
1 Particles and Interactions:

An Overview

In this introductory chapter, we shall get acquainted with the fundamental
particles and their interactions, and have a first look at their characteristic
properties which we shall study more fully later in this book. We shall also
ponder on the crucial and pervasive role of the concept of symmetry, and
close the chapter with considerations of the indispensable practical matter of
physical units.

1.1 A Preview

The idea that a basic simplicity and regularity govern the apparent complex-
ity and diversity of the universe seems to have always been an important
aspect of natural philosophy. Less evident is the realization of that idea in
terms of irreducible ultimate elements as the fundamental building blocks of
all matter, because equally plausible is the notion of an indefinitely divisible
matter, conserving all of its properties at all levels of fragmentation. It was
probably the discovery of the atom and certainly the discovery of the electron
and the proton that finally gave a decisive argument in favor of the concept
of the fundamental constituents of matter or elementary particles. In any
case, this constant search for order and simplicity has acted as a powerful
driving force for progress in physics.

The history of the physics of the infinitely small is largely the history of
the uncovering of successive layers of structure, each one a new microcosm ex-
isting within older, less fundamental worlds. The notion of what constitutes
an elementary particle in fact is not static but evolves with time, changing
in step with technological advances, or more precisely with the growth in the
power of the sources of energy that become available to the experimenter.
The higher the energy of the particle beam used to illuminate or probe the
object under study is, the shorter are the wavelengths associated with the
incoming particles and the finer the resolutions obtained in the measure.
Thus, it is successively discovered that matter is built up from molecules;
that the molecules are composed of atoms; the atoms of electrons and nu-
clei; and the nuclei of protons and neutrons. As the power of the modern
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particle accelerators keeps on increasing, it has become possible to acceler-
ate particles to higher and higher velocities, to attain resolutions surpassing
10−16 centimeters and to observe more violent collisions between particles,
which have revealed all the wonders of the subatomic universe, not only in
the presence of ever finer structure levels, but also in the existence at every
level of new particles of ever greater masses. Particle physics has now become
synonymous with high-energy physics.

Considered not so long ago, along with the electron and its neutrino, as
the fundamental elements of matter, the proton and the neutron have now
lost their primary status, as have all particles that respond similarly to the
strong interactions and that are generically called hadrons, to appear merely
as composites of more fundamental objects called quarks. Such objects, des-
ignated by the symbols u and d, and the first of many to be postulated,
replace the proton and neutron to form with the first known leptons (the
electron e and its neutrino νe) the basic components of the stable matter of
the universe. The discovery of all kinds of unstable hadrons requires however
the introduction of other types of quarks, forming with the more recently dis-
covered leptons new generations of quarks and leptons, repeating the original
pattern – (u, d; νe, e), (c, s; νµ, µ), (t, b; ντ , τ ). Since we have as yet no evi-
dence for the existence of structure within quarks and leptons, these particles
are considered to be pointlike. In the view of contemporary physics, matter
is in large part composed of quarks and leptons, distinct by the fact that the
latter, in contrast to the former, are utterly indifferent to strong interactions.

The study of the structure of matter is therefore inextricably tied to the
study of the fundamental forces, which seeks to explain in every possible way
and at every physical level of structure how particles interact. In spite of the
wonderful diversity and the bewildering complexity of its multifarious mani-
festations, nature seems content to use with an admirable sense of economy
only four basic forces. Of these, two – gravitation and electromagnetism – have
been known for a long time and are historically the first to be studied; the
former by Isaac Newton as early as 1666 and the latter by Charles Augustin
Coulomb in 1776. They act over very large distances and are responsible for
many familiar phenomena, such as the alternate rise and fall of the sea, the
orbiting of the planets, the propagation of radiowaves and the colors of the
rainbow. The two other forces, simply called the strong interaction and the
weak interaction, cannot be directly experienced in our everyday life because
they exert their influence over very short distances, about 10−13 centimeters
in the first case and 10−16 centimeters in the second. The strong interaction
(also known as the hadronic interaction) holds atomic nuclei together and,
in another context, binds quarks within hadrons. It is then the force that
ultimately ensures the stability of matter. The weak interaction triggers off
the β-decay of some neutron-rich nuclei and, more generally, the slow decay
of many particles; in spite of its apparent feebleness, it plays a crucial role in
the evolution of the stars.
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Up until recently each of these forces has been described by a different
theory formulated by a few physicists of great genius – gravitation by Isaac
Newton and Albert Einstein, electromagnetism by James Clerk Maxwell, the
nuclear strong interaction by Hideki Yukawa, and the nuclear weak interac-
tion by Enrico Fermi. But in the persistent pursuit of the physicist’s dream
of a unified theory that would include all known forces, remarkable progress
has been achieved in the last few decades that closely parallels advances
made in our understanding of the particles. Significant similarities between
these forces begin to emerge, and now three of the basic interactions can
be described by quantum theories that have the same mathematical form.
Such theories, among the most beautiful in physics, are based on a symme-
try postulate, the principle of local gauge invariance, which now appears to
physicists to be fundamental. It is a technical term which means that theo-
ries formulated in this way, called gauge theories, must remain invariant to a
certain class of transformations independently performed on all the particle

fields at different points in space and at different instants in time. Among
these theories, the simplest version that is at the same time physically realis-
tic and mathematically complete is the so-called standard model (that is, of
the strong, weak, and electromagnetic interactions). Without really achiev-
ing the long sought-after unification of all forces, this theory nevertheless
treats the electromagnetic force, the weak interaction, and the strong inter-
action on one footing in the same mathematical formalism, and successfully
describes all relevant experimental observations.

The main objectives of this book are first to discuss the essential con-
cepts of elementary particle physics and the observed phenomena that have
contributed to their developments, and second to explain at an introductory
level how the standard model is formulated, how to use it to calculate physical
quantities, and finally, how to determine the limits of its applicability.

Before plunging into the long exposition of the theory and the arduous
task of complex and at times difficult calculations, and in order to give our-
selves an overview of the situation and useful guide posts for the work to
come, we describe in the rest of this chapter some general properties of par-
ticles and of their interactions, and discuss the importance of the role the
symmetry concept plays in high-energy physics.

1.2 Particles

According to a widely held view in particle physics, there exist two main
classes of particles: the matter constituents, which include quarks and lep-
tons, and the interaction quanta, which include photons and other particles
that mediate interactions. We will describe the first group in the next few
paragraphs, leaving the other for the following section.
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1.2.1 Leptons

Leptons are indivisible particles, apparently devoid of any structure and hav-
ing in common the property of being completely unaffected by the strong
interaction. They all have spin 1/2, obey the Fermi–Dirac statistics, and are
therefore called fermions. There exist six distinct types of leptons distin-
guishable by their masses, electric charges, and interaction modes. Three
leptons – the electron e−, the muon µ−, and the tau τ− – have a nonvanish-
ing electric charge equal to −1 (the sign of which is fixed by convention and
its value is given in units of charge e > 0); they differ however in the values
of their masses. The other three leptons, the neutrinos, are all electrically
neutral and have a mass either vanishing or very small (see Table 1.1). As a
general rule, to every particle corresponds an antiparticle (which may or may
not be distinct); a particle and its associated antiparticle have the same mass,
spin, and lifetime; however their electric charge (as well as other character-
istics of similar nature, called generalized charges) is the same in magnitude
but differs in signs. Thus, the antielectron or, more commonly, the positron
(e+), the antimuon (µ+), and the antitau (τ+), all have a positive charge
equal to 1, whereas the three antineutrinos(ν̄e, ν̄µ, ν̄τ) are electrically neu-
tral. An example of generalized charge is the leptonic number, L`, defined as
the quantum number with value of +1 for the leptons, −1 for the antileptons,
and 0 for any other particles. This number has been introduced to express
the experimental fact that the net number of leptons (i.e. the number of all
leptons in presence minus the number of all antileptons) is conserved, that
is, unchanged in any reaction, exactly as the familiar electrical charge.

Table 1.1. Leptons

Flavor Symbol Massa Chargeb

Electronic neutrino νe < 15 × 10−6 0

Electron e− 0.5 −1

Muonic neutrino νµ < 0.17 0

Muon µ− 105.7 −1

Tauonic neutrino ντ < 19 0

Tauon τ− 1777 −1

a In units of MeV/c2; b In units of e.

Each charged lepton is associated with a neutrino, the pair forming what
one sometimes refers to as a family of leptons. There exist three such lepton
families: (νe, e−), (νµ, µ−), and (ντ , τ−). By no means artificial, this clas-
sification reflects rather an observed physical property – namely, that lepton
families are preserved in all processes – which is mathematically realized by
introducing three other conserved generalized charges, the electronic number
Le, the muonic number Lµ, and the tauic number Lτ . Each of these numbers
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is assigned the value +1 for the corresponding charged lepton and its neu-
trino, −1 for the corresponding antileptons, and 0 for every other particle.
As of now, no profound reason for the existence of such rules is known.

1.2.2 Quarks

At present, six different types or flavors of quarks are known to exist, whim-
sically called up (u), down (d), charm (c), strange (s), top or truth (t), and
bottom or beauty (b), and arranged into three families according to their main
modes of interactions: (u, d), (c, s), and (t, b). The quarks in the first family
constitute the basic components of existent matter, whereas the quarks of
the other families, having a more fleeting life, are the main stuff of unstable
particles. The quarks, just like the leptons, have spin 1/2 and therefore exist
in two spinorial states. But the similarities end there (see Table 1.2). First,
all quarks have a fractional electrical charge: the u, c, and t quarks have a
charge of 2/3 while the d, s, and b quarks have a charge of −1/3 (always in
units of charge e > 0). The corresponding antiquarks have charges of op-
posite signs, −2/3 for ū, c̄, and t̄, and 1/3 for d̄, s̄, and b̄. To keep track of
another empirical conservation rule (conservation of ‘matter’), yet another
generalized charge has been introduced, the baryonic number NB, defined as
being +1/3 for the quarks, −1/3 for the antiquarks, and 0 for all leptons and
antileptons. But what really differentiates quarks from leptons is the fact
that they have a characteristic that the leptons do not, a quantum number
called color . Each quark flavor can exist in one of three color states, that we
may call, without any profound reasons, red, blue, and green, or 1, 2, and 3,
or whatever we like. The color plays the role of the charge for strong inter-
actions among quarks. As the leptons have no colors, they cannot respond
to these forces.

If particles of fractional electric charges have never been observed as free
particles, it is because quarks, unlike leptons, cannot exist in isolation, but
always in clusters, such that the aggregate charge, given by the sum of all
constituent charges, is a whole multiple of the unit charge e. All hadrons are
thus composed, either by combining a quark of a given color and an antiquark
of the opposite color, or by combining three quarks, each with a different basic
color. It turns out that these structures have whole baryonic numbers and
neutral color charges (in other words, are colorless). Besides their multiples,
they are the only possible combinations to possess these properties and the
only ones to have been observed.

As free quarks do not exist, the definition of their mass is somewhat
problematic and not without ambiguities. One could, for example, take the
quark mass as the average energy of the quark bound in a hadron in its
ground state, or as the probable mass it would have were it to be free. This
‘free mass’ is the mass that appears in expressions describing quark currents.
All these mass values are experimentally determined in one way or another;
at present no one knows how to calculate them from first principles.
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Table 1.2. Quarks

Flavor Symbol Free massa
Constituent

Chargeb

massa

up u (5.6± 1.1) × 10−3 0.33 2/3

down d (9.9± 1.1) × 10−3 0.33 −1/3

charm c 1.35± 0.05 1.5 2/3

strange s 0.199 ± 0.033 0.5 −1/3

top t 180 2/3

bottom b 4.5 −1/3
aIn units of GeV/c2; b In units of e.

1.2.3 Hadrons

As we have mentioned earlier, hadrons have an internal structure and are
thus not elementary particles at all. It is a generic term used to designate
mesons, baryons, and their antiparticles. Mesons are mainly composed of
a quark and an antiquark (not necessarily of the same kind); they have a
spin of 0 or 1, obey the Bose–Einstein statistics and for this reason are called
bosons. Baryons are structures predominantly formed from three quarks, and
are fermions of spin 1/2 or 3/2. Hundreds of hadrons have been produced,
observed and identified, and their properties (mass, spin, charge, lifetime)
determined. A small selection of such particles with relatively small masses
are shown in Table 1.3. There will be ample time to get better acquainted
with each of them as we progress. For now let us simply point out that,
on the one hand, a couple of them, such as π+, π−, and π0, have almost
identical masses, and on the other hand, all particles of the same spin and
parity have very similar masses. Could there be some deep relationships
between these particles? Let us also note that particles which mainly decay
through electromagnetic interactions, signaled by the production of photons,
have a mean lifetime in the range 10−20–10−16 s, whereas particles that decay
through weak forces have a mean lifetime generally superior to 10−10 s. A
careful study of such properties and other data on reactions involving hadrons
could reveal the underlying dynamics as well as the physical behavior of the
constituents, which would serve to guide thinking and test ideas.

1.3 Interactions

Table 1.4 exhibits the four fundamental forces together with their coupling
strengths, ranges, and typical interaction times. Also shown are the masses of
the interaction quanta or the particles that carry the forces. These particles
are also known as the gauge bosons because they have integral spins and
because their existence and physical behavior are predicted and studied by
gauge theories.
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Table 1.3. Low-lying hadrons

Hadrons I(JP )a Massb Mean life (s) Decay modes

Mesons

π± 1(0−) 139.6 2.6 × 10−8 µ±ν

π0 1(0−) 135.0 0.8× 10−16 γγ

η 0(0−) 548.8 0.8× 10−18 γγ, 3π0, π+π−π0

K± 1/2(0
−) 493.7 1.2 × 10−8 µ±ν, π±π0

K0, K̄0 1/2(0
−) 497.7 50% K0

S, 50% K0
L

K0
S 0.9× 10−10 π+π−, 2π0

K0
L 5.2 × 10−8 3π0, π+π−π0,

π±e∓ν, π±µ∓ν

Baryons

p 1/2(1/2
+) 938.3 > 1031yrs stable

n 1/2(1/2
+) 939.6 917 pe−ν̄

Λ0 0(1/2
+) 1115.6 2.6× 10−10 pπ−, nπ0

Σ+ 1(1/2
+) 1189.4 0.8× 10−10 pπ0, nπ+

Σ0 1(1/2
+) 1192.5 7 × 10−20 Λγ

Σ− 1(1/2
+) 1197.4 1.5× 10−10 nπ−

Ξ0 1/2(1/2
+) 1314.9 2.9× 10−10 Λπ0

Ξ− 1/2(1/2
+) 1321.3 1.6× 10−10 Λπ−

aIsospin, Spin, Parity; b In units of MeV/c2.

From Review of Particle Properties. Phys. Rev. D54 (1996) 1

The strength of a force is measured by its coupling constant. We may note
that of all the forces, gravitation is by far the weakest. Although it exerts its
influence on all objects at all distances and produces a tremendously pow-
erful force on the cosmological scale, it is so feeble on the microscopic scale
when compared with the other forces present on this scale that its effects
are insignificant in short distance phenomena normally observed in particle
physics, and so it can be completely neglected (which does not however ex-
clude the possibility that it may recover its importance, and even dominance,
at the extreme end of the short distance scale of the order of 10−33 cm, called
the Planck scale).

We have introduced earlier, rather casually, the term ‘particle field’. It is
an important concept that comes naturally from relativity and quantum me-
chanics, and is used to convey the idea that particles can spread their effects
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Table 1.4. Fundamental interactions

Interaction
Effective

Boson Massa Rangeb
Typical

coupling timec

Gravitation 10−39 graviton 0 ∞ −

Electromagnetism 1/137 photon 0 ∞ 10−20

Weak force 10−5 W±, Z0 80–90 10−16 10−10

Strong force 1 gluons 0 < 10−13 d 10−23

aIn units of GeV/c2; bIn cm; c In seconds.

dThis is the range of the nuclear force, not that of the quark–quark force.

over entire space and time. Consider a particle that receives a sudden push
in some way: it cannot produce in turn an instantaneous change in another
particle nearby, because, naturally, no signals can travel faster than light.
To have the extra energy transferred to the second particle, conservation of
energy and momentum at all points in space and time requires that the ex-
cited particle emits a quantum, or field, that carries the additional energy
and momentum over to the second particle. Thus, two particles separated
by some distance can still have an effect on each other by the exchange of
this intermediary field. In a quantum-mechanical context, the field concept
represents the existence of a given particle everywhere in space and at every
instant in time in terms of discrete energy quanta. A theory based on this
concept of particle is called a quantum field theory . It predicts in particu-
lar that interactions between particles are induced by an exchange of energy
quanta, which have all the attributes of ordinary matter particles (Fig. 1.1).
Now, paraphrasing an argument due to Yukawa, if two particles interact
by exchanging a virtual particle of mass m, then the maximum distance over
which effects of this exchange are felt is given by h̄/mc, where h̄ is the Planck
constant and c the speed of light. Indeed, the emission of a quantum of mass
m by one of the particles in interaction causes the energy of the system to
change by an amount ∆E = mc2, a violation of energy conservation, which
is nevertheless allowed by the Heisenberg uncertainty principle provided the
energy fluctuation lasts no longer than ∆t = h̄/∆E. During this time in-
terval the quantum must reach the second particle and be absorbed by it
for an interaction between the two particles to effectively take place. The
maximum distance traveled by the quantum, called the force range, is then
given by c∆t = h̄c/mc2.

As gravitation and electromagnetism are known from experience to have
a very long range, the mass of the exchanged bosons, the graviton and the
photon, must be correspondingly very small. In fact, the theories devoted to
the study of their properties – Einstein’s gravitational theory and quantum
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electrodynamics – demand their masses to be exactly zero. On the other
hand, ever since the nuclear β-decay was discovered and studied (in the early
1930s), it has been realized that the range of the weak interaction is extremely
short, about 10−16 cm, which would imply a large mass for the interaction
quantum. We now know that there are actually three gauge bosons associated
with the weak forces: two, W+ and W−, are electrically charged and bear
equal masses of 80 GeV/c2, and the other, Z0 , is electrically neutral with a
mass of 91 GeV/c2. How is it that the gauge bosons in this case can have a
nonvanishing mass? The most likely correct answer to this question, based
on one of the most beautiful ideas in modern physics, will be discussed in
detail later on. We will see then, to have a complete theory of particles and
fields, one has to introduce yet another class of spin-0 particles called the
Higgs bosons. The existence of these, however, has not yet been confirmed
by experiment.
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Fig. 1.1. Space-time representation of the basic interaction between two particles
by a quantum exchange

The range of the nuclear force is at most of the same magnitude as the size
of the lightest bound atomic nucleus, the deuteron, which is of the order of
10−13 cm, corresponding to a mass of 200 MeV/c2 for the exchanged particle.
Nuclear physics tells us that interactions between protons and neutrons arise
from exchanges of mesons, whose masses range from 140 MeV to 700 MeV,
and even beyond. These interactions are not simple. Nor are they universal
because they do not apply to other hadrons. The obvious reason, of course, is
that interactions between hadrons are not of a fundamental nature. They are
the complex result of the basic interactions between the quark constituents of
the hadrons, exactly in the same way that the atomic force between two atoms
is the global manifestation of the electromagnetic forces among the electrons
and protons that make up those atoms. The elementary strong interaction
between the colored quarks acts through eight kinds of bosons, known as
gluons, which are themselves colored, each carrying at the same time a color
and an anticolor. This unique property of gluons gives the quark interaction a
distinctive behavior: it increases in strength with the interquark separations
to preclude the appearance of isolated quarks, but decreases sufficiently at
distances less than 10−13 cm to make the quarks relatively free within the
hadrons in which they evolve. The quantum field theory devoted to the
study of the interaction between the color charges is another gauge theory,
known as quantum chromodynamics or QCD.
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1.4 Symmetries

The recent history of physics gives us several examples that illustrate the
importance of the symmetry considerations in explaining empirical observa-
tions or in developing new ideas. Thus, the intriguing regularities found in
the atomic periodic table can be naturally explained as resulting from the ro-
tational symmetry that characterizes atoms in their ground states; similarly,
the relativity theory owes the clarity and the elegance of its formulation to
its guiding principle, Lorentz invariance. However, more than any other field,
particle physics, perhaps because of the very nature of the subject or because
of the absence of relevant macroscopic analogies or useful classical correspon-
dences, has by necessity conferred upon the symmetry concept a key role that
has become essential in formulating new theories. The existence of the Ω−

particle and the reality of quarks are two outstanding demonstrations of the
power of this line of reasoning, but no less impressive is the prediction of the
existence of the electronic neutrino by Wolfgang Pauli back in 1930 solely on
the basis of the conservation of energy, momentum, and angular momentum,
the validity of which was still in doubt at the time. Pauli took a road ‘less
traveled by’ and opened up a whole new world. The prominent place taken
by the symmetry considerations throughout this book only reflects their im-
portance in particle physics. In this section, we will sketch a general picture
of the idea, and briefly define various symmetry operations.

As we have seen above, every particle is identified by a set of quantum
numbers. These numbers summarize the intrinsic properties of the particle
and, for this reason, are called the internal quantum numbers, meaning that
they have nothing to do with the kinetic state of the particle, which is de-
scribed by other conserved quantities that depend on the state the particle
is in, such as the energy, momentum, or angular momentum.

The existence of a quantum number in a system always arises from the
invariance of the system under a global geometrical transformation, that is,
one that does not depend on the coordinates of the space-time point where
it is applied. A simple example suffices to illustrate the general situation.
Consider two particles in a reference frame in which their interaction energy
depends only on the relative distance of the particles. It follows then, first,
that a displacement of the origin of the coordinates by an arbitrary distance
produces no measurable physical effects on the system, and second, that the
total momentum of the system remains constant in time because its rate of
change, given by the total gradient of the interaction energy, is strictly zero.
So, generally, if we have a physical system in which the absolute positions are
not observable (its energy depending on the relative distance rather than in-
dividual particle positions) and if we apply on it a geometrical transformation
(spatial translation), then we obtain as direct consequences the invariance of
the system to the applied transformation (translational invariance) and the
existence of a conservation rule (momentum conservation). These are, in
short, the interdependent aspects found in every symmetry principle.
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Table 1.5. Examples of symmetries

Transformations Conservation laws Nonobservables

Continuous transformations in space-time:

Spatial translation Momentum Absolute position

Translation in time Energy Absolute time

Rotation Angular momentum Absolute orientation

Lorentz transformation Group generators Absolute velocity

Discrete transformations:

Spatial inversion Parity Left–right distinction

Time inversion Invariance to time
inversion

Absolute time direction

Charge conjugation Charge parity Absolute sign of charge

Phase transformations:

ψ → eiαNψ Generalized charge Relative phase-angle
between states of
different charges

Transformations
between admixtures of
proton and neutron

Isospin Distinction between
coherent admixtures of
proton and neutron

Table 1.5 gives a summary of the properties of some of the symmetries of
relevance to particle physics that will be discussed in this book. There exist
three main types:
1. Continuous symmetries in space-time. The corresponding quantum num-

bers are additive, that is, the quantum number associated with a given
symmetry of a composite system is obtained by adding together (alge-
braically or vectorially) the corresponding quantum numbers of all the
components of the system.

2. Discrete symmetries. The quantum numbers are multiplicative in this
case: such a quantum number in a composite system is given by the
product of the quantum numbers of all the constituents.

3. Unitary symmetries. They can be considered as arising from phase trans-
formations of fields, or from generalized rotations in the internal space
of the system. They are related, for example, to the conservation of a
generalized charge (such as the electric charge, the baryonic number, or
the leptonic number) or the conservation of isospin, flavors, or colors. The
associated quantum numbers are additive.
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This list would not be complete without mentioning the permutation sym-

metry in systems of identical particles, a symmetry that arises from the in-
distinguishability of identical quantum particles. There is a general result in
quantum field theory (known as the spin–statistics connection) which states
that identical particles of half-integral spins obey the Fermi–Dirac statistics

such that their wave function is antisymmetric in the permutation of any
two particles, whereas identical particles of integral spins obey the Bose–

Einstein statistics such that their wave function is completely symmetric in
the variables of all particles.

There is no doubt that exact symmetry is important in the study of
particles. It contributes to defining the identity of a new particle produced in
a reaction when the identities of all other particles involved are known. It tells
us which reactions can proceed and which are inhibited. More remarkable
still is a relation that exists between symmetries of a dynamical model and
conservation laws, a relation known as Noether’s theorem. According to this
theorem, invariance of a physical system to a class of continuous symmetry
transformations always gives rise to some conserved quantity. In other words,
symmetries of a dynamical model and conserved quantities are intimately
related. The significance of this important result is to be fully realized in the
building of physically acceptable models.

However, many symmetry laws in particle physics are not exact, they are
only approximate. A symmetry is said to be violated or broken if a quantity,
presumed nonobservable by symmetry, turns out to be actually observable
under some circumstances. One could think that a study of such symmetries
is unproductive. On the contrary, it can be very fruitful because a symmetry
breaking in physical systems is always orderly and systematic, leaving many a
trace of its presence, many a clue to its behavior for the physicist to discover
and exploit.

Finally, another important facet of the symmetry concept is that any
continuous transformation may be made local , that is, dependent on the
coordinates of the space-time point where it is applied. The corresponding
symmetry, called local symmetry , changes completely in nature to take on the
attributes of a dynamical law. However, only a few of such symmetries are
endowed with the remarkable property of generating fundamental observable
forces. Such exceptional symmetries (as far as we now know) are: invariance
to the general space-time transformations, symmetries in the electric charge
space, in the (weak) isospin space, and in the color charge space. The lat-
ter three, which act on the internal space, are usually referred to as gauge

symmetries, and even though of a different origin, they have close but yet
undefined relation with the first. Are there other symmetries of this kind?
For example, does the local symmetry associated with the baryonic quantum
number lead to some as yet unobserved force in nature? These are very deep
questions which have at present no answers.
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1.5 Physical Units

In the familiar cgs unit system, the basic physical units are the centime-
ter (cm) for length, the gram (g) for weight, and the second (s) for time.
However, in the realm of high energies and short distances of direct interest
to particle physics, it is better to adopt more suitable units, for example,
one million electron volts (MeV= 106 eV) or even one billion electron volts
(GeV= 109 eV) for energy, and the femtometer (1 fm = 10−13 cm) for length.
In these units, the values of two important universal physical constants, the
Planck constant (h̄ = h/2π) and the speed of light (c ), and their product h̄c
are given by

h̄ = 6.582× 10−22 MeV s , (1.1)

c = 3 × 1023 fm s−1 , (1.2)

h̄ c = 197.33 MeV fm . (1.3)

As formulas in particle physics frequently contain these constants, it is
very useful to make a systematic simplification by using a system of units in
which the action function (energy multiplied by time) is measured in h̄, and
velocity (length divided by time) is measured in c. These units are referred
to as the natural units. In any practical calculation, one may set

h̄ = c = 1 (1.4)

throughout. At the very end of the calculation, one may recover, if one so
wishes, the formulas in the conventional units by inserting the correct powers
of h̄ and c at the right places via a dimensional analysis and with the help1

of (1)–(3).
Setting c = 1 means that length and time are equivalent dimensions, [L] =

[T ]. With the usual relativistic relation between energy and momentum E =
p2c2 +m2c4, it is seen that energy, momentum, and mass are all equivalent in
this sense. The additional choice h̄ = 1 implies the dimensional equivalence
of energy and inverse length, [E] = [L]−1. It is then possible to use a single
independent dimension in the system of natural units. Conversion to any
other dimensions is readily effected via the equivalence relations

1 MeV = 1.52× 1021 s−1 , (1.5)

1 s = 3 × 1023 fm , (1.6)

1 fm = 5.07× 10−3 MeV−1 . (1.7)

1 In this book, the formulas that are enumerated are identified by the chap-
ter number followed by the formula number in the chapter. When reference is
made to a formula defined in the same chapter, the chapter number is omit-
ted; but when the formula comes from another chapter, the full identification
number is given.
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When natural units are used, the symbol p may mean not only the mo-
mentum but also the wave vector k = p/h̄; the symbol ω may mean either
a frequency or an energy h̄ω; the symbol m may mean not only a mass but
also an energy mc2, a reciprocal length mc/h̄, or a reciprocal time mc2/h̄.
The conversion factors let us convert a resonance width Γ given in MeV to
the equivalent lifetime τ = h̄/Γ in s, and the range of a force R given in fm
to the equivalent energy transmitted h̄c/R in MeV. Thus, the Planck length
LP = 1.6× 10−33 cm or 1.6× 10−20 fm is equivalent to the reciprocal Planck
energy of

1.6× 10−20 × 5 × 10−3 MeV−1 = 8 × 10−23 MeV−1 ,

or the Planck energy EP = 1.25× 1019 GeV. Similarly, saying that a certain
resonance ω has a full width of 8.43 MeV is equivalent to saying that it has
a reciprocal lifetime of

8.43× 1.52× 1021 s−1 = 1.28× 1022 s−1 ,

or a lifetime τ = 0.78× 10−22 s.
The Compton wavelength of a particle of mass m is defined in natural

units by λ = 1/m. As in the usual units mc2 has the dimension of energy
and h̄c the dimension of length multiplied by energy, λ can be expressed in
units of length by inserting the appropriate factors of h̄ and c:

λ = h̄c/mc2 = h̄/mc .

For example, the mass of the π meson being 140 MeV/c2, its Compton wave-
length is:

λ (fm) =
1

m
MeV−1 =

1 fm

140 × 5 × 10−3
= 1.42 fm.

As another example, consider the force couplings. The electromagnetic
coupling constant is given by the dimensionless fine structure constant, which
in natural units is simply

α =
e2

4π
=

1

137.036
. (1.8)

On the other hand, the Fermi coupling constant of the weak interaction is
not dimensionless, being given in various equivalent units by

GF = 1.166× 10−5 GeV−2 = 0.878× 10−4 MeV fm3 . (1.9)

For comparison with other coupling strengths, it is useful to define a dimen-
sionless effective coupling constant by multiplying GF by the proton squared
mass, GFM

2
p ≈ 10−5.
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Problems

1.1 Dimension of wave function. (a) Let [L] be the dimension of length,
[E] the dimension of energy and so on. What is the dimension of a wave
function φc(x) of a particle the norm of which is given by

∫
d3x φ∗

c(x)φc(x)?
(b) The transition rate for i→f is given by Fermi’s golden rule

wfi = 2π| 〈φcf |Hint |φci〉 |
2ρ ,

where Hint is the interaction Hamiltonian, ρ the number of final states per
unit of energy, and φci, φcf are the wave function of the initial and final states.
Restore the appropriate factors of h̄ and c to have w in numbers of events
per second.
(c) As in quantum mechanics, the Hamiltonian is the energy operator. It is
equal to the space integral of the Hamiltonian density H, so that in natural
units the dimension of H is [M ]4. Given that the Hamiltonian density for a
boson field φ contains terms such as (∂φ/∂xµ)2, (mc/h̄)2φ2, find the dimen-
sion of φ. Similarly for a fermion field, H contains terms like mc2ψ̄ψ, find
the dimension of the fermion field ψ.

1.2 Natural units, conventional units. Rewrite in conventional units
the following expressions, given in natural units:
(a) The differential cross-section of a nonrelativistic electron by a point nu-
cleus:

dσ

dΩ
= 4m2(Zα)2 q−4,

where m is the electron mass (MeV), q the momentum transferred to the
nucleus (fm−1), and α = e2/4π ≈ 1/137 ;
(b) The mean lifetime of the muon of mass mµ

τµ = 192π3/G2
Fm

5
µ ,

where the coupling GF is given in MeV−2, and m in MeV.

1.3 Estimations of order magnitudes. To guide the physical sense,
it is often useful to have rough estimates of physical quantities. Such an
approximate calculation is based on simple physical considerations and a
dimensional analysis. We consider in this problem the total cross-sections
for some processes in the limit of very high energies, where only the coupling
constant and the reaction energy are relevant. Give in each case an estimate
of the cross-section in GeV or in barn (1b = 10−24 cm2 ).
(a) The total cross-section for proton–proton elastic scattering;
(b) The total cross-section for the electromagnetic annihilation process e+e−

→ µ+µ−;
(c) The weak interaction scattering νe+proton→ νe+proton.
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1.4 The Bohr radius. (a) Make an estimate of the radius of the hydrogen
(the Bohr radius), assuming known the electron mass me = 0.51 MeV and
the fine structure constant α = 1/137.
(b) Make an estimate of the Bohr radius for a ‘gravitational atom’ composed
of two neutrons bound only by their gravitational attraction at the ground
state level.
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