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Addendum for the third edition

In this edition, nothing was removed, but several things were added. New develop-
ments in high energy physics, including the discovery of the Higgs Boson, the last
missing piece of the Standard Model and the recent discovery of Gravitational
waves among them. All of the figures were redone (many in color) and links to video
explanations that may clarify the topic are included for you to explore should you
desire more information (especially visuals).

As was done in the second editions, I have included excerpts from some of the
papers that the Vassar students enrolled in my course have written over the years.
They give an interesting perspective (often what they imagine a particle would say or
feel) on the world of subatomic physics.

Cindy Schwarz
Staatsburg, NY

2016

x



Introduction

A Tour of the Subatomic Zoo fills a vast gap in the literature that few of us physicists
ever noticed. Physics is a vertical discipline. We do a fine job at training our
successors, who are led through a maze of ever more abstract and mathematical
disciplines such as mechanics, thermodynamics, electromagnetism, quantum theory,
and relativity. Only when they have mastered path integration and dimensional
regularization can our students begin to appreciate the newly won understanding of
being and becoming at the most basic level. Unfortunately, the 99% of our college
students who do not aspire to a career in physics are left entirely out in the cold.
They are never taught, and may never learn of, the remarkably simple ingredients of
all the wonders of nature. We have irresponsibly denied an understanding of some of
the most profound insights of our time.

Cindy Schwarz provides us with a delightful remedy. In this short, well-worked
text (which could form the basis to a six-week course representing a mere one
percent of a college education), many of our secrets are revealed to the typical
college student and as well to the bright high school senior or the curious engineer.
The book is brief but ambitious. With hardly a mathematical formula, Professor
Schwarz clearly explains the language and much of the substance of elementary
particle physics—the search for the ultimate building blocks of matter and rules by
which they combine.

Almost a century ago, the electron was discovered: the first of the elementary
particles. Since then, the search has brought us today’s enormously successful
‘standard model’ of particle physics. Matter particles (quarks and leptons) interact
with one another by various forces, each of which is mediated by the exchange of
force particles (photons, gravitons, gluons, Ws and Zs), in accordance with various
conservation laws. The preceding sentence should be incomprehensible jargon to
intended readers, but will become crystal clear once the book is read and the
carefully crafted exercises are completed.

It makes little sense to describe what we know without an explanation of how we
know it. The author, herself an active participant in the endeavor, devotes two
chapters to a description of the powerful instruments that must be brought to bear to
explore the inconceivably tiny seeds of the microworld: giant accelerators and
particle detectors. Finally she tells us some of the many mysteries that remain to be
solved by future generations of scientists, and perhaps by Professor Schwarz herself.

Sheldon Glashow
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Preface

This book arose from a course on particle physics that I have taught several times at
Vassar. A Tour of the Subatomic Zoo is a six-week course intended for students who
are not majoring in physics or other sciences and, in fact, assumes no prior physics
knowledge. In teaching the course, I found that, although there were many good
books on high-energy physics, they were either at too high a level or, if at a proper
level, too sweeping. The book serves as an introduction to high-energy physics ideas,
terminology, and techniques. Views of matter from the atom to the quark are
discussed historically and in low-level technical detail, in a form that an interested
person with no physics background can feel comfortable with.

I believe there are several possible audiences for this book. College and university
courses could be developed by an interested faculty, and this book could be used
alone or in conjunction with other materials. Students at Vassar used an early draft,
and their feedback was helpful: they found the level to be appropriate and the
material interesting. Students often commented that they would not otherwise have
been exposed to any physics, as they felt uncomfortable with mathematics. A
number of students recommended the course to others. Even college physics majors
would enjoy reading this book as an introduction to particle physics. High school
(and even middle school) teachers could also use the book to introduce some of the
material to their students. Many high school teachers have not been formally
exposed to high-energy physics, have forgotten what they once knew, or are no
longer up-to-date with recent developments.

Each chapter begins with an overview of the concepts and terms that will be
discussed and ends with a summary section. The self-tests at the end of each
chapter are not difficult, and answers are included to all the questions. The
multiple-choice questions are straightforward and serve as indicators to the reader
that basic facts have been learned. The open-ended questions are a little more
challenging. Rather than just reading and absorbing a lot of facts, the reader has
an opportunity to apply the knowledge he or she has just gained. All the
illustrations were done as the text was being written; they are hand-tailored to
best illustrate the ideas presented.

Many authors suggest portions of their book that a reader can skip without loss of
continuity. One of my goals was to keep things brief so as not to overwhelm or
intimidate the reader. My advice, then, is that nothing be omitted. Of course, this
means that a number of topics do not appear in this book that many physicists,
including myself, feel are important. For example, there is no discussion of the
discoveries of radioactivity or quantum mechanics, and many important people are
not mentioned. For the reader who wants more, additional books and articles are
listed in ‘Suggestions for Further Reading’.

Cindy Schwarz
Poughkeepsie, NY

August 1991
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A Tour of the Subatomic Zoo
A guide to particle physics

Cindy Schwarz

Chapter 1

Matter in the early 20th century

In this first chapter we examine views of matter that existed in the early part of the
20th century. When results of experiments could not be explained by known
theories, either more experiments were done or new theories were proposed. New
theories led to different ideas about what the world around us was made of. Through
a look at these experiments and theories, we will learn about some particles that you
have probably heard of and some that you may not have heard much about. After
completing this chapter you will:

• know what protons, neutrons, electrons, and neutrinos are.
• know the constituents of the atom and the nucleus.
• be able to name three types of radiation.
• know about conservation rules for energy, electric charge, and momentum.

1.1 Parts of the atom

1.1.1 Rutherford’s experiments: the nucleus is uncovered

We begin with experiments by Ernest Rutherford and his colleagues in Great Britain
around 1911. They used a type of radiation, alpha particles, to bombard atoms in an
attempt to uncover their inner parts. They did not understand fully what alpha
particles were, but they were able to use them. Figure 1.1 shows what their
experiment was like. The main points of the experiment were as follows:

• polonium, which is a radioactive substance, was used as a source of alpha
particles. Alpha particles were emitted from the polonium in all directions,
but Rutherford was only concerned with the particles that hit the gold foil
target.

• a movable screen painted with a material called a scintillator was used to detect
the alpha particles that emerged from the target. Scintillator material gives off a
flash of light when struck by an alpha particle. Rutherford was therefore able
to study the position of the alphas after they passed through the target.
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The results of these experiments were startling. At the time, a popular model of
the atom was J J Thomson’s ‘plum pudding’: a spherically shaped mass of positive
charge in which the negatively charged electrons were embedded. (Electrons had
been discovered just prior to the beginning of the 20th century by Thomson.) If this
model were correct, the results of Rutherford’s experiments should have been similar
to what is shown in figure 1.2; the heavy alpha particles would soar through the
atom, deflected slightly by their trip through the positive ‘pudding’. To the scientists’
surprise, however, some of the alpha particles came right back at them, as if they had
bounced off something very massive, and that was inconsistent with the plum
pudding model of the atom.

Figure 1.1. Rutherford’s experiment.

alpha particles

Beam of

Figure 1.2. Plum pudding.
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These results, however, were consistent with a new model, seen in figure 1.3. In
this model, the atom contained:

• a solid nucleus in which all the atom’s positive electric charge and almost all its
mass were concentrated. The alpha particles bounced off this dense nucleus.

• light electrons existing somewhere in the empty region outside the nucleus. The
electrons had a negative electric charge to balance the positive charge of the
nucleus. The alpha particles brushed past the electrons deflected only slightly.

But this was not the last of the scientists’ experiments. To learn more about the
nucleus, Rutherford and James Chadwick continued to use alpha particles. In one
series of experiments they shot the alpha particles at nitrogen nuclei and observed
the results. As they expected, alpha particles came out, but so did hydrogen nuclei
(see figure 1.4). Well, if hydrogen nuclei could be ejected from nitrogen nuclei, then
perhaps nitrogen nuclei were composed of hydrogen nuclei. In fact, perhaps all
nuclei were made of hydrogen nuclei.

A proton is the name given to a hydrogen nucleus. Protons have one unit of
electric charge, equal but opposite to the electron charge. Protons also have mass,
and for simplicity we quote all masses in terms of the proton mass (1 unit). In these
units, the mass of an electron is about 1/1800.

These experiments showed that nuclei had some sort of internal structure. They
too were composed of parts, or protons. The more positive charge a nucleus was
found to have, the more protons it must have contained.

e e

ee

e

e

e

e

Figure 1.3. Discovery of the nucleus.

alphas
nitrogen hydrogen

alphas

Figure 1.4. Alpha particles at nitrogen.
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1.1.2 Models of the nucleus: protons and neutrons

The nucleus contains protons. But this is not the complete picture. The simplest
model of the nucleus, composed solely of protons and electrons, was suggested in
1914 (see figure 1.5). Let’s see how this model works for the nitrogen nucleus. Below
is a table with properties of the nitrogen nucleus, the proton, and the electron.

Object Charge Mass

proton +1 1
electron −1 0
nitrogen nucleus +7 14

The only way to combine protons and electrons into a nitrogen nucleus is shown
in figure 1.6. Remember, these particles are in the nucleus, there will still be seven
electrons outside the nucleus.

Or, in terms of the particles involved, one can see how the charge and mass of the
constituents add up to the charge and mass of the nucleus as a whole.

14 p + 7 e− = nitrogen nucleus
charge 14 −7 = 7
mass 14 0 = 14

There is a problem with this model, however, in that the spin is not correct. Spin
is a property that a particle can have, just as it can have charge and mass. The
classical analogy that is most often given for spin is that of a top spinning on its
axis. You may think of spin this way, but electrons and protons and all other
particles with spin do not actually spin like a top. Spin is an internal property of a
particle that can be calculated or measured, just like mass can. Electrons and

e

e

e

e

e

e

e e

e

e

e

e

e

p

p

p

p

nucleus
p

p
p

e

Figure 1.5. Early model of the nitrogen nucleus.
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protons each have a spin of 1/2 unit. The spin of the electron or proton is said to be
up or down, and these are the only possibilities. Now, our model has 21 particles in
the nucleus, each with a spin of 1/2. The nitrogen nucleus has a spin measured at
1 unit. It is not possible for an odd number of particles with 1/2 unit of spin each
(21 in our case) to have a combined spin equal to an integer (1 in our case).
This point is illustrated in figure 1.7 for some simpler cases with three or four
particles, each with a spin of 1/2.

By 1930, many physicists realized the inadequacy of the simple model of protons
and electrons as the constituents of the nucleus. If we require the nitrogen nucleus to
have the correct spin as well as charge and mass, then there must be an even number
of objects in the nucleus. So, if we combine 7 of the 14 positively charged protons
with the 7 negatively charged electrons in the nucleus, we get 7 neutral objects with

e

e  p

e

e

e

e

e

e

e

p
p

pp

p

p

p

e  p
e  p

e  p
e  p

e  p e  p

nucleus

Figure 1.6. Early nuclear model.

= 3/2

= 1/2

= 2

= 1

1 2 1 2 1 2

1 2 1 2 1 2 1 2

1 2 1 2 1 2
1 2

1 2 1 2
1 2

Figure 1.7. Examples of spin combinations. (Spin: https://www.youtube.com/watch?v=cd2Ua9dKEl8)
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masses essentially equal to the proton mass. Figure 1.7 shows how this combination
might be viewed. As early as 1920, there were suspicions of a neutral object (with the
same mass as the proton) in the nucleus. By 1932, the neutron had been discovered.
Seven protons and seven neutrons in the nitrogen nucleus give the correct charge,
mass, and spin. Go ahead and verify it.

The neutron was discovered by Chadwick in another experiment involving alpha
particles. A sketch of the basic setup is shown in figure 1.8. The main points of this
experiment were:

• alpha particles were aimed at a beryllium target.
• Chadwick observed something coming out of the beryllium that did not have
electric charge (we use the term neutral particles or neutral radiation).

• this radiation hit a paraffin target.
• protons were knocked out of the paraffin target.

Chadwick concluded that the neutral radiation was indeed the neutron, as it had
to have a mass close to the proton to knock one out of the paraffin.

1.2 Radiation
Unstable nuclei spontaneously decay by emitting particles. This process is called
radioactivity. The three types of radiation are called:

• alpha (α).
• beta (β).
• gamma (γ).

We have already seen that alpha particles were useful in Rutherford’s experiments
on the atom. Alpha (α) radiation, or alpha particles are just helium nuclei
(two protons and two neutrons). An example of a process that produces alpha
particles is a radium nucleus decaying into a radon nucleus and an alpha particle, as
shown in figure 1.9. You can see that the total number of protons and the total
number of neutrons remain constant.

⇒ +radium nucleus radon nucleus alpha

Gamma (γ) radiation is high-energy electromagnetic radiation. When a nucleus gets
into an excited state, it can emit the extra energy it has by gamma radiation. Just to
put the energy in perspective, gamma rays prevalent in high-energy physics processes

Figure 1.8. Discovery of the neutron.
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have an energy about 10 billion times that of microwaves. Many different types
of nuclei can become excited and emit gamma rays. The example shown in
(figure 1.10) shows first beta radiation (next section) and then the Ni-60 is in an
excited state so it emits gamma radiation.

γ⇒ +excited nucleus unexcited (same) nucleus

Beta (β) radiation involves the emission of an electron. But this electron is not one of
the electrons from outside the nucleus. It is an electron that is created within the
nucleus. An example, as shown in figure 1.11.

⇒ +calcium potassium electron

Unlike the process that produces alpha radiation, in this process the total number of
protons and the total number of neutrons are not separately conserved. We have
gained a proton and lost a neutron. The underlying process here is a neutron
decaying into a proton and an electron. Studying this process of beta decay led
physicists to propose a new particle called the neutrino (as seen in figure 1.11). The
neutrino was postulated when neutron beta decay did not follow some important
conservation principles of physics. The neutrino will be discussed in greater detail
after we discuss these conservation principles.

88p
138n

Radium nucleus

86p
136n

2p
2n

Radon nucleus Alpha

Figure 1.9. Example of alpha radiation.

Figure 1.10. Gamma radiation as secondary process.
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1.3 Some conservation laws
Conservation principles are important in physics, and they can help us to explain
why some things happen and others don’t. Three conservation rules that must be
obeyed in all physical processes are:

• conservation of electric charge
• conservation of momentum
• conservation of total energy.

We will not derive these rules, but we will use them to determine whether certain
particle reactions can or cannot occur.

1.3.1 Charge conservation

The total electric charge of a system of particles must remain the same. That is, if
you add up all the charges of the particles on one side of a reaction, they must
exactly equal the sum of all the charges of the particles on the other side of the
reaction. For example, both the following reactions obey the principle of charge
conservation. Note that these are not the only possibilities, but just two examples of
reactions.

+ − ⇒ 0 0
+ − ⇒ + − 0

In both examples, two charged objects, one with a positive charge and the other
with a negative charge, are the initial particles (those to the left of the arrow). In the
first case, the final particles (those to the right of the arrow) both have no electric
charge. In the second case, there are three particles: one positive, one negative, and
one neutral. In either case, the total charge of the final particles is zero.

Figure 1.11. Example of beta radiation.
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1.3.2 Energy conservation

The total energy of the particles before a decay or reaction (two particles in the initial
state) must be equal to the total energy of the particles afterward. Now, here we speak
of the total energy, because the energy that concerns us comes in two forms:

• kinetic energy, or energy of motion, which depends on the velocity of the
particle

• mass energy, which arises from Einstein’s famous equation

=E mc2

In this equation, the energy (E) is equal to the product of the mass of the particle and
the speed of light (which is a constant) squared. The greater themass of the particle, the
more mass energy it has. For decays, our criterion for satisfying energy conservation
will be that the mass (or mass energy) of the decaying particle be greater than or equal
to the sum of the masses of the end products. How does this lead to energy
conservation? Energy conservation for particle A initially at rest gives us

= + + +mass of A mass of B kinetic energy of B mass of C kinetic energy of C

and since all energies are positive

> +(mass of A) (mass of B) (mass of C)

For reactions, the two particles in the initial state can have a total mass less than the
total mass of the final particles because they can bring kinetic energy into the
reaction to ensure that energy is conserved.

1.3.3 Momentum conservation

The total momentum of the particles must remain the same in any physical process
when no external forces are involved. For velocities that are very low compared to
the speed of light, the momentum of a particle is the product of its mass and its
velocity. In a particle reaction, if the initial total momentum (the sum of the
momenta of the individual particles involved) is zero then the final total momentum
must be zero as well. For particle decays, such as one particle becoming two or more
particles, this conservation of momentum manifests itself in an interesting visual
way. In particular, if one particle decays into exactly two particles then these
particles must emerge from the reaction in exactly opposite directions for momen-
tum to be conserved.

This is illustrated in figure 1.12. In this example

⇒ +A B C

M, the mass of particle B, is larger than m, the mass of particle C. Therefore, the
velocity of particle C must be larger than the velocity of particle B (as indicated by
the length of the arrows). Equivalently, the momentum of particle B (Mv) is the
same as the momentum of particle C (mV).
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