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Preface

Quantum field theory (QFT) provides an extremely powerful set of computational methods
that have yet to find any fundamental limitations. It has led to the most fantastic agreement
between theoretical predictions and experimental data in the history of science. It provides
deep and profound insights into the nature of our universe, and into the nature of other
possible self-consistent universes. On the other hand, the subject is a mess. Its foundations
are flimsy, it can be absurdly complicated, and it is most likely incomplete. There are often
many ways to solve the same problem and sometimes none of them are particularly satisfy-
ing. This leaves a formidable challenge for the design and presentation of an introduction
to the subject.

This book is based on a course I have been teaching at Harvard for a number of years.
I like to start my first class by flipping the light switch and pointing out to the students
that, despite their comprehensive understanding of classical and quantum physics, they
still cannot explain what is happening. Where does the light come from? The emission and
absorption of photons is a quantum process for which particle number is not conserved;
it is an everyday phenomenon which cannot be explained without quantum field theory. I
then proceed to explain (with fewer theatrics) what is essentially Chapter 1 of this book.
As the course progresses, I continue to build up QFT, as it was built up historically, as the
logical generalization of the quantum theory of creation and annihilation of photons to the
quantum theory of creation and annihilation of any particle. This book is based on lecture
notes for that class, plus additional material.

The main guiding principle of this book is that QFT is primarily a theory of physics, not
of mathematics, and not of philosophy. QFT provides, first and foremost, a set of tools for
performing practical calculations. These calculations take as input measured numbers and
predict, sometimes to absurdly high accuracy, numbers that can be measured in other exper-
iments. Whenever possible, I motivate and validate the methods we develop as explaining
natural (or at least in principle observable) phenomena. Partly, this is because I think hav-
ing tangible goals, such as explaining measured numbers, makes it easier for students to
understand the material. Partly, it is because the connection to data has been critical in the
historical development of QFT.

The historical connection between theory and experiment weaves through this entire
book. The great success of the Dirac equation from 1928 was that it explained the magnetic
dipole moment of the electron (Chapter 10). Measurements of the Lamb shift in the late
1940s helped vindicate the program of renormalization (Chapters 15 to 21). Measurements
of inelastic electron—proton scattering experiments in the 1960s (Chapter 32) showed that
QFT could also address the strong force. Ironically, this last triumph occurred only a few

XV
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years after Geoffrey Chew famously wrote that QFT “is sterile with respect to strong inter-
actions and that, like an old soldier, it is destined not to die but just to fade away.” [Chew,
1961, p. 2]. Once asymptotic freedom (Chapter 26) and the renormalizability of the Stan-
dard Model (Chapter 21 and Part IV) were understood in the 1970s, it was clear that QFT
was capable of precision calculations to match the precision experiments that were being
performed. Our ability to perform such calculations has been steadily improving ever since,
for example through increasingly sophisticated effective field theories (Chapters 22, 28,
31, 33, 35 and 36), renormalization group methods (Chapter 23 and onward), and on-shell
approaches (Chapters 24 and 27). The agreement of QFT and the Standard Model with
data over the past half century has been truly astounding.

Beyond the connection to experiment, I have tried to present QFT as a set of related
tools guided by certain symmetry principles. For example, Lorentz invariance, the symme-
try group associated with special relativity, plays an essential role. QFT is the theory of the
creation and destruction of particles, which is possible due to the most famous equation of
special relativity £ = mc?. Lorentz invariance guides the definition of particle (Chapter 8),
is critical to the spin-statistics theorem (Chapter 12), and strongly constrains properties of
the main objects of interest in this book: scattering or S-matrix elements (Chapter 6 and
onward). On the other hand, QFT is useful in space-times for which Lorentz invariance
is not an exact symmetry (such as our own universe, which since 1998 has been known
to have a positive cosmological constant), and in non-relativistic settings, where Lorentz
invariance is irrelevant. Thus, I am reluctant to present Lorentz invariance as an axiom of
QFT (I personally feel that as QFT is a work in progress, an axiomatic approach is prema-
ture). Another important symmetry is unitarity, which implies that probabilities should add
up to 1. Chapter 24 is entirely dedicated to the implications of unitarity, with reverberations
throughout Parts IV and V. Unitarity is closely related to other appealing features of our
description of fundamental physics, such as causality, locality, analyticity and the cluster
decomposition principle. While unitarity and its avatars are persistent themes within the
book, I am cautious of giving them too much of a primary role. For example, it is not clear
how well cluster decomposition has been tested experimentally.

I very much believe that QFT is not a finished product, but rather a work in progress.
It has developed historically, it continues to be simplified, clarified, expanded and applied
through the hard work of physicists who see QFT from different angles. While I do present
QFT in a more or less linear fashion, I attempt to provide multiple viewpoints whenever
possible. For example, I derive the Feynman rules in five different ways: in classical field
theory (Chapter 3), in old-fashioned perturbation theory (Chapter 4), through a Lagrangian
approach (Chapter 7), through a Hamiltonian approach (also Chapter 7), and through the
Feynman path integral (Chapter 14). While the path-integral derivation is the quickest,
it is also the furthest removed from the type of perturbation theory to which the reader
might already be familiar. The Lagrangian approach illustrates in a transparent way how
tree-level diagrams are just classical field theory. The old-fashioned perturbation theory
derivation connects immediately to perturbation theory in quantum mechanics, and moti-
vates the distinct advantage of thinking off-shell, so that Lorentz invariance can be kept
manifest at all stages of the calculation. On the other hand, there are some instances where
an on-shell approach is advantageous (see Chapters 24 and 27).
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Other examples of multiple derivations include the four explanations of the spin-
statistics theorem I give in Chapter 12 (direct calculation, causality, stability and Lorentz
invariance of the S-matrix), the three ways I prove the path integral and canonical formula-
tions of quantum field theory equivalent in Chapter 14 (through the traditional Hamiltonian
derivation, perturbatively through the Feynman rules, and non-perturbatively through the
Schwinger—Dyson equations), and the three ways in which I derive effective actions in
Chapter 33 (matching, with Schwinger proper time, and with Feynman path integrals).
As different students learn in different ways, providing multiple derivations is one way in
which I have tried to make QFT accessible to a wide audience.

This textbook is written assuming that the reader has a solid understanding of quantum
mechanics, such as what would be covered in a year-long undergraduate class. I have found
that students coming in generally do not know much classical field theory, and must relearn
special relativity, so these topics are covered in Chapters 2 and 3. At Harvard, much of the
material in this book is covered in three semesters. The first semester covers Chapters 1 to
22. Including both QED and renormalization in a single semester makes the coursework
rather intense. On the other hand, from surveying the students, especially the ones who only
have space for a single semester of QFT, I have found that they are universally glad that
renormalization is covered. Chapter 22, on non-renormalizable theories, is a great place to
end a semester. It provides a qualitative overview of the four forces in the Standard Model
through the lens of renormalization and predictivity.

The course on which this textbook is based has a venerable history, dominated by the
thirty or so years it was taught by the great physicist Sidney Coleman. Sidney provides
an evocative description of the period from 1966 to 1979 when theory and experiment
collaborated to firmly establish the Standard Model [Coleman, 1985, p. xiii]:

This was a great time to be a high-energy theorist, the period of the famous triumph
of quantum field theory. And what a triumph it was, in the old sense of the word: a
glorious victory parade, full of wonderful things brought back from far places to make
the spectator gasp with awe and laugh with joy.

Sidney was able to capture some of that awe and joy in his course, and in his famous Erice
Lectures from which this quote is taken. Over the past 35 years, the parade has continued.
I hope that this book may give you a sense of what all the fuss is about.
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