lorentz
group since they change sign under rotation by 27. Observables, on the other hand, are unaffected
by a rotation by 27 and so must be composed of an even number of spinor fields. Using the anti-
commutation relations (X.21), we can easily verify that observables bilinear in the fields commute
for spacelike separation, as required.

The fact that particles with integer spin must be quantized as bosons while particles with half-

integral spin must be quantized as fermions is a general result in field theory, and is known as



159

the spin-statistics theorem. We have, at least for spin 1/2 fields, demonstrated the second part
of the theorem. The first part of the theorem, the fact that particles with integral spin must be
quantized as bosons, follows from that observation that if we were to attempt to impose canonical
anticommutation relations on the creation and annihilation operators for a scalar field we would
find that the fields obeyed neither [¢(z), ¢(y)](z—y)2<0 = 0 nor {¢(x),d(y)}z—y)2<0 = 0. The
theory would therefore not be causal. This is the gist of the spin-statistics theorem: quantizing
integral spin fields as fermions leads to an acausal theory, while quantizing half-integral spin fields

as bosons leads to a theory with energy unbounded below (and so with no ground state).

D. Perturbation Theory for Spinors

Now that we understand free field theory for spin 1/2 fields, we can introduce interaction terms
into the Lagrangian and build up the Feynman rules for perturbation theory. Let us consider a
simple nucleon-meson theory (now that the nucleons are fermions, we no longer need to enclose
the word in quotations)

2

£ =T - m)p + 50,0 — - - giT (X.30

where we either take I' = 1, in which case ¢ is a scalar, or I' = i75, in which case ¢ is a pseudoscalar
(we include the i so that the Lagrangian is Hermitian, £ = £7.). The theory with I" = 1 is known as
Yukawa theory; it was originally invented by Yukawa to describe the interaction between real pions
and nucleons. It turns out that Yukawa theory does not, in fact, provide the correct description of
nucleon-meson interactions even at low energies (where the internal structure of the nucleons and
pions is irrelevant, so they may be treated as fundamental particles). However, in modern particle
theory the Standard Model contains Yukawa interaction terms coupling the scalar Higgs field to
the quarks and leptons.

Dyson’s formula and Wick’s theorem go through for fermi fields in almost the same way as for
scalars. However, the anticommutation relations introduce a crucial difference. Recall that when
(r — y)? < 0, time ordering is not a Lorentz invariant concept. In one frame xg > o while in
another yo > xg. Nevertheless, the T-product of two scalar fields is Lorentz invariant because the
fields commute when (z —y)? < 0, so ¢(z)p(y) = ¢(y)¢(x) and the order is unimportant. However,
for fermions this no longer holds. If (z — y)? < 0, fermi fields anticommute. So for spacelike

separation,

T(p(x)p(y)) = ()9 (y) (X.31)
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in the frame where xg > gy, but

TW()d(y) = v(y)v(x) = —(@)Y(y) (X.32)

in the frame where yg > zg. Therefore we must modify our definition of the T-produce of fermi
fields to make it Lorentz invariant. The solution is simple: just define the T-product to include
a factor of (—1)", where N is the number of exchanges of fermi fields required to time order the

fields. Thus, for two fields

T(p(2)i(y)) =

{w(l’)w(y)a o > Yo; (X.33)

—p(y)(z), Yo > wo.

since for yg > xg we must perform one exchange of fermi fields to time order them. When
(r — y)? < 0 the fields anticommute and the T-product is the same in any frame. Also, from

Eq. (X.33) and the anticommutation relations, we have

T(P1(z1)Y2(w2)) = =T (Ya(z2)¢1(71)). (X.34)

Therefore we treat fermi fields as anticommuting inside the time ordering symbol. (Note that in
this discussion of T-products I am using v to represent any generic fermi field, including ).
The normal-ordered product is defined as before. Writing 1) = () 4+4(=) | where ¢)(+) multiplies

an annihilation operator and w(_) multiplies a creation operator, the normal-ordered product

Dy s

e = ¢ [P0+ 00 o0+ w1
= [¢§+)¢§+) _wé*)¢§+) +w§*)¢§*) _|_1/}§*) §+)} (X35)

where the second term has picked up a factor of (—1) because of the interchange of two fermi fields.
Just as for the T-product, fermi fields can be treated as anticommuting inside a normal ordered

product,

: wl'(ZJQ = — ”L/Jgiﬁl .. <X36)

(Recall that bose fields commuted inside T-products and N-products; that is, their order was
unimportant).

With this modified definition of the time-ordered product, Dyson’s formula and Wick’s theorem
go through as before. Note, however, that we must be careful with contractions in Wick’s theorem,

for example for fermion fields A; — A4 we have

AL AgAgAy = — A AgAsAy = — A1 Ay AgAy - (X.37)
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and so pulling this particular contraction out of the normal-ordered product introduces a minus
sign. In general, pulling a contraction out of a normal-ordered product introduces a factor of

(—1)V, where N is the number of interchanges of fermi fields required.

1. The Fermion Propagator

T 1

The fermion propagator is obtained from the contraction 1 (x)y(y) (note that this is a four
|

by four matrix: Su = ¥(2)a¥(y)s. As with scalar fields, this is number (or rather a matrix of

numbers) instead of an operator, so

B@)B(y) = O()b(y)|0)
= (0T () B(y))— : ¥(x)B(y) : | 0)
= (0|T(W(@)(y))|0). (X.38)

First consider the case xg > yo. Then T(¢(x)¥(y)) = ¥(x)(y). Putting in the explicit expressions
(r)— (r

for the fields and using the completeness relations for the plane wave states ), Uy =p+m
we find
W) = [ Gk D
(2m)32E,
= (i@, + m)iAi(z —y) (w0 > o) (X.39)
where we recall that
iAy(z—y) = / ﬂe—m(z—y) (X.40)
(2m)32E,
and A, (z —y) = 0 when x¢ = yg. Performing a similar calculation for 2o < o, we find'4
P(@)P(y) = 0(z0 — y0)(id, +m)iAi(x —y) + 0(yo — 20) (i@, + m)iAi(y — x)
= (ig, +m) (0(zo — yo)iAs(z — y) + 0(yo — 20)iA4(y — x))
= (i@, + m)o(x)d(y) (X.41)
where
d(2)oly) = / iy I A N — (X.42)
4 (2m)4 p? —m?+ie )

1 Note that it is legitimate to pull the derivative outside of the # function because the additional term which arises
when a time derivative acts on the 6 function vanishes: 96(zo — yo)/0z0A+(x —y) = §(xo — yo)A4(x —y) = 0.
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We have now related the fermion propagator to the scalar propagator. Moving the derivative

back inside the integral we have

L—— d4n i I, P
w(l’)oﬂb(y)b:/(27:;4 Zp(f“_" ;;Z ;26 p(@=y), (X.43)

(where we have explicitly included the matrix indices, and I is the four by four identity matrix).

We immediately see that this gives the Feynman rule for the fermion propagator shown in Fig.

(X.1). Note that the propagator is odd in p, so it matters that p and the conserved charge (the

P _ o i@pm)
T p-matie

®
A

FIG. X.1 The fermion propagator.

arrow on the propagator) are poiting in the same direction. When they point in opposite directions

the sign of p is reversed (Fig. (X.2)). Note that p? — m? +ie = ( + m — i€)(p — m + ie), so the

. L . iCprm)
- ” T p=m2+ie
FIG. X.2 The fermion propagator is odd in p.
propagator is often written as
i(p+m) i

(B+m—ie)(p—m+ic) p—m+ic (X.44)

(the i€ in the p + m term in the denominator does not affect the location of the pole, so in the
limit € — 0 we may cancel this against the numerator).
Of course, just as in the scalar theory, contractions of fields which don’t create and then anni-

hilate the same particle vanish,

¢('?)12(y>a =0
W(@)at () = 0

_

(@)t (y)s = 0. (X.45)
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2. Feynman Rules

We can deduce the Feynman rules for this theory by explicitly calculating the amplitudes for
several scattering processes. The O(g?) term in Dyson’s formula is

(—ig)?
9!

/d4$1 d*zs T [@J%)Hb(h)%(%)¢(9€1)@A@)chiﬁd(ﬂcz)ﬁb(@)} (X.46)

where we have included the spinor indices, and we are using the convention that repeated spinor
indices are summed over (so this is just matrix multiplication). This term contributes to a variety of
processes. First we consider nucleon-meson scattering, N +¢ — N 4 ¢. There are two contractions
which contribute:

L |
(&

o (@) Capthp (1) P (21) e (22)Teatpa(z2) d(x2) -
1%(-’L‘l)Fab%(ﬂﬁl)¢(3«"1)Ec($2)Tcd1bld($2)¢($2) L (X.47)

Anticommuting the fields inside the normal-ordered product, we can rewrite the second term as
—n
: P (22)egtha(2)d(x2) o (1) Dapthy(21)d(21) 1 (—1)* (X.48)
since there are four permutations of fermion fields required (note that fermi fields commute with
bose fields). This only differs from the first time by the interchange of x; and x5, and since we
are symmetrically integrating over x; and x2, the two terms give identical contributions. Just as
before, this cancels the 1/2! in Dyson’s formula.
We can pull the propagator out of the first term, and since this involves an even number of
exchanges of fermi fields (two), we get

(@) Tapthp(21) (1) De(@2) Teatba(@2)d(a2) =

V(1) Ve(22) : Yo (21)Tapd(@1)Tegtba(2)d(a2) - . (X.49)

The v field inside the normal product must now annihilate the nucleon. For the relativistically

normalized nucleon state | N(p,r)) (momentum p, spin r) we have

(0t (@2)| N(p, 1)) = ™72 x ull? (X.50)
and similarly
(N(' ") [P(a1)] 0) = €t x ) (X.51)

This immediately gives us two additional Feynman rules:
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(r)

e For each incoming fermion with momentum p and spin r, include a factor of Uy

e For each outgoing fermion with momentum p and spin r, include a factor of ﬂg)

(see Fig. (X.3).) Finally, each interaction vertex corresponds to a factor of —igl' (see Fig.

FIG. X.3 Feynman rules for external fermion legs.

(X.4).) The vertices and fermion propagators are four by four matrices while the bispinors are

-igr

FIG. X.4 Fermion-scalar interaction vertex.

four component column vectors. The amplitude is given by multiplying all of these factors together.
From Eq. (X.49) we see that the matrices are multiplied together in the order Hg/)FSFug), where
Sap 1s the fermion propagator. Diagrammatrically, this just corresponds to starting at the head
of the arrow and working back to the start, including each matrix as it is encountered along the
fermion line.

That last point is important, so I'm going to say it again. When calculating Feynman diagrams
for spinors, the order of matriz multiplication is given by starting at the head of an arrow and
working back to the start, including each matriz as it is encountered along the fermion line.

The ¢ fields act as they always did on the meson states, and as before we get two Feynman
diagrams corresponding to the two choices of which ¢ field creates or annihilates which meson,
as shown in Fig. (X.5). Applying the Feynman rules, we find the invariant amplitude for this
process to be

e () i(p+4+m) i(p—4 +m) r)
iA = (—ig)7uy 'T Dt —mZtic G —q)—m2tic Ly’ (X.52)

We next consider antinucleon-meson scattering, N + ¢ — N + ¢. This is almost identical to

the previous process, but now the 1 field annihilates the incoming antinucleon and the 1 field
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q p.r q p.r
p.r q ' q

FIG. X.5 Feynman diagrams contributing to nucleon-meson scattering.

creates the outgoing antinucleon. So in the normal-ordered product : 1 (z1)I'¢(z1)I(x2)P(x2) :
the 1) field has to be moved to the right of the v field in order to annihilate the incoming state,
introducing a factor of —1 because of the interchange of the two fermion fields. When acting on

the external states, the fields now include factors of v and v:

(O (z)| N(p,r)) = e x o)

(N (P, r) [(22)]0) = P2 x 0" (X.53)
This leads to three more Feynman rules:

e For each incoming antifermion with momentum p and spin 7, include a factor of ﬁg).

e For each outgoing antifermion with momentum p and spin r, include a factor of UI(;).

° > Vg)
- I
> P ° Vg)

FIG. X.6 Feynman rules for external fermion legs.

e Include the appropriate minus signs from Fermi statistics.

This time the matrices are multiplied by starting at the incoming antinucleon and working back

to the outgoing nucleon. Diagrammatically, it’s the same as before: start at the end of the arrow

(with a factor of @I(; ) this time, instead of ﬂg )) and work along the line to the start of the arrow.

The two diagrams contributing to the process are shown in Fig. (X.7). The amplitude is

. a2 i(—p— ¢ +m) i(—p+d +m) (")
A= —(—ig)2"r i, X.54
' (Zig) 0y +raf—m2+ic (p—q)P —ml+ic| 7 (X.54)
The overall —1 is clearly irrelevant, since it vanishes when the amplitude is squared. However, the
fermi minus signs will be significant in the next example, because they will differ between the two

diagrams.
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q p.r qg- p.r
2) b) >—<
p.r q ' q

FIG. X.7 Feynman diagrams contributing to antinucleon-meson scattering.

Finally, we consider nucleon-nucleon scattering, N + N — N + N. In this case the ¢ fields are

contracted, leaving us with the matrix element
(N7 )i N(d',8') | - 9T (1)l (a2) « | N(p,); N(q, 5))- (X.55)

Now we have to be careful. The (relativistically normalized) state | N(p,7); N(q, s)) can be defined

either as

(2)% (2wg) /2 (2wp) V2651 0) (X.56)
or

(2m)3 (2wg)/?(2w,) 26 0T 0). (X.57)

Because of Fermi statistics, the two definitions differ by a relative minus sign. So for definiteness,
let us choose the first definition. This sets the convention, and so we have now choice but to define

the corresponding bra as
(N, 7); N(d, ') | = (2m)*(2wy)* (2w) /(0 b 035 (X.58)

and so the matrix element in Eq. (X.55) becomes

(b5 YT ()T () : b0 0). (X.59)

4(277)6(Wq’wp’wqu)1/2<0 b 7

p

There are now two possibilities: either ¢ (z1) or ¢ (x2) can annihilate the nucleon with momentum
q. First we choose the case where 1 (x2) annihilates the nucleon. Using the field expansion for v,

we then obtain

{0 |b§;/)béf’) : EPW%)@(@)FU?%”’ 0)e @2
— (08 B DB () Tl )b 0)e i

7 q
_ () () . 7 ()7 ()1 )\ p—ig-z2—ip-x
= —(0]by by " ¥(w1)luy Y(z2)lugy | 0)e aH P

(X.60)
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(r)

where in the last line we have put the factor of Uy (which is not an operator, so it commutes with
the fields) in the correct position as far as matrix multiplication goes.

Now there are two choices for which 1 field creates which nucleon. The crucial observation is
that the two choices differ by a relative minus sign. If ¥)(z1) creates the nucleon with ¢, then there
is no relative minus sign. However, if 1)(x3) creates the nucleon, the fields must be anticommuted,

and there is an additional minus sign. Thus, we find two terms

_ﬂ((;’)ru(f) (T)Fu(f‘) —i((qg—q')-z2+(p—p')-x1) (X.61)
and
ﬂ((;’)rug)ﬁg’)Fu((;)efi((qu’)-szr(p*Q’)-xl). (X.62)

We could now follow through the same line or reasoning, except choosing v (x1) to annihilate the
nucleon with momentum ¢, and we would find the same result with the interchange xi < xo.
Since we are integrating over 1 and xo symmetrically, once again this cancels the 1/2! in Dyson’s
formula.

The two terms clearly correspond to the diagrams in Fig. (X.8), and the two graphs have a

relative minus sign. Therefore the amplitude for the process is

260, O (’“)ru<’“) (s)m(r)u< )Fu()
—ig? | -L ,‘7 2 2 —) (X.63)
(¢ —¢q')% — p? +ie (q p) — 2 + e

Note that since the overall sign of the graphs is unimportant. It is only the relative minus sign
which is significant. Also note that in this case there are two sets of arrowed lines, corresponding
to two independent matrix multiplications. Again, the rule is to follow each arrowed line from
finish to start, multiplying matrices as you come to them. In these diagram you simply have to do

this twice.

q.s qs pr q.s

p.r p.r d.s p,r

FIG. X.8 Feynman diagrams contributing to nucleon-nucleon scattering.

The two graphs differ only by the interchange of identical fermions in the final state. As
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expected, our theory automatically incorporates fermi statistics. The two amplitudes interfere
with a relative minus sign.

A similar situation arises in nucleon-antinucleon scattering. It is straightforward to show, using
the techniques of this section, that two diagrams which differ by the exchange of a fermion in the
final state and an antifermion in the initial state (or vice versa) also interfere with a relative minus

sign.

E. Spin Sums and Cross Sections

Our Feynman rules allow us to calculate amplitudes in terms of plane-wave solutions u and
v. To calculate the rate for a process with given initial and final spins, we could simply use the
explicit forms of the u’s and v’s that we found earlier. However, in many cases this is not necessary.
In a large number of experimental situations the spins of the initial particles are unknown, and
so a given particle has a 50% chance to be in either spin state. Similarly, the final spins are
often not measured, so we are interested in cross sections or decay rates in which we sum over all
possible spins of the final particles. In such situations we can use the completeness relations for
the spinors to perform the averaging and summing without ever writing down the explicit form of
the plane wave states. We will demonstrate this in a worked example, nucleon-meson scattering
in the “pseudoscalar” theory, I' = i5. This example also shows you several other tricks which are
useful for evaluating amplitudes with Fermi fields.

From Eq. (X.52) the invariant Feynman amplitude for nucleon-meson scattering is

W +d+m) (#—d"+m)

(‘T) X.64
(p+q)2_m2—|—z'e (p_q/)z—mQ—i-ie U . ( )

p

1A= ngEg/)%

Using 72 = 1 and {~s, Yu} = 0, we can anticommute the second s through the propagators, where
it hits the first «5 and the two square to one. Also, by conservation of momentum, p — ¢ = p’ — g,

so we may rewrite the amplitude as

T
A=y g - tie T W P —mEtie] P

<~>[ (P—d+m) (= +d+m) ]um (X.65)
) _

() _
5 uy (P —m) =0 as well as the mass-shell

Next we use the fact that the spinors obey (p — m)u

conditions p? = p'? = m?, ¢* = ¢> = i to write this as

A2 () () 1 1 } X.66
A= ig7y uy [Zp'q+u2+ie+2p’-q—u2+ie ' (X.66)
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Let us call the expression in the square bracket F'(p,p’,q). Squaring the amplitude we get

AP = ' F(p,p, @)y gull)

—(r") (), (Mt.0.0. vt.0, ()

= 9'F(p,p, 0)°quaty "7 uy uy 70707 1

= ¢'F(p.¥, 02 qua iy el a )yl (X.67)

where we have use the relations 73 = 1 and "y = At The collection of spinors and gamma,
matrices is simply a number (a one by one matrix) and so is equal to its trace. The reason for
writing it in this way is that a trace of a product of matrices is invariant under cyclic permutations

of the factors. Therefore

A = ' F(p,p,0)aua T [Ty ud wy )]

= ¢"F(p,0, ), Tr [uly 7l Iy uly ] (X.68)

Now the completeness relations comes in. Averaging over initial spins (corresponding to % S AP

and summing over final spins (corresponding to 3", |A|?) we obtain

1 T ’r‘/ T) T v

5 2 AP = Zg4F (p, 7, q) ququTr[ EaG) i aly ]
_ 1 4 / 2 / o v
—ignn%@%@mk¢+m7w+m7] (X.69)

The traces of products of v matrices have simple expressions, which are straightforward to prove

(you can find a discussion of traces in Appendix A of Mandl & Shaw). Some useful formulas are:
Tr[7/'9"] = 4g"
Tr [1"97%7° ] = 499" + 979" — 99"
Tr [odd number of v matrices] = 0
Tr [y#5] = Tr [y*9" 5] = Tr [y#9"7%y5] = 0
Tr {’y 'y”’yo"yﬂfyg,} = 4P, (X.70)
Applying these trace theorems to our expression gives
1 174 v v 174
5 AP = 26 F (oo 0 qua [P0+ 07D — g p o+ g
= 20'"F(p,p',0)* 20/ - )(p-q) = p - P + 2] (X.71)

At this point it is straightforward, if somewhat tedious, to go to the centre of mass frame, substitute
explicit expressions for the external momenta and perform the phase space integrals to obtain the

total cross section for meson nucleon scattering.
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Xl. VECTOR FIELDS AND QUANTUM ELECTRODYNAMICS

Quantizing a scalar field theory led to a theory of mesons, while the quantized spinor field allowed
us to describe the interactions of spin 1/2 fermions. In this section we will see that a classical free
field theory of a massless vector field is simply Maxwell’s equations in free space. Quantizing the
theory will give us the theory of the quantized electromagnetic field, Quantum FElectrodynamics.
The particles associated with the quantized vector field will be photons. However, quantizing a
massless vector field is a delicate procedure, due to complications arising from gauge invariance
of the classical theory. In this section we will finesse these problems by quantizing the theory of
a massive vector field and then taking the massless limit and tackling any problems that arise at

that stage.

A. The Classical Theory

A vector field is a four component field whose components transform in the familiar way under

Lorentz transformations,
AM(z) = AP, AY (A1), (XI.1)

Since we already know how products of four-vectors transform, we can go straight to writing down
Lagrangians. As before, we want to construct the simplest £ which is quadratic in the fields (so
that the resulting equations of motion are linear), has no more than two derivatives (a simplifying

assumption) and is Lorentz invariant. This gives the following terms:
e ( derivatives: there is only one possibility,

AFA,,.

e 1 derivative: there are no possible Lorentz invariant terms in four dimensions.
e 2 derivatives: there are two independent terms,
0,AYO"A,, 0,AF0"A,.

Any other term may be written as a sum of these terms and a total derivative, and so gives
the same contribution to the action. For example, up to total derivatives, 9,A"0, A" ~

AY8,0, Al ~ B, A9, AV,



The most general Lagrangian satisfying these requirements is then
L= 5 [0, A 0, A + ad, A0, A” + DA, AY)
for some constants a and b. This leads to the equations of motion
—0A, — a0,0,A" +bA, = 0.
As before, we look for plane wave solutions of the form
Ay (z) = e e ke
for some constant 4-vector ¢,. This leads to

ke, + akyk - £ + be, = 0.
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(X1.2)

(X1.3)

(X1.4)

(XL5)

The solutions to Eq. (XI.5) may be classified in a Lorentz invariant manner into two classes,

1. € « k (4-D longitudinal)

2. ¢-k =0 (4-D transverse).

In the rest frame of the field, these two types of solution correspond to e = (e, 6) and € = (0,£),

respectively. The lead to the equations of motion

1. (4-D longitudinal)

k’k, + ak’k, + bk, =0 = (K*(1+a) +b)k, =0

—b

= k%=
14+a

This solution has the right dispersion relation for a particle of mass ,u%.

2. (4-D transverse)
k%e, +be, =0 = k? = —b = 3.

This solution describes a field of mass ji%.

=i

(XI.6)

(XL.7)

The 4-D transverse solution appears to be what we are looking for, since the ¢’s clearly correspond

to the three polarization state of a massive spin one particle. The 4-D longitudinal solution,

however, isn’t very interesting. This type of solution looks exactly like a scalar field. Since we

already know how to quantize scalar field theory, this doesn’t lead to anything new. It would be
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nice to get rid of this solution altogether. This is simple enough to do: if b # 0 (that is, if the

4-D transverse field is massive), setting a = —1 takes puz to oo, removing it from the spectrum.

Or, if you prefer, when a = —1 and b # 0, the equation of motion Eq. (XI.6) has no solutions'®.

Therefore the longitudinal solutions are absent from the Lagrangian
1
L=t [(0u4,)” = (9,41)* = 2 A?] (X1.8)
where ;2 = ;ﬂT. This leads to the equations of motion
0A, — 0,0,A" + u*A, = 0. (X1.9)

This can be written in a more compact form by introducing some more notation. Define the field

strength tensor

FHY = gr AV — Q¥ AH. (XI.10)
In terms of F'*¥, the Lagrangian is
— 1 uv 1 2A AH
and the equations of motion are
OuFM 4+ u? A" = 0. (X1.12)

Equation (XI.12) is known as the Proca Equation. Using the fact that Fj,, is antisymmetric,

F,, = —F,,, we derive the requirement that the field is transverse
0,0, F" =0 = 0,A" = 0. (XI.13)

Substituting this condition into the Proca equation, each component of A* is found to satisfy the

massive Klein-Gordon equation,
(O+p?)A, = 0. (X1.14)

Equations (XI.13) and (XI.14) are equivalent to the Proca equation, although in this form it is not
clear how to derive them from a Lagrangian. They look promising, however. At the level of these

two equations the u? — 0 limit is smooth,

OAM =0, 8,A" =0. (X1.15)

!5 When a = —1 and b = 0, any k is a solution to Eq. (XI.6). It is this arbitrariness in the solution to the classical
theory which makes the massless theory difficult to quantize.
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These are just Maxwell’s equations in free space. Recall that in classical electromagnetism the
scalar and vector potentials ¢ and A make up the components of the four-vector A* = (¢, ff) In
the gauge where 9, A" = 0, each component of A* satisfies the massless wave equation. The vector
field A* is thus the familiar vector potential of classical electrodynamics, while the components of

the field strength tensor are the electric and magnetic fields

E=-V¢p— —

oo ]
I
<
X
N

(X1.16)

By direct substitution, we easily find
0 -E, —-E, —E,
E, 0 -B., By
W = . (XI.17)
E, B, 0 —B,
E. -B, B, 0
We may also verify directly that the massless Proca equation, d,F*” = 0, corresponds to the

free-space Maxwell Equations

- - OE - -
Vsza—t, V-E=0 (XI.18)
while the remaining two equations,
ﬁxE:—a&f, V-B=0 (X1.19)

immediately follow from the definitions Eq. (XI.16). However, things aren’t quite so simple. The
condition 9, A* = 0 could only be derived when p? # 0. Therefore we will stick with finite p? for
a while longer.
Returning to the plane wave solutions to the Proca equation, A, = 5Me_“” , there are three
(r)

linearly independent polarization vectors ¢,,’, r = 1..3. In the rest frame, we could choose the

basis
W =(0,1,0,0), ¢? =(0,0,1,0), e® =(0,0,0,1) (X1.20)
but in fact it is usually more convenient to choose the basis vectors to be eigenstates of J,:

1 1
M =_—_(0,1,7,0), e€? = —(0,1,-i,0), ¢® =(0,0,0,1) (X1.21)

V2 V2
which have J, = +1,—1 and 0 respectively. In any basis, the basis states are chosen to obey

orthonormality

ererle)r = —grs (X1.22)
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and completeness

Kk
112

el = —gu, + (X1.23)

N

r=1
relations. The minus sign in Eq. (XI.22) arises because the polarization vectors are spacelike. The
orthonormality and completeness relations are Lorentz covariant, so are true in any frame, not just
the rest frame.
The sign of the Lagrangian may be fixed by demanding that the energy be bounded below, as
usual. Denoting spatial indices by Roman characters, the Lagrangian may be written as

1

L FFY = S AAT - ?AOAO (X1.24)

1 .
L= §F0iFOI +

and so the time components of the canonical momenta are

d(oA;) =
oL
—— = 0. XI1.25
(00 Ao) ( )

The fact that the momentum conjugate to Ay vanishes does not constitute a problem. Because
OuA* = 0, there are fewer degrees of freedom than one would naively expect, and the spatial A;’s
and their canonical momenta are sufficient to define the state of the system.

The Hamiltonian is

H = +Fu0°A' — L
= +Fyu F% + Fy0'A° — L
= +Fu FY% £ 0 F A — L
= +Fyu FY% 7 2404° — L
1 1

) . N2 ) N2
= + 5[702'170Z — Z ijF” + ?AzAZ — 7140140 (X126)

where we have integrated by parts and used the equation of motion 9, F#° = 9, F"® = —;2A°. The
metric tensor obscures it, but each term in the square brackets is a sum of squares with a negative
coefficient and so is negative (for example, —A4;A* = A’A? > 0), and so the Lagrangian has an
overall minus sign,

1

€=

2
Fl, FM + %AMA“. (X1.27)
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B. The Quantum Theory

Canonically quantizing the theory is a straightforward generalization of the scalar field theory
case, so we will skip some of the steps. Since the spatial components A; and their conjugate
momenta form a complete set of initial conditions, it is only on these fields that we impose the

canonical commutation relations
[Ay(,1), FPO(g,0)] = i6]6®) (% — )
[Ai(,), (7, 6)] = [FO(&,t), F/°(F,1)] = 0. (XI.28)

Expanding the field in terms of plane wave solutions times operator-valued coefficients a;") and

az(r)

3 3
&3k i (") ()% /o i
A () = 2/7 {a M) ()=t 1 gt o) )ik X1.29
#2) =) (2m)3/2/ 2w e e (k) boe W ( )

and substituting this into the canonical commutation relations gives, not unexpectedly, the com-

mutation relations

e, al, ] = 676D (% - )

a0 = [af,al, ) = 0. (XL.30)

The Hamiltonian also has the expected form
cH = Z/d?’kzwkak(r)akm (XI.31)

and so we can interpret aL(T) and a (") as creation and annihilation operators for spin one particles

with polarization r.
| —

The propagator A,(x)A, (y) may be calculated in a similar manner as the spinor case. Pro-

ceeding as before, we write

| —

Au(2) A, (y) = (0T (Au(x) A ()] 0) (XL.32)

If 2o > Yo,

= [A{D(2), AT (y)] (X1.33)
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(=)

where we have split A, into the piece containing the creation operator, A (H

and a piece A,

containing the annihilation operator. From the expansion of A, (z), it is straightforward to show

that
A (), A ()] = / Bk itemn) 3 0 () (k)
# v (27)32wy, — v
d*k —ik-(z—y) kﬂk’/
-/ (2m)P2w (‘9“” T )
A
= (_g,uu - ZQ> ZA+(.’E — y) (X134)
where
A (z—y) = / Pk ikamy) (XI.35)
T ] en)sow; '
and 0 = 0/0y*. After including the yo > z¢ term we obtain
— 83/817{ )
ADAL) = 00— ) (g = 5" ) 1042 =)
040Y
4000 = a0) (~g = 25" ) i1y ). (X1.36)
Now, the scalar propagator is
P(z)d(y) = O(zo — yo)iAy(z —y) + 0(yo — z0)iA4(y — z)
d*k i
- [ &P ik(a—y)
/ (277)46 k2 — u? +ie (XL.37)

and so we would like to commute the 6 functions and derivatives in Eq. (XI.36) to obtain
1 949y , :
DA, ) = (g = 25 ) (O~ 90)iths @ ) + 600 — 20)ide 3~ 2)

dik AR

This leads to the propagator for a massive vector field, which is represented by a wavy line:

. kb kv
—i (9" = 1)

XI.39
k2 — p? + ie ( )

Note that the vector propagator carries Lorentz indices: one end of the line corresponds to a field
created by A, while the other corresponds to the field created by A,.

While this is correct, the derivation was not quite right when ¢ = v = 0. In this case, the

time derivatives don’t commute with the 6 functions and there is the additional term when one of

the derivatives acts on the # function, giving a factor of d(xo — yp), and the other acts on the A
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-i(gHY-KHKV/p2)
k2-p2+ig

VANANANANNNNANN

FIG. XI.1 The propagator for a massive vector field.

function. This wasn’t a problem in the spinor case because there was only a single time derivative,
and the term vanished because A(x — y) = 0 when 2y = yo. In this case, however, the time
derivative of A(x — y) does not vanish when g = yo and so there is an additional term. The fact
that this term does not contribute is not obvious in the canonical quantization procedure. The
path integral formulation of quantum field theory, which we will not discuss in this course, puts
this derivation on sounder footing. If you like, you can use the derivation above for (u,v) # (0,0),
and then argue that by Lorentz invariance the result must have this form for (p,v) = (0,0) as
well. 16

Now consider adding a fermion such as an electron to the theory. A simple interaction term

between the fermi field ¢» and A, is

L =—gPy"TYA, = —gp ATy (XT1.40)

where I' has the general form I" = a + bys by Lorentz Invariance. As we discussed before, when
both a and b are nonzero this theory violates parity, since there is no choice of transformation for
A¥ under which the interaction term Eq. (XI.40) is invariant. A parity conserving theory may have
either I = 1 (vector coupling) or I" = =5 (axial vector coupling), in which case the components of
A# transform under parity as a vector or an axial vector, respectively.

From our previous experience with interacting theories, the interaction term Eq. (XI1.40) leads

to the interaction vertex shown in Fig. (XI.2). = We note at this stage that there is a simple

FIG. XI.2 Fermion-vector interaction vertex

16 This sort of difficulty arises in the canonical quantization procedure because it breaks manifest Lorentz invariance,
by treating temporal indices different from spatial indices. The path integral formulation treats space and time in
a symmetric fashion.
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rule for writing down the Feynman rule associated with an interaction term in £. When all
the fields in the interaction term are different, the resulting Feynman rule is just —i times the
interaction Hamiltonian, or ¢ times the interaction Lagrangian. A term with n identical fields has
a combinatoric factor of n! in the Feynman rule, corresponding to the n! different way of choosing
which field corresponds to which line in the vertex.

Finally, evaluating Dyson’s formula requires matrix elements of the A, field between incoming

and outgoing vector meson states and the vacuum. From the field expansion,

a3k y PV (r)
<0‘Au($)|V(k,T)> = Z/ 271_ 37 2wk,65L )(k/)e k <0‘6L§€,) /2wk(2ﬂ)3/2a,t |0>

S [ e 0] ol o)

r'=1
Wk (4 —ik!x r ()
= Z/d%’,/—e,ﬁ)(k’)e k (0|[a§€,) 711 0)
r'=1 Wi
= eV (k)e ke (XL.41)

where | V(k,r)) is a relativistically normalized single particle state containing a vector meson with

momentum k and polarization r. Therefore, each incoming vector meson contributes a factor of

(r)

e, to the amplitude in addition to the usual exponential factor. Equation (XI.41) and its complex

conjugate lead to the Feynman rule

incoming
e For every

{a&”(k)
of ()*
Ep (k)

vector meson with momentum k and polarization r, include a factor
outgoing

< k
O\ NNNNNNNN eu(r)(k)

HANNANANNNNNNS g0 (K)
< k

FIG. XI.3 Feynman rules for external vector particles.

C. The Massless Theory

To obtain a quantum theory of electromagnetism, the limit 4 — 0 must be taken of the results

in the previous section. This limit looks bad for several reasons. In the quantum theory, there is a
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factor of k*k¥/u? in the vector propagator. This will turn out to be closely related to a problem

which arises at the classical level. Consider £ coupled to a source J*(x)
L=Ly— AT (). (XI1.42)
The equations of motion in this theory are
OuFM + A" = Jv (X1.43)
which leads to
0, Al = ! o JH
A= LT (XI1.44)

Again, this looks bad in the limit © — 0. However, it gives a clue to how to obtain a theory with
a sensible © — 0 limit: the limit exists only if A, couples to a conserved current. In this case,
0, J" =0 and the p — 0 limit of Eq. (XI.44) is well defined.

Fortunately, we’re old hands at finding conserved currents. Recall that Noether’s theorem
ensures that any internal symmetry has an associated conserved current and charge, the simplest

example being a U(1) symmetry associated with the transformation
ba(z) = e Mg, (z) (XI1.45)

for some set of fields (not necessarily scalar fields) {¢,}. There is no implied sum over a in
Eq. (X1.45), and the g,’s are numbers (the charge of each field), not operators. Note that the ¢,’s
are arbitrary up to a multiplicative constant; that is, if ¢, — exp(—iga\)d, is a symmetry, so is
(for example) ¢q — exp(—2iga\)pe. There is no physics in this ambiguity - if j# is a conserved
current, so is any multiple of j*.

If Eq. (XI1.45) is a symmetry, DL = 0 and the current
j* =Y MDD, = =iy 1 qa¢a (XL.46)
a a
is conserved. For example, the Dirac Lagrangian is invariant under the transformation
Y — e P, P — M), (XL.47)
Therefore the corresponding ¢,’s are
=1 qz;=-1 (X1.48)
and D = —itp, D1 = i1p. The conjugate momenta are

I, = iy, H% =0 (XI1.49)
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and so the conserved current is

g = Pytap. (X1.50)
For a charged scalar field'” ¢ we have
I = 9"p", Hg* = 0!y (XIL.51)
and so the conserved current is
gt = —i(0" ™) + (0" ) ™. (X1.52)

Therefore, we might hope that if we couple a vector field A* only to these conserved currents we
will obtain a theory with a well-defined p — 0 limit. So we might try the following interaction

terms:

e Fermions:

Ly =—gy'Auh = —gh Ay (XL.53)

This is the interaction we had written down earlier, but with I' = 1. For massive fermions,
only the vector current ¥y*1) is conserved; the axial vector current 1y*vs1) isn’t associated
with an internal symmetry and is not conserved.!® Therefore we expect that only the theory

where the vector field couples to the vector current will have a smooth p — 0 limit.

e Charged scalars:
Ly =—ig[(0"¢*)p — (0"0)¢"| Ay (X1.54)

The situation here is not as nice as it was for fermions. The interaction term contains
derivatives of the fields, so it changes the canonical momenta of the theory, thereby changing
the expression for j#. So although this theory still has a U(1) symmetry and a conserved
current, the conserved current is no longer given by Eq. (XI.51), and therefore this theory

is not expected to have a smooth p — 0 limit.

17 To avoid confusion with fermi fields v, we switch our notation for charged scalars at this point from ) to .

8 For massless fermions, we saw in the chapter on the Dirac Lagrangian that the theory has two U(1) symmetries
and therefore two conserved currents, jf’R = EL,R’YW/JL,R = %E’y“(l F 7v5)%. Since any linear combinations of
these currents are conserved, both 1y*1) and ¢y*ys1 are conserved. Thus, it is possible to couple a massless
vector field to the axial vector current in the special case of massless fermions. The mass term breaks the axial
U(1) symmetry associated with 1y*~51 but not the vector U(1).
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We see from the scalar case that it’s not always so easy to ensure that A, always couples to a
conserved current, because the coupling itself will in general change the expression for the current.
Fortunately, there is a magic prescription which guarantees that A, always couples to a conserved

current. It is called minimal coupling.

1. Minimal Coupling

The minimal coupling prescription is very simple. Given a Lagrangian as a function of the
fields and their derivatives, L£as(¢q, 0u¢q), which is invariant under the U(1) transformation ¢, —

e~ Mag, . replace it by Ly (Pa, D, ¢4), where
Dty = 0F g + ie A quoq (XL.55)

(no sum on a). D" is called the gauge covariant derivative. (Note that again there is an ambiguity
in the ¢,’s; this just corresponds to the freedom to choose the overall coupling constant for the
interaction term. For quantum electrodynamics, if we choose the dimensionless coupling constant
e to be the fundamental electric charge, then ¢ will be the electric charge of the field measured in

units of e.) The resulting Lagrangian has the following two properties:
1. Ly is still invariant under the U(1) transformation, and

2. A" is coupled to a conserved current. That is

oLy »
- _ XI.
04, & (XI.56)
and
Oujt = 0. (XL.57)

This is straightforward to show. Under a U(1) transformation,
Duga — Dy (e76,)
= 0Oy (e*i)‘qacﬁa) +ieA,qq (e*Mq“qﬁa)
— eii)\anMQﬁa (XI58)

and so D,,¢, transforms in the same way as d,,¢,. Therefore if L(¢q4,0,¢,) is invariant under the

U(1) symmetry, so is L£(¢q, Dy¢a). This proves the first assertion.
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In terms of the canonical momenta, the conserved current is

"= MyDde =Y I(~igata). (X1.59)
a a
From the definition of the gauge covariant derivative, we also have

I(Dy¢a)

= 1equ0 0" XI.
94, ieqqtadt (XI.60)

and so we find

a£1_8£M o Z 8»CM (9 V¢a)
N a(

0A, - 0A, D,¢,) 0A,
- 6£M .
- anle%¢a
— g (XL61)

as required, proving the second assertion.
Going back to our examples, the minimally coupled Dirac Lagrangian for a fermion with charge

¢ (in units of the elementary charge e) is

= (I — m) = D(i — eqd — m)i (XT.62)

which is just what we had before. However, the minimally coupled scalar Lagrangian for a scalar

with charge ¢ is

L = D,p*DFeo — m2A“AM
= (0, — ieqA,)p* (0" + ieqA")p — m*AF A,

= 0,p" 0" —ieqA, (P 0o — pO"p*) + e2q* A, AP o . (XI1.63)

The term linear in A, is what we had before, but there is a new term quadratic in A,. This will
lead to a new kind of vertex, with the Feynman rule in Fig. (XI.4), the so-called “seagull graph” (to
avoid confusion with fermion lines, we will denote charged scalars by dashed lines in this chapter).
Only the theory defined by Lagrangian Eq. (XI1.63) with all the interaction terms given by minimal
coupling has a well-defined limit as p — 0.

The Feynman rule for the term in Eq. (XI.63) linear in A, is slightly subtle, but it turns out
that the naive approach gives the correct answer. Naively, we notice that a derivative d,, acting on
the piece of the field which annihilates an incoming state (and so has a factor of exp(—ip-x)) brings

down a factor of —ip,. Similarly, when acting on the piece of the field which creates an outgoing
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FIG. XI.4 The “seagull graph” for charged scalar-photon interactions.

.
p ~
-9
)

= T~ p
.-~ ige(p+p’} T~
FIG. XI.5 Feynman rule for the derivately coupled charged scalar.

state, it brings down a factor of ip,. Therefore, we expect the Feynman rule shown in Fig. (XI.5).
There are two problems with this derivation. First of all, the derivative interaction changes the
canonical momenta in the theory, and so changes the canonical commutation relations. Second,
in Dyson’s formula the derivative cannot be pulled out of the time ordered product. However, it
turns out (we won’t prove this here) that these two problems cancel one another, and that the
naive Feynman rule is actually correct.

We now justify the assertion that the coupling constant e arising in the covariant derivative is
just the elementary charge. We will show this for the Dirac field. Recall that in the scalar case the
U(1) charge was just proportional to the number of particles minus the number of antiparticles,
indicating that particle and antiparticle carried opposite charges. The same is true for Dirac fields:

the conserved charge is
Q = [ &'y
= / 3z T, (XL.64)

Substituting the field expansion in terms of creation and annihilation operators, it is straightforward

to show that this is

_ 31, (yO1E) _ 01 0)
Q_Z:/dk(bl2 b — c1el)
~ Ny~ N.. (XL65)
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If the particles annihilated by 1 have electric charge ¢ in units of the elementary charge e, the
total electric charge of the system is therefore Qom. = qe@, and the electromagnetic four-current
is therefore j# = qely*4p. Thus, for electrons (¢ = —1), the electric charge and electromagnetic

current are

Qem. = —€ / Bryl(x)y(x)

., = —epyih. (X1.66)

The Euler-Lagrange equation for a massless vector field A* is therefore

0uF™ = el

= jlm (XIL.67)

which is just Maxwell’s equations in the presence of an electromagnetic current j7,, .
The elementary charge is often expressed in terms of the “fine-structure constant” «, where

B e? B 1
~ d4rhe  137.035

@ (XI.68)

and so in natural units

e = Vira. (XI.69)

2. Gauge Transformations

The minimally coupled Lagrangian Lys(¢q, D,de) is invariant under a much larger group of

symmetries than Las(¢q, 0udq). It is invariant under the strange-looking transformation

Mz) : da(z) — e N2 (1)

Au(z) — Au(x)—i—éau)\(:r) (XL.70)

for any space-time dependent function A(z). Note that when A(z) is a constant and not a function
of space-time this is just the usual U(1) transformation on the ¢,’s (note that the A* field is
invariant if A is constant). This kind of symmetry is called a global U(1) symmetry, since X is the
same at all points.

The transformation Eq. (XI.70) is called a local or gauge transformation, and L is said to have
a U(1) gauge symmetry. Since A(z) is now a function of space-time, the theory is invariant under

different U(1) transformations at each point in space-time. The odd transformation law of the
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A fields is crucial here: the Dirac Lagrangian is not invariant under gauge transformations, since
@y picks up a term proportional to (9,A) ¢¥y*1p. The transformation property of A* is chosen

precisely to cancel this term:

D,y¢a = (04 +ieAuqa)da
— (0 +ieAuqa + g0\ () (e_iq“)‘(x)gi)a)
= e—iqak(m))(au - iQaau)‘(x) + ieAuQa + iQaau)‘(x))ﬁba

= 7A@ D g, (XL.71)

Therefore unlike the usual derivative 0,¢,, the gauge covariant derivative D,¢, transforms in
the same way under a gauge transformation as it does under a global transformation. Thus, if
L (¢, 0udq) is invariant under a global U(1) transformation, Lys(¢q, Du¢a) is invariant under a
gauged U (1) transformation. Therefore, every time we use the minimal coupling prescription we
end up with a theory in which £ is invariant under a gauge symmetry.

So far we have just looked at Ly, the “matter” (fermions and scalars) Lagrangian, and ignored
the free part of the vector Lagrangian, —%FWF 4 %QA#A“. Since F),, is antisymmetric in its

indices, it is also gauge invariant,
M) : Foy — Fop + % (0.0 () = D,ON()) = Fr. (XL.72)
However, the vector meson mass term %QAuA“ is mot gauge invariant:
Ax): A A — A AP + Z@u)\(x)A“ + éaﬂ)\(a:)c?“)\(x). (XI1.73)

The complete Lagrangian is only gauge invariant when p = 0.

In quantum electrodynamics, which is the vector theory we are really interested in, the photon
is massless and so the theory has exact gauge invariance. Rather than being a help in solving the
theory, this gauge invariance complicates things tremendously, making it difficult to quantize the
massless theory directly. The problem arises at the classical level: if {4, (z), ¢qa(x)} is a set of

fields which form a solution to the equations of motion then so is the set
1 .
{4,0)+ 200@), g, 0) | (XL74)

for some arbitrary function A\(x). Therefore the problem of finding the time-evolution of the fields
from some initial values is ill-defined. No matter how much initial value data I have at t = 0 (the
fields, their first, second, third ... derivatives), I can never uniquely predict the field configuration at

some later time, since their exist an infinite number of gauge transformed solutions of the equations
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of motion which also have the same initial value data. These field configurations just differ by a
gauge transformation which vanishes at t = 0.

Furthermore, in the massless theory the condition d,A" = 0 implied by the Proca equation is
no longer implied by the equations of motion. If A,(x) is a solution to the equations of motion
satisfying 9, A" = 0, then another solution to the equations of motion is A}, (z) = A, () +9uA(z)/e,

which satifies
1
8MA“'(a:) = ED)\(x) #0. (XL.75)

The four dimensionally longitudinal mode which we had banished has come back to haunt us.
0, A" is no longer zero, but arbitrary.

Things are not actually so badly defined. F'* is gauge invariant, and therefore so are the electric
and magnetic fields E and B. In fact, any observable is gauge invariant. Two systems different by
a gauge transformation contain identical physics; they just differ in the choice of description. So

we can fix the description by fixing the gauge once and for all. Some popular gauge choices are
V- A =0 (Coulomb gauge)
0uA* = 0 (Lorentz gauge)
Ap = 0 (temporal gauge)
Az = 0 (axial gauge)

The trick is then to canonically quantize the theory in the given gauge, that is, subject to the
corresponding constraint!®. In perturbation theory, different choices of gauge result in extra terms
in the photon propagator proportional to k#k”. However, as we will see in the next section, these
terms in the propagator do not contribute in a minimally coupled theory and so, as expected,

physical amplitudes are independent of gauge.

D. The Limit z — 0

Since we are avoiding quantizing the gauge invariant massless theory directly, we will instead
derive the Feynman rules for Quantum Electrodynamics by examining at the y — 0 of the theory

of a minimally coupled massive vector field. With any luck the minimal coupling prescription

19 See Chapter 5 of Mandl & Shaw for a discussion of the Gupta-Bleurer method of canonically quantizing the
massless theory.
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will have solved the problems we previously noted in taking this limit. Indeed, in this section we
will see by direct calculation that the factors of 1/u? in the quantum theory do not contribute to
amplitudes when the theory is minimally coupled, and that the massless theory does in fact have
sensible Feynman rules.

First consider the process ete™ — utp~, where e and p are two different fermion fields (elec-
trons and muons), minimally coupled to a massive gauge boson. In the limit x — 0 this is just the
pair production process ee™ — uTu~ in QED. There is only one graph at O(g?) which contributes

to this process, shown in Fig. (XI1.6). The 1/u? term in the amplitude is
p.,s p., s
P+, T P+, T
FIG. X1.6 Feynman diagram contributing to eTe™ — putpu™.

e () kuky @y (s)
w? U T g w2+ o A A

= € (") (8)—(") g (5)
= ZNQ(kQ _/'LZ +Z'6)Uﬁ+kuﬁfuﬁ, kvﬂ+ . (XI76)

But by the Dirac equation,
T =7 (- +p)ul) =) (me — me)uly) =0, (XL.77)

So this term vanishes before taking p to zero. Of course, this is no accident (there are no accidents

in field theory). It just follows from current conservation:

Ouj" = 0= (019" eTe™) = (0]0,ev"e[eTe)

= 0, (@1(7? ’Y“U](;j o~ i(p4+p-) )

= —i(py +p o)y ul) e Petr)

—iv) ful) e i rp) (X1.78)

and so Tfu = 0. Although we have just demonstrated it in one process, this is a very general
feature of minimal coupling, and it means that in such theories we can completely ignore the piece
of the propagator proportional to k#k”. Therefore, in the u — 0 limit the vector boson is the

photon of quantum electrodynamics, with the propagator shown in Fig. (XI.7).
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FIG. XI.7 The photon propagator.

In a similar vein, you might worry about the factor of 1/u? in the polarization sum, Eq. (X1.23),
but a similar thing happens here. We can demonstrate this by looking at Compton scattering of
a massive vector boson off an electron, Ve~ — Ve™. Two diagrams contribute to this process,

giving

1A = —ie

2 (P + k)2 — m? + (p) — k)2 —m? P Cu

M (KD (k). (X1.79)

2_(s") |:7‘%}6l + %, + m)’yy ’YV(]b, B % + m)V“] u(S) (r/)*(k/)e(r) (ki)

Squaring and summing over final spins of the vector particles and averaging over initial spins will

give a result proportional to

K K. kK
MH AP [_gua“‘ ZQ ] {_gVﬁ—i_ Iu2ﬁ] (XL.80)

and so the terms proportional to k:;LM # and k, M* look bad as u — 0. However, just as before,

the contributions from these terms vanish:

BTG / / / /
P~ ) | E@ A +m)y A - EEm)E | ()
ke, MM o Uy Y + “op K Uy
) [CHH om0 Ky (b — K+ 2 K] )
v 20 - K/ 2p - k' P
_ o [CmE A mE 20 Ky o — Fmt2p k)] o)
7o 20 - k! 2p - k' g
= ﬂ;j,) v — 9" u}(;) =0. (XI.81)

Similarly, k, M* = 0, and so the k*k" term doesn’t contribute to the polarization sum.

1. Decoupling of the Helicity 0 Mode

The result that k‘LMW = 0 has another consequence in the p — 0 limit. A massive spin 1
particle has three spin states, J, = +1,0, whereas a massless gauge boson like the photon only
has two helicity states, £1 (once again, this is only possible because the photon is massless. For
a massive particle you can always boost to its rest frame and perform a rotation to change a

J. = 1 state to a J, = 0 state.) This corresponds to the fact that classical electromagnetic waves
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are always transverse. The absence of a longitudinal mode corresponds to the absence of a (3-
dimensionally) longitudinal photon, & k. (We call mode satisfying & o k “3D longitudinal” to
distinguish it from the 4D longitudinal mode discussed earlier, ¢ o k.) How is this apparently
discontinuous behaviour possible if the g — 0 limit of the theory is smooth?

A massive vector particle travelling in the 2z direction has four-momentum k* =

(VK2 + p?,0,0, k) and three possible polarization states eg), where

= (0,1,7,0)

£® = (0,1,-4,0)

1
e® = ;(k:,0,0, VE2 + p2) (X1.82)

£3) is the 3D longitudinal polarization state, satisfying ¢® . e®) = —1, ¢® .k = 0, &® « k.
The amplitude for a longitudinal vector boson to be produced in any process (like the Compton

scattering process from the previous section) is proportional to

B M+ (X1.83)
where the tensor M* satisfies
KM, =0=M ——ML——M 1+0 M—Q (XI1.84)

The amplitude to produce the helicity 0 state is therefore proportional to

B A o B )]

k(1w [

Therefore, as a result of current conservation, the amplitude to produce a 3D longitudinally po-
larized vector meson vanishes as p — 0. The helicity zero mode smoothly decouples in this limit,
and for 1 = 0 is absent as a physical state. (Nothing special happens to the transverse modes in
this limit). Therefore, in the massless theory, there are only two physical polarization states of the

vector boson, both of which are 3D transverse. The appropriate form of the polarization sum is

el = —g. (X1.86)

E. QED

At this point it is worth summarizing our results. We set out to find a quantum theory of a

massless vector field, the photon. We discovered that the massless limit is in general ill-defined,
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unless the vector field couples to a conserved current. This requirement gave us the interaction
between the photon and charged scalars and Dirac fields (up to the overall coupling constant). The
resulting theory is quantum electrodynamics, the quantum theory of electromagnetism. The QED
Lagrangian for a theory with a single charged scalar ¢ and a single charged fermion ¢ with charges

q, and gy respectively, is
_ 1
L = DDl — 2 o + 4 (i —m) § = TP F
= Oup* 0o —iequ AL (9 "o — 00" %) + LA A Y

VP = m) ¥~ eq A — [ Fy (XI87)

The Feynman rules for the Feynman amplitude i4 in QED are illustrated in Fig. (XI.8).
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FIG. XI.8 Feynman rules for QED
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1. For each interaction vertex (fermion-fermion-photon, scalar-scalar-photon, or scalar-scalar-

photon-photon) write down the appropriate factor.
2. For each internal line, include a factor of the corresponding propagator.

3. For each external fermion or photon, include the appropriate factor of the four-spinor or

polarization vector.

4. The spinor factors (7 matrices, four-spinors) for each fermion line are ordered so that, reading

from left to right, they follow the fermion line from the end of an arrow to the start.

5. The four-momenta associated with the lines meeting at each vertex satisfy energy-momentum

conservation.

6. Multiply the expression by a phase factor § which is equal to +1 (—1) if an even (odd)
number of interchanges of neighbourhing fermion operators is required to write the fermion

operators in the correct normal order.

There are additional rules for diagrams with loops, which we have not considered because we are
just working at tree-level in this theory.

In some future version of these notes, I will include a few worked examples for QED processes.
In the meantime, you should read Chapter 8 of Mandl & Shaw and work through Sections 8.4
(lepton pair production), 8.5 (Bhabha scattering) and 8.6 (Compton scattering). Note than M&S
use differently normalized fermion fields than we do; however, the final answers are independent of

normalization.

F. Renormalizability of Gauge Theories

In this chapter we started with the theory of a massive vector boson and showed that, despite
appearances, it was possible to take the p — 0 limit, in which case the theory had a larger
symmetry, that of gauge invariance. Now we will go one step further and assert that gauge-
invariance is required in order for a theory of vector bosons to make sense as a fundamental theory
(I will explain what I mean by “fundamental” in a moment). To see why this is so, let’s go back
to the discussion of the previous section.

If a vector boson is coupled to a non-conserved current, the cancellation in Eq. (XI1.85) does not

occur, and instead of being suppressed, the amplitude to produce a helicity 0 mode grows like k/p.
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Thus, the probability of producing this mode grows with increasing energy without bound. This
is in fact a Bad Thing, because at some energy the probability will become greater than 1! (This
is known as “unitarity violation”). At this energy the theory has clearly stopped making sense (at
least perturbatively).

There is nothing a priori wrong with this; we just have to interpret our theory a bit differently
- not as a fundamental theory (valid up to arbitrary energy scales), but as an effective field theory.
This kind of thing is very familiar in physics. If we are interested in fluid dynamics, for example,
we don’t have to consider the single atoms which make up the fluid. It makes much more sense
to consider the fluid as a continuous medium. Similarly, if we are interested in the hydrogen atom
we can treat the proton as a point object, despite the fact that we know it is made up of quarks
and gluons. Many aspects of nuclear physics can be described by a field theory of nucleons and
pions, despite the fact that we know that these particles aren’t “fundamental.” It all depends on
the scale of physics we’re interested in.

In our case, what the theory is telling us is that a theory of massive vector mesons coupled to
a nonconserved current is a perfectly fine theory at low energies, but that it can’t be valid up to
arbitrarily high energy scales (that is, down to arbitrarily short distances). At some scale (typically
set by the mass of the particle, since that’s the only dimensionful parameter in the theory), this
theory has to break down in some way - for example, the vector boson could be revealed not to
be fundamental, but to be a composite particle, and so its dynamics would change at the scale of
order the size of the particle. What is fascinating is that the theory carries within itself the seeds
of its own destruction.

This property of a theory, that it be valid up to arbitrarily high energies and so not predict its
own demise, is related to a property known as “renormalizability.” Roughly speaking, renormal-
izability is the extension of the above discussion to radiative corrections. You recall that internal

loops in a Feynman diagram come with a factor of

[

since the momentum running through the loop is unconstrained. As a result, arbitrarily high
momenta run through loop graphs, even if the process being considered is a low-energy process. It
is perhaps not surprising, then, that if the theory breaks down at a certain scale, this will affect
loop graphs even for low-energy processes. Without getting into the details of radiative corrections,
I will just assert that if one attempts to calculate loop graphs in a theory of a massive vector boson

coupled to a non-conserved current one is again led to the conclusion that the theory cannot be
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fundamental.
So what are the requirements for a theory to be renormalizable? It is easy to get an idea, just

by unitarity arguments. Imagine a theory with a four-fermion interaction term
£r ==Ly

Now let’s do some dimensional analysis. You showed on an early problem set that in 4 dimensions,
the Lagrangian density has dimensions of [mass]*. From the Dirac Lagrangian, we conclude that
the dimensions of 1) are [mass]?/? (so that m) has the right units). Y1) has dimension [mass]%,
so the coupling must have dimensions [mass] =2, which I have made explicit by writing it as g/M?
(g is dimensionless).

Now, a cross-section has units of area, or [mass] 2. Since the amplitude from the four-fermion
interaction goes like 1/M?2, the cross section for fermion-fermion scattering in this theory must be
proportional to 1/M*. By dimensional analysis, at high energies where we may ignore the fermion

masses, we must therefore have

o X (XI.88)

M4
where s = (p1 + p2)? is the squared centre of mass energy of the collision. Since the cross-section
grows without bound, once again the probability must grow without bound, and again the theory
must break down at some energy scale set by M.

Just by dimensional analysis, you can see that this will happen in ANY theory with coupling
constants which are inverse power of a mass. Thus, for a theory to be renormalizable, all terms
in the Lagrangian must have mass dimension < 4. This answers a question which may have been
bothering you all along in this course: why do we always study theories with such simple interaction

terms? Why can’t we have an interaction term like

—gitpcosin (1 + @ /M)?

The answer is that this is not a renormalizable interaction. Therefore interaction terms like ¢, ¥
and ¢ (dimension 4, 4 and 3, respectively) are allowed in a fundamental theory, but interactions
like Ypipap, ¢°, ¢?1p1p (dimension 6, 5 and 5, respectively) are not. This is why we only considered
very simple interaction terms - anything more complicated leads to a non-renormalizable theory.
Of course, there is no reason to only consider theories which are valid up to arbitrary energy
scales. After all, we can only do experiments at finite energies. However, since higher-dimension

operators come with coupling constants which are proportional to inverse powers of the scale at
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which the theory breaks down, the effects of these terms are negligible at low energies. Their effects
are proportional to the ratio of the momentum of the process to the scale of new physics. Unless
they break symmetries which are preserved by the renormalizable terms (such as parity in the case
of the weak interactions, or baryon number in GUTSs) they can usually be safely ignored.

Finally, it can also be shown that theories with fields of spin > 1 are also non-renormalizable.
This is at the root of the difficulty of quantizing gravity: the graviton is a spin-2 field (corresponding
to quanitizing the metric tensor g, ), and so the corresponding quantum theory is nonrenormaliz-
able.

It is because of renormalizability that gauge symmetries are so crucial in field theory: the only
way to couple a vector field to other fields in a renormalizable way is through a gauge covari-
ant derivative. Furthermore, since a vector meson mass term breaks the gauge symmetry, only
theories with massless vector bosons are renormalizable. The theory of a massive vector boson
which we studied in this section, while useful for obtaining the Feynman rules for QED, is not a
renormalizable theory.

Now, as you may be aware, there certainly are massive vector bosons coupled to nonconserved
currents in the world. The gauge bosons associated with the weak interactions, the W=+ and Z9,
have masses of 80.2 GeV and 91.2 GeV, respectively. Experimentally, they couple to electrons and

electron-neutrinos via the following interaction:

Lr = —q (ﬁ’y“(l - ")/5)6WJ +eyH(1— "}/5)VW/;)

—g2Z" (@vu(gv — gays)e + 7yu(l — 75)v) (X1.89)

where g1, g2, gy and g4 are coupling constants which are related to the electric charge and the
ratio of the W* and Z° boson masses. Since the electron is massive, the current ey*ysv is not
conserved, so we have a theory of gauge bosons coupled to nonconserved currents. So the W and
Z clearly can’t be fundamental. Furthermore, the theory predicts that unitarity violation due to
excessive production of longitudinal W’s and Z’s will occur at a scale of about 3 TeV=3 x 103
GeV.

The question of what the W’s and Z’s are made of is the foremost question in particle theory at
the moment. The simplest possibility which leads to a renormalizable theory is that of the minimal
Weinberg-Salam model, in which the transverse components of the W and Z are fundamental
(corresponding to massless vector bosons), while the longitudinal components are made of a scalar
particle, known as the “Higgs Boson.” In the minimal theory, there are four Higgs bosons, three of

which are incorporated into the two W’s and the Z, and the fourth of which is just waiting to be
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experimentally observed. But this is only the simplest possibility - there are many others.



