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Preface

This report on elementary-particle physics is part of an overall survey of
physics carried out for the National Academy of Sciences by the National
Research Council. The panel that wrote this report had three goals. The first
goal was to explain the nature of elementary-particle physics and to describe
how research is carried out in this field. The second goal was to summarize our
present knowledge of the elementary particles and the fundamental forces. The
third goal was to consider the future course of elementary-particle physics
research and to propose a program for this research in the United States.

It is the hope and intention of the panel that this volume will be read and
found useful outside the physics community. Therefore the text does not assume
that the reader has any special knowledge of mathematics or of physics beyond
an acquaintance with general notions such as mass and energy. Nor do we
assume that the reader has any previous knowledge of the techniques of
elementary-particle physics research, namely, accelerators and particle
detectors. Indeed we have presented basic introductions to these techniques.

In the last two decades there has been a revolution in our knowledge of
elementary-particle physics. We have identified three types of elementary
particles—the quarks, the leptons, and the force-carrying particles; we have
learned a great deal more about three or the fundamental forces; and the weak
force and electromagnetic force nave been unified in a beautiful and powerful
theory. Major innovations have been made in the technologies of accelerators
and of particle
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detectors. In order to present all of this in a few chapters, we have had to limit
ourselves to describing the main ideas and the major experimental and
theoretical accomplishments. We apologize to our colleagues for leaving out
descriptions or even mention of so much other important and beautiful work in
elementary-particle physics.

Elementary-particle physics is an international science, and in describing
its content and its methods we have used the work of all the world's elementary-
particle physicists. In looking to the future needs and future opportunities of
elementary-particle physics we have mostly limited our work and our
presentation to the United States. We have done so because this was the charge
to the Physics Survey Committee from the National Academy of Sciences of the
United States and because we are constituted primarily as a panel of physicists
from the United States who are not qualified to speak for physics abroad. Since
one of the audiences for this report consists of members of the federal
government of the United States who are concerned with science policy, in
describing needs and opportunities we have naturally tended to use examples
from the elementary-particle physics community in the United States. We hope
that our colleagues abroad will understand that this was one of the purposes of
the report and will not feel slighted by our inability in this limited space to
present more examples from work of the elementary-particle physics
community abroad.

The Elementary-Particle Physics Panel acknowledges the help it has had
from many physicists who have graciously given their time for discussions on
the contents of this volume, who have read and reviewed individual sections,
and who have been kind enough to review and make suggestions for the entire
volume. We are very grateful to John Ellis of CERN, who attended the early
meetings of the Panel and wrote some of the first drafts of this report. We have
tried to represent the views of the elementary-particle physics community as a
whole, but of course it is only panel members who bear the responsibility for
the material in this volume. We thank the Chairman of the Physics Survey
Committee, William F. Brinkman, for his guidance, leadership, and wisdom.
We express our gratitude to the Staff Director of the Board on Physics and
Astronomy, Donald C. Shapero, who was so patient and generous in passing on
to us his knowledge and experience of how to represent the views of a scientific
community and of how to prepare a report of this nature. Finally, we thank the
technical typists and illustrators who so patiently worked and re-worked the
many drafts of this report: Lydia Beers, Edythe Christianson, and the members
of the Publications Office of the Stanford Linear Accelerator Center.
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EXECUTIVE SUMMARY 1

Executive Summary

Elementary-particle physics, the science of the ultimate constituents of
matter and the interactions among them, has undergone a remarkable
development during the past two decades. A host of new experimental results
made accessible by a new generation of particle accelerators and the
accompanying rapid convergence of theoretical ideas has brought to the subject
a new coherence and has raised new possibilities and set new goals for
understanding nature. The progress in particle physics has been more dramatic
and more thoroughgoing than could have been imagined at the time of the 1972
survey of physics, Physics in Perspective (National Academy of Sciences,
Washington, D.C., 1972). Many of the important issues identified in that report
have been addressed, and many of the opportunities foreseen there have been
realized. As a result, we are led to pose new and more fundamental questions
and to conceive new instruments that will enable us to explore these questions.

Elementary-particle physics is the study of the basic nature of matter,
energy, space, and time. Elementary-particle physicists seek the fundamental
constituents of matter and the forces that govern their behavior. In common
with all physicists, they seek the unifying principles and physical laws that
determine the material world around us.

The atom, the atomic nucleus, and the elementary particles of which they
are composed are too small to be seen or studied directly. Throughout this
century, physicists have devised ever more sophisti
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EXECUTIVE SUMMARY 2

cated detection devices to observe the traces of these particles and their
constituents. At the same time, they have developed increasingly energetic
beams of particles to probe deeply into the structure of matter. Early examples
are x-rays to probe the electronic structure of the atom and radioactive sources
to study the atomic nucleus. Some of the constituents of ordinary matter,
notably electrons and protons, are quite stable and easily manipulated in electric
and magnetic fields. They can therefore be accelerated to high energies and
used as probes to reach the very small distance scale of the fundamental
constituents. The colliding of high-energy particles and the analysis of collision
products is at the heart of experimental particle physics. For this reason the field
is often called high-energy physics.

THE REVOLUTION IN PARTICLE PHYSICS

Thirty years ago, ordinary matter was thought to consist of protons,
neutrons, and electrons. Experiments were under way to probe the structure of
these particles and to study the forces that bind them together into nuclei and
atoms. In the course of these experiments, physicists discovered more than a
hundred new particles, called hadrons, which had many similarities to the
proton and the neutron. None of these particles seemed more elementary than
any other, and there was little understanding of the mechanisms by which they
interacted with one another.

Since that time, a radically new and simple picture has emerged as a result
of many crucial discoveries and theoretical insights. It is now clear that the
proton, the neutron, and other hadrons are not elementary. Instead, they are
composite systems made up of much smaller particles called guarks, much as
an atom is a composite system made up of electrons and a nucleus. Five kinds
of quarks have been established, and initial experimental evidence for a sixth
species has been reported.

Unlike the neutron and the proton, the electron has survived the revolution
intact as an elementary constituent of matter, structureless and indivisible.
However, we now know that there are six kinds of electronlike particles called
leptons. According to our present understanding, then, ordinary matter is
composed of quarks and leptons.

An important difference between quarks and leptons is that a formidable
interaction, known as the strong force, binds quarks together into hadrons but
does not influence leptons. Both quarks and leptons are acted upon by the three
other fundamental forces: the
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EXECUTIVE SUMMARY 3

electromagnetic force, the weak force responsible for certain radioactive decays,
and the gravitational force.

Over the past two decades, great progress has been made in understanding
the nature of the strong, weak, and electromagnetic forces. A unified theory of
the weak and electromagnetic forces now exists. Its predictions have been
dramatically verified by many experiments, culminating in the discovery of the
W and Z particles in 1983. These carriers of the weak force are analogous to the
photon, the carrier of the electromagnetic interaction, whose existence was
established in the 1920s. In addition, there is indirect but persuasive evidence
for particles called gluons, the carriers of the strong force. Strong, weak, and
electromagnetic interactions all are described by similar mathematical theories
called gauge theories. At this time, the role played by the gravitational force in
elementary-particle physics is unclear. We have not been able to measure
directly any effect of gravity on the collisions of elementary particles.

With the identification of quarks and leptons as elementary particles, and
the emergence of gauge theories as descriptions of the fundamental interactions,
we possess today a coherent point of view and a single language appropriate for
the description of all subnuclear phenomena. This development has made
particle physics a much more unified subject, and it has also helped us to
perceive common interests with other specialties. One important by-product of
recent developments in elementary-particle physics has been a recognition of
the close connection between this field and the study of the early evolution of
the universe from its beginning in a tremendously energetic, primordial
explosion called the big bang. Particle physics provides important insights into
the processes and conditions that prevailed in the early universe, and deductions
from the current state of the universe can in turn give us information about
particle processes at energies that are too high to be produced in the laboratory,
energies that existed only in the first instants after the primordial explosion.

WHAT WE WANT TO KNOW

Developments in elementary-particle physics during the past decade have
brought us to a new level of understanding of physical laws. This new level of
understanding is often called the standard model of elementary-particle physics.
As usual, the attainment of a new level of understanding refocuses attention on
old problems that have refused to go away and raises new questions that could
not have been asked before. The quark model of hadrons and the gauge theories
of the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/629.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

EXECUTIVE SUMMARY 4

strong, weak, and electromagnetic interactions organize our present knowledge
and provide a setting for going beyond what we now know.

Although the standard model provides a framework for describing
elementary particles and their interactions, it is incomplete and inadequate in
many respects. We still do not understand what determines the basic properties
of quarks and leptons, such as their masses. Nor do we understand fully how the
differences between the massless electromagnetic force carrier, the photon, and
the massive carriers of the weak force, the W and Z particles, arise. Existing
methods for dealing with these questions involve the introduction of many
unexplained numerical constants into the theory—a situation that many
physicists find arbitrary and thus unsatisfying. Physicists are actively seeking
more complete and fundamental answers to these questions.

Another set of questions goes beyond the existing synthesis. For example,
how many kinds of quark and lepton are there? How are the quarks and leptons
related, if they are related? How can the strong force be unified with the already
unified electromagnetic and weak forces?

Then there are questions related to our overview of elementary-particle
physics. Are the quarks and leptons really elementary? Are there yet other types
of forces and elementary particles? Can gravitation be treated quantum
mechanically, as are the other forces, and can it be unified with them? More
generally, will quantum mechanics continue to apply as we probe smaller and
smaller distances? Do we understand the basic nature of space and time?

THE TOOLS OF ELEMENTARY-PARTICLE PHYSICS

Elementary-particle physics progresses through a complicated interaction
between experiment and theory. As experimental work produces new data,
theory is tested by the data, and theory is used to organize the data. Sometimes
theoretical insight leads to new experiments; sometimes an experiment
produces surprising new data that upset currently accepted theories. Patient
accumulation of data may lead to paradoxes that cannot be resolved without
major revision of theoretical ideas. And sometimes experimenters may seek
new entities, such as free quarks or magnetic monopoles, which do not fit
known patterns. In the end, physics is an experimental science. and it is only
experiment and observation that can tell us if we are right or wrong.

Most experiments in our field are carried out by the use of accelerators,
which produce beams of high-energy particles. These beam
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particles collide either with a stationary target (a "fixed-target" experiment) or
with another beam of particles. Accelerators in which two beams of particles
collide are called colliders. Either in fixed-target experiments or in colliders, the
results of the collisions are recorded with devices, often complex, called particle
detectors. Accelerators and particle detectors are the main tools of elementary-
particle physics. Through the years invention, research, and development have
led to major innovations and vast improvement in the technology of
accelerators and detectors. In turn, these tools are fundamental to experimental
progress in our field.

The fixed-target experiments of the past two decades have contributed
much to our knowledge. Examples of these experimental results are the
demonstration that neutrons and protons are composed of quarks, one of the two
simultaneous discoveries of the fourth (or charmed) quark, the discovery of the
fifth (or bottom) quark, and the discovery of the violation of what were thought
to be fundamental symmetries in time and space. Fixed-target experiments have
accumulated a large body of data that has led to the systematic understanding of
the interactions of hadrons.

Experiments utilizing colliders have become increasingly prominent
because more of the beam energy is available to the fundamental collision
processes. The extension of colliding-beam accelerator technology was led by
the development of electron-positron and proton-proton colliders and by other
basic advances in that technology. Experiments at electron-positron colliders
have given us the shared discovery of the charmed quark; the discovery of the
unexpected new 'relative" of the electron—the tau lepton; the discovery of
intense jets of hadrons; and much of the evidence for the theory that the strong
force is mediated by the gluon particle. Recently the development of the proton-
antiproton collider contributed substantially to particle physics by making
possible the discovery of the carriers of the weak force—the W and Z particles.
This development confirms an expanded future role for proton-proton and
proton-antiproton colliders.

Most of the discoveries described above were made possible only through
the building of new high-energy particle accelerators. This is most evident in
the discoveries of the new massive particles, such as the W, the Z, the heavy
quarks, and the new lepton. Higher-energy accelerators in the future will
similarly open up the possibility of discovering new fundamental particles of
still higher mass.

Progress in elementary-particle physics also depends on studying rare or
unusual collisions. Therefore it is important to have very intense beams of
particles to produce the rare events within a back
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ground of less-interesting phenomena. Thus, both intensity and energy are
critical parameters of high-energy accelerators.

THE FUTURE OF ELEMENTARY-PARTICLE PHYSICS IN
THE UNITED STATES

Elementary-particle physics is perhaps the most basic of the sciences; it
interacts with many other areas of physics and astronomy; it develops,
stimulates, and uses new technologies. Two decades ago the United States was
the dominant force in elementary-particle research. Gradually other regions,
particularly Western Europe and Japan, have increased their elementary-particle
physics programs until together they equal or exceed the U.S. program in
personnel, financial support, and scientific accomplishment. This is as it should
be, since science is a worldwide endeavor. International participation leads to
innovation in accelerator and detector technology, to an interchange of ideas,
and to a more rapid pace of discovery. Indeed, many of the most important
recent discoveries have been made in Europe. This report includes
recommendations for the future U.S. program in this field that are intended to
exploit the scientific opportunities before us and to permit us to maintain a
competitive role in the forefront of this science.

The program for the future of the field embodied in our recommendations
has emerged from an intense discussion within the community of elementary-
particle physicists. During the past 3 years physics study groups and federal
advisory panels have considered several different initiatives for new facilities.
They have also considered the balance between support of existing facilities and
construction of new facilities. Ultimately the choice was determined by the
belief that new phenomena that are crucial to the understanding of fundamental
problems will be discovered in the tera-electron-volt (TeV) mass range. This
region cannot be reached either by existing accelerators or by the accelerators
now under construction. The successful conclusion of the long and difficult
development of superconducting magnet technology makes a large new
machine a feasible and timely choice. Our recommendations form a plan that
has as its keystone the construction of a very-high-energy superconducting
proton-proton collider, the Superconducting Super Collider (SSC).
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EXECUTIVE SUMMARY 7

RECOMMENDATIONS FOR UNIVERSITY-BASED
RESEARCH GROUPS AND USE OF EXISTING FACILITIES
IN THE UNITED STATES

The community of elementary-particle physicists in the United States
consists of about 2400 scientists, including graduate students, based in nearly
100 universities and 6 national laboratories. They work together in groups
frequently involving several institutions. It is their experiments, their
calculations, their theories, their creativity that are at the heart of this field. The
diversity in size, in scientific interests, and in styles of experimentation of these
research groups are essential to maintaining the creativity in the field. Therefore
we recommend that the strength and diversity of these groups be preserved.

Most elementary-particle physics experiments in the United States are
carried out at four accelerator laboratories. Two fixed-target proton accelerators
are now operating: the 30-GeV Alternating Gradient Synchrotron at the
Brookhaven National Laboratory and the 1000-GeV superconducting
accelerator, the Tevatron, at the Fermi National Accelerator Laboratory. Cornell
University operates the electron-positron collider CESR. The Stanford Linear
Accelerator Center operates a 33-GeV fixed-target electron accelerator, which
also serves as the injector for two electron-positron colliders, SPEAR and PEP.
In addition, some elementary-particle physics experiments are carried out at
medium-energy accelerators that are devoted primarily to nuclear physics.

Experimentation at the four accelerator laboratories requires complex
detectors that are often major facilities in their own right. The equipment funds
for major detectors and the operating funds for the accelerators have been
insufficient to permit optimum use. Because accelerator laboratories necessarily
have large fixed costs, the productivity of the existing accelerator facilities can
be increased considerably by a modest increase in equipment and operating
funds. We recommend fuller support of existing facilities.

RECOMMENDATIONS FOR NEW ACCELERATOR
FACILITIES IN THE UNITED STATES

The capability of two existing accelerators in the United States is now
being extended by adding collider facilities to each of them. A 100-GeV
electron-positron collider, which uses a new linear collider principle, is now
being constructed at the Stanford Linear Accelerator Center. The Tevatron at
the Fermi National Accelerator Laboratory is
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being completed so that the superconducting ring can also be operated as a 2-
TeV proton-antiproton collider. We recommend continued support for the
completion of these new colliders on their present schedule. In addition, we
recommend that their experimental facilities and programs be fully developed.

The U.S. elementary-particle physics community is now carrying out an
intensive research, development, and design program intended to lead to a
proposal for the very-high-energy, superconducting proton-proton collider, the
SSC. This new collider will be based on the accelerator principles and
technology that have been developed at several national laboratories and in
particular on the extensive experience with superconducting magnet systems
that has been gained at the Fermi National Accelerator Laboratory and
Brookhaven National Laboratory. The SSC energy would be about 20 times
greater than that of the Tevatron collider. This higher energy is needed in the
search for heavier particles, to find clues to the question of what generates
mass, and to test new theoretical ideas. Our current ideas predict a rich world of
new phenomena in the energy region that can be explored for the first time by
this accelerator. Furthermore, history has shown that the unexpected discoveries
made in a new energy regime often prove to be the most exciting and
fundamentally important for the future of the field. On its completion this
machine will give the United States a leading role in elementary-particle
physics research. Since the SSC is central to the future of elementary-particle
physics research in the United States, we strongly recommend its expeditious
construction.

RECOMMENDATIONS FOR ACCELERATOR RESEARCH
AND DEVELOPMENT

Since accelerators are the heart of most elementary-particle
experimentation, physicists are continuing research and development work on
new types of accelerators. Indeed, technological innovation in accelerators has
been the driving force in extending the reach of high-energy physics. An
important part of this work is concerned with extending the electron-positron
linear collider to yet higher energies. One of the purposes of the construction of
the Stanford Linear Collider is to serve as a demonstration and first use of such
a technology. Advanced accelerator research is also exploring new concepts,
based on a variety of technologies, that may provide the basis for even more
powerful accelerators, perhaps to be built in the next century. Such research
also leads to advances in technology for accelerators used in industry, medicine,
and other areas of science such as studies based on
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EXECUTIVE SUMMARY 9

synchrotron radiation. We recommend strong support for research and
development work in accelerator physics and technology.

RECOMMENDATIONS FOR THEORETICAL RESEARCH IN
PARTICLE PHYSICS

Theoretical work in elementary-particle physics has provided the
intellectual foundations that motivate and interconnect much experimental
research. Elementary-particle theorists have also played an important role in
forging links with other disciplines, including statistical mechanics, condensed-
matter physics, and cosmology. Theoretical physicists make vital contributions
to university research programs and to the education of students who will enter
all branches of physics.

We recommend that the existing strong support for a broad program of
theoretical research in the universities, institutes, and national laboratories be
continued. A new element of theoretical research is the increasing utilization of
computer resources, which has spurred the development and implementation of
new computer architectures. This trend will require the evolution of new
equipment-funding patterns for theory.

RECOMMENDATIONS FOR NONACCELERATOR PHYSICS
EXPERIMENTS

It is appropriate that some fraction of the particle-physics national program
be devoted to experiments and facilities that do not use accelerators. These
experiments include the searches for proton decay by using large underground
detectors, the use of cosmic rays to explore very-high-energy particle
interactions, the measurements of the rate of neutrino production by the Sun,
and the use of nuclear reactors to study subtle properties of neutrons and
neutrinos. There are also diverse experiments that search for evidence of free
quarks, magnetic monopoles, and finite neutrino mass. Still other classes of
experiments overlap the domain of atomic physics; these include exquisitely
precise tests of the quantum theory of electromagnetism, studies of the mixing
of the weak and electromagnetic forces in atomic systems, and searches for
small violations of fundamental symmetry principles through a variety of
different techniques. Many of these are small-scale laboratory experiments.
Some provide a means of probing an energy scale inaccessible to present-day
accelerators.

The value of these experiments is substantial. They will continue to
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play a vital role that is complementary to accelerator-based research, and we
recommend their continued support.

RECOMMENDATIONS FOR INTERNATIONAL
COOPERATION IN ELEMENTARY-PARTICLE PHYSICS

Our program should be designed to preserve the vigor and creativity of
elementary-particle physics in the United States and to maintain and extend
international cooperation in the discipline. We recommend four guidelines for
such a balanced program. First, the continued vitality of American elementary-
particle physics requires that there be preeminent accelerator facilities in the
United States. The use of accelerators developed by other nations provides a
needed diversity of experimental opportunities, but it does not stimulate our
nation's technological base as do the conception, construction, and utilization of
innovative facilities at home. The SSC will be a frontier scientific facility, and
the technological advances stimulated and pioneered by its design and
construction will serve the more general societal goals as well. Second, the most
productive form of cooperation with respect to accelerators is to develop and
build complementary facilities that allow particle physics to be studied from
different experimental directions. Third, the established forms of international
cooperation, including the use of accelerators of one nation by physicists from
another nation, should be continued. Fourth, looking beyond the program
proposed in this report, there should be further expansion of international
collaboration in the planning and building of accelerator facilities.

CONCLUSION

We believe that the implementation of the recommendations made above
will enable the United States to maintain a competitive position in the forefront
of elementary-particle physics research into the next century. Central to this
future is the construction of the SSC, the very-high-energy proton-proton
collider using superconducting magnets.
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1

Introduction

Over the last two decades our understanding of the fundamental nature of
matter has undergone a revolution. The ideas we learned as students have been
superceded by concepts at once simpler and more elegant. The more than 100
different kinds of particles identified in the early 1960s are now known to be
made up of only a few different kinds of more elementary (simpler) particles
called quarks. Seemingly unrelated particles such as quarks and electrons are
found to be related. And two apparently different forces have been shown
experimentally and theoretically to be simply different manifestations of the
same more fundamental electroweak force.

This revolution in elementary-particle physics is the result of the
continuing interplay between new theories and new experimental results.
Almost all of these experiments have used accelerators, the machines that
produce the high-energy particles that are needed to study matter on the
smallest scale. These machines have included both traditional accelerators,
those in which a beam of high-energy particles strikes a stationary target, and
also the newer colliding-beam machines, accelerators in which two beams of
high-energy particles collide head on.

We are now in a position to look for the answers to yet more basic
questions: What determines the properties of the elementary particles? How
many different kinds are there? How are they related to each other? Are the
other forces in nature also simply different aspects of a
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single, truly fundamental force? The new colliders can provide the immense
energies needed to answer some of these questions, while others can be attacked
by more traditional methods. Thus the next several decades offer us the
opportunity to continue the remarkable progress of the recent past. This report
is about that progress and also about the opportunities for future progress.

ELEMENTARY-PARTICLE PHYSICS

Elementary-particle physics is the study of the basic nature of matter, of
force, of energy, of time, and of space. We seek to discover the simplest
constituents of matter, which we call the elementary particles, and we seek to
understand the basic forces that operate between them. Above all, we seek the
unifying principles and physical laws that will give us a rational and predictive
picture of the elementary particles and the basic forces that constitute our world.

Elementary particles are very small, much smaller than atoms; hence this is
the physics of the very small. The size of the objects studied in this field
compared with those studied in other areas of physics is sketched in Figure 1.1.
Elementary particles are too minute to see or study directly. We examine them
and make new types of particles by colliding particles together at high energies.
High energies are needed because the elementary particles are very small and
very hard; it takes a great deal of energy to penetrate them or to break them up.
Colliding two particles together at high energy and studying the results of that
collision is the heart of elementary-particle physics experiments. Thus this field
of research is also called high-energy physics.

In the last decade, close connections have been established between
particle physics and astrophysics. Hence elementary-particle physics is also
connected with very-large-scale phenomena.

WHAT WE KNOW

During the past two decades, particle-physics research has cleared away
much of the underbrush that had concealed from us the world of elementary
particles. As shown in Figure 1.2, we now know that there are three basic
families of elementary particles: the quarks, the leptons, and the force-carrying
particles. Some of these particles can only be produced in the laboratory or
occur very rarely in nature. But others make up the matter of our everyday
world. Thus the atoms that make up all matter consist of electrons moving in
orbits around the atomic nucleus. The electron is one of the leptons, and the
nucleus consists of protons and neutrons that in turn are made up of quarks.
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The different subfields of physics study parts of nature that are very different
in size. Elementary-particle physics studies the smallest objects in nature.
objects that are smaller than 10°'3 centimeter.

Figure 1.2 also shows the four known basic forces. Two of these have been
known for hundreds of years: the forces of electromagnetism and of gravitation.
The other two forces were discovered in the twentieth century. One is the strong
or nuclear force that holds the atomic nucleus together, and the other is the
weak force that operates in many forms of radioactivity. One of the goals of the
physicist is to find out if these four forces can be derived from an even more
basic, single, unified force. Significant progress has been made in this direction
in the last two decades, as we now know that the electromagnetic and weak
forces are two manifestations of a single underlying force.

Thus our present knowledge of elementary-particle physics can now be
organized in a simple and elegant way. Chapters 2 and 3 describe this present
knowledge in some detail.
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(a) History of the discovery of the leptons and quarks. The dashed line means
that there was strong indirect evidence for the existence of the particle but that
the particle itself had not been directly identified. For example, there was
strong indirect evidence for the existence of neutrinos before 1940, but the
electron neutrino was not identified directly until the 1950s. After this report
was completed, initial evidence was reported for the existence of the sixth or
top quark. (b) Each of four basic forces is believed to be carried by different
elementary particles. This figure identifies the particles that carry the weak,
strong, and electromagnetic forces and shows when these particles were
discovered. The gravitational force should also be carried by a particle, called
the graviton. but at present there is no indirect or direct evidence for its
existence.
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WHAT WE WANT TO KNOW

Now that we have discovered three basic types of elementary particles, we
are finally able to attack some of the central questions that have for so long
intrigued and baffled the physicist. As an example, what determines the most
basic property of a particle—its mass? The masses of the different kinds of
particles vary enormously: the heaviest known quark has more than ten times
the mass of the lighter quarks, while the tau lepton has about 3500 times the
mass of the electron.

Another important question concerns whether there are more kinds of
elementary particles waiting to be discovered. Or, alternatively, can we find a
unifying principle that connects the known particles and tells us that there are
no more? As already mentioned, we also seek a unifying principle for the basic
forces. In Chapter 4 the questions that intrigue and even haunt us are discussed.

THE TOOLS OF ELEMENTARY-PARTICLE PHYSICS

Elementary-particle physics progresses through a complicated interaction
between experiment and theory. As experimental work p duces new data, theory
is tested by the data, and theory is used organize the data. Sometimes a flash of
theoretical insight leads to new experiments; at other times an experiment
unexpectedly produces surprising new data and upsets currently accepted
theories. Thus experiment and theory are two kinds of tools of elementary-
particle physics. In Chapters 5 and 6, we emphasize the experimental tools. We
do this because the size and complexity of these tools, particularly of the
accelerators, is a special quality of this field. But more fundamentally, physics
is an experimental science, and in the end it is only experiments that can tell us
if our ideas are right or wrong. Almost all experiments in this field are carried
out by using an accelerator to produce high-energy particles, allowing those
particles to collide, and then using an apparatus called a detector to find out
what has come out of the collision. In the traditional arrangement, a beam of
high-energy particles produced by an accelerator strikes a stationary target.
Much of the experimental progress in the last two decades has come from such
fixed-target experiments. Examples are the demonstration that protons and
neutrons are made of quarks, one of the discoveries of the ¢ quark, the
discovery of the b quark, and the discovery of the still mysterious CP violation
effect.

Increasingly, however, particle colliders have come to play a dominant role
in contributing new knowledge to the field. In such acceler
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ators, two beams of particles collide head on, and this produces much higher
energy in the collision than is available in fixed-target accelerators of the same
size. Colliding-beam accelerator technology has been paced by the development
of electron-positron colliders and proton-proton colliders. Experiments at
electron-positron colliders have given us the co-discovery of the c quark, the
discovery of charmed particles, the completely unexpected discovery of the tau
lepton, the discovery of jet structure in particle production, and much of the
evidence for the idea that the strong or nuclear force is carried by the gluon
particle. Experiments at a proton-proton collider studied the details of the
interactions of quarks and gluons. Recently a proton-antiproton collider has
begun to contribute substantially to particle physics. The most notable
contribution is the discovery in 1983 of the W and Z particles that carry the
weak force.

Our understanding of the physics of accelerators, together with inventions
in accelerator technology, has now reached the point that we can substantially
increase the energy reached by colliding-beam accelerators. Higher-energy
electron-positron colliders and antiproton-proton colliders are now under
construction in the United States, Europe, Japan, and the Soviet Union. The
antiproton-proton collider being constructed in the United States will be the
highest-energy collider in the world when completed in about 1985. The
electron-positron collider under construction in the United States uses a new
collider technology, called a linear collider, rather than the conventional circular
collider. Construction has begun in Europe on an electron-proton collider,
something that has never been done before. More information on accelerators is
given in Chapter 5.

In this Introduction we have not discussed the kinds of elementary-particle
research that do not use high-energy physics accelerators. While not by any
means the majority of experiments, such experiments are important in our field.
Some use lower-energy accelerators intended for nuclear-physics studies, and
some use cosmic rays. Some are conducted in an ordinary laboratory setting,
while others are carried out on mountain tops or deep underground. The
highlights of this work are given in Chapters 6 and 7.

THE FUTURE TOOLS OF ELEMENTARY-PARTICLE
PHYSICS

Experimental investigation of some of the fundamental questions in
elementary-particle physics requires energies higher than those provided by any
accelerators now in operation or under construction anywhere in the world. For
this reason the U.S. elementary-particle
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physics community is now preparing a proposal for a very-high-energy,
superconducting proton-proton collider, the Superconducting Super Collider
(SSC). It would be based on the accelerator principles and technology that were
developed in connection with the construction of the Tevatron and on other
extensive work on superconducting magnets in the United States. This proposed
collider would have an effective energy range about 60 times higher than that of
any collider now in operation. Not only is the SSC needed to answer some of
the questions that we face in elementary-particle physics, but in addition such a
large increase in energy will open up new regions of elementary-particle
physics to be explored.

Since accelerators are at the heart of elementary-particle experimentation,
there is extensive research and development work on new types of accelerators
and higher-energy accelerators. An important part of this work concerns
extending the electron-positron linear collider to yet higher energies. It seems
quite likely that technology can be developed to build a very-high-energy
electron-positron collider. Since the physics that can be done at such a collider
is mostly complementary to that which can be done at a proton-proton collider,
the elementary-particle physicist would hope to see both types of collider in
operation eventually.
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2
What Is Elementary-Particle Physics?

Elementary-particle physics deals with questions first recorded by the
philosophers of classical Greece. What is the basic nature of the material world
around us? What are the simplest, the most elementary, kinds of matter? What
are the basic forces that operate in our material world?

Although these are very old questions, it was not until about four centuries
ago that scientists began to make progress in trying to answer them. Some of
the first answers came with the discovery of certain of the basic forces in
nature: the gravitational force, the electrical force, and the magnetic force. It
was not until the middle of the nineteenth century that it was discovered that the
electric and magnetic forces are in fact two different aspects of the force that we
now call electromagnetism.

Progress in the study of the basic nature of matter itself also came slowly.
Indeed, it was not until the last decade of the nineteenth century that the first of
the particles that we now call elementary was discovered; this was the electron.
In the next six decades only a few more kinds of truly elementary particles were
discovered: the muon, the neutrinos, and the photon. It is just in the last two
decades that tremendous progress has been made in our field—that we have
been able to understand the families of elementary particles and have been able
to get for the first time a full view of the basic nature of matter.

This chapter is devoted to introducing the fundamental ideas of
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particle physics that have been developed over the last 50 years. We will
attempt to present these ideas in a way that does not require a previous
knowledge of high-energy physics nor of mathematics. Chapter 3 will explore
our present picture in somewhat greater detail and will describe in particular
how these ideas have been developed and verified over the last two decades.

WHAT IS AN ELEMENTARY PARTICLE

We call a piece of matter an elementary particle when it has no other kinds
of particles inside of it and no subparts that can be identified. We think of an
elementary particle as occupying no room in space; indeed, we often think of it
as a point particle.

How do we know whether a particle is elementary? We know only by
experimenting with it to see if it can be broken up or by studying it to determine
if it has an internal structure or parts. This is illustrated in Figure 2.1. We know
that molecules are not elementary because they can be broken up into atoms by
chemical reactions or by heating or by other means. Nor are atoms elementary:
they can be broken up into electrons and nuclei by bombarding the atom with
other atoms or with light rays. Nor is the nucleus elementary: by bombarding
nuclei with high-energy particles or with high-energy light rays called gamma
rays, the nucleus can also be broken up into protons and neutrons.

For about 50 years physicists considered the neutron and proton to be
elementary, but in the last two decades we have found that these particles
themselves are made up of yet simpler particles called quarks. That is, protons
and neutrons have other particles inside of them, hence they are not elementary.
However, we have no evidence as yet that the neutron and proton can actually
be broken up into these individual quarks; this is a subtle point and is discussed
later.

What about the electron, the other constituent part of the atom? Despite all
of our experiments and all of our probing of the electron, we have not
succeeded in breaking up an electron, and we cannot find any evidence that
electrons have internal parts or structure. This is why we call the electron an
elementary particle.

How Many Kinds of Elementary Particles Are There?

How many different kinds of elementary particles are there in the
universe? If some physicist succeeds in breaking up an electron next year, what
has happened to its claimed elementary nature? More generally, how will we
ever know if a particle is truly elementary? Will there

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/629.html

WHAT IS ELEMENTARY-PARTICLE PHYSICS? 20

ever be an end to the sequence of particles within particles within particles . . .?
In Chapter 3 we describe the present research on these questions. In this section
we present a historical perspective.
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Figure 2.1

Many basic objects in nature are made up of yet simpler objects. For example,
molecules are made up of atoms, and atoms are made up of electrons moving
around a nucleus. To the best of our present knowledge. the elementary
particles. electrons and quarks, are not made up of simpler particles. It requires
larger energies to investigate the size and structure of the smaller particles. At
the right side of the figure are shown the energies required to study the
structure of the various objects. The smaller the object, the greater the energy
required.

Figure 2.2 sketches the history of our progress in understanding the
number of kinds of elementary particles. The classical Greeks posited just four
basic elements: earth, air, fire, and water. In subsequent
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centuries philosophers and alchemists added aether (to include the heavens),
mercury, sulfur, salt, and so on. Already we see a simple picture (albeit a wrong
one) beginning to expand. In 1661 Boyle defined the concept of a chemical
element, and by 1789 Lavoisier had compiled a list of 33 known elements. At
this point, a modern particle physicist might have questioned whether these
elements were truly elementary. But the list grew steadily, doubling before
Mendeleev found a convincing way to classify them into smaller related
families in 1868. By 1914 the number of elements had reached 85.
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Figure 2.2

Mankind has always tried to explain the world as made up of a limited number
of different kinds of basic matter. Until a thousand years ago, most people
believed that the basic types of matter were earth, air, fire, and water. About
1900 the basic types of matter were thought to be the almost 100 different
chemical elements. At present we believe there are about a dozen types of
basic matter, namely the leptons and the quarks.

Then revolutionary new developments in physics led to a much simpler
picture of matter. Discovery of the electron, the proton, and the tiny dense
nucleus of the atom gave rise to the atomic model. Each chemical element
consisted of unique atoms, defined by a specific number of electrons
surrounding a nucleus made of protons. Thus all matter seemed to be made of
only two kinds of constituents, the proton and the electron. A dramatic
reduction indeed, from 85 elements to 2 particles.
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The neutron was discovered in 1932, providing a more satisfactory picture
of the nucleus as a combination of neutrons and protons and increasing the
number of fundamental particles to three. In the same year, the positron or
antielectron was also discovered. The positron was followed by the muon, the
pion, and the first strange particles, all found in cosmic rays. These particles
were the first in a long sequence of particles that were unnecessary in the sense
that they were not needed as constituents of ordinary matter. Indeed, these
particles presented a problem: why did they exist at all, and how were they
related to each other? By the 1950s, particle accelerators began to produce
hordes of new particles, and their numbers grew in a way quite similar to the
number of chemical elements in the nineteenth century (see Figure 2.2).

As before, scientists (now physicists) tried to find patterns in the data that
might indicate some underlying simplicity. In 1964 it was proposed that the
rapidly growing number of strongly interacting particles (called hadrons) could
all be explained as simple combinations of smaller constituents called quarks.
There should be three such quarks, and these together with the four known
leptons (electron, muon, and their associated neutrinos) would be the seven
basic constituents of matter, including the exotic new forms produced only in
accelerators. At about the same time, more detailed study of the properties of
hadrons, mainly the absence of certain decay processes, caused theorists to
suspect the existence of a fourth kind of quark. Such speculation increased with
the observation of a new type of force, the weak neutral force. This so-called ¢
or charmed quark was in fact discovered in 1974, as a constituent of a very
striking new kind of particle known as the J/y. The next year, a new lepton
called the t (tau) was discovered, together with indirect evidence for an
associated neutrino vz,. In 1976, more charmed particles were discovered, and
in 1977 a fifth quark, the b or bottom quark, was discovered.

Thus the number of fundamental constituents of matter has now grown to
11, and if the expected t or top quark is found it will be 12. Is this the final roll
call of the elementary particles, or will more be found and the situation once
again become complicated? We do not know the answer to that question.
Physics, like all the sciences, is based on experimental knowledge. At any given
time, all we can do is assemble the full body of our experimental knowledge
and try to explain it with a rational and perhaps even elegant theory. If we can
explain all of our experimental knowledge with a theory that regards only a
certain set of particles as elementary, then that must be sufficient.
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The Size of Elementary Particles

As one proceeds down through the sequence of molecule, atom, nucleus,
proton, and neutron, and finally quark, the size of the particles gets smaller and
smaller. Let us begin with atoms, whose size is of the order of 10" centimeter
(0.00000001 centimeter). This one-hundred millionth of a centimeter is very
small by everyday standards. Molecules are larger, their size depending in a
rough way on the number of atoms in the molecule. Molecules containing
hundreds of atoms, such as organic molecules, can be examined by electron
microscopy, and thus can almost be seen in the ordinary sense of that word.

But once we go below the atomic level to nuclei, there is no way to look at
these particles with any sort of microscope. The nuclei consist of neutrons and
protons packed rather closely together. The proton and neutron are each about
10713 centimeter in size, about 1/100,000 the size of an atom. Nuclei are a few
times bigger than a neutron or proton, depending on how many of these
particles they contain. But the nuclei are still not much bigger than 10713
centimeter. The sizes of nuclei, neutrons, and protons are too small to be found
by looking directly at the particles; they must be measured by indirect methods.

When we come to an elementary particle such as a quark or an electron,
we go to a yet smaller scale. By indirect means the sizes of quarks and electrons
are known to be less than 107'® centimeter—less than 1/1000 the size of a
neutron or proton! Indeed we have no evidence that these particles have any
size at all.

Thus the scale of elementary-particle physics is distances of 1073
centimeter and smaller. Elementary-particle physics in its search for the
simplest forms of matter has become the physics of the very small.

Elementary Particles and High Energy

At first it seems puzzling that elementary-particle physics, the physics of
the very small, is also called high-energy physics. The term high-energy refers
to the energies of the particles used to produce particle reactions. By high
energy we mean that the kinetic energy (energy of motion) of a particle is much
higher than its rest mass energy. Why do we need to carry out our particle
reactions with high-energy particles? There are two reasons for this.

First, as Finstein discovered, kinetic energy can be converted into mass,
and mass can be converted into kinetic energy. The equation for the conversion
is the famous E = mc?, where E is the kinetic energy
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that can be converted into mass m, and c is the velocity of light. Since we want
to produce new particles, and particularly new massive particles, in the
reactions that we carry out, we need a large kinetic energy E to make a large
mass m.

The second reason for needing high-energy particles is that, as we have
already said, we cannot directly see the size of a particle nor directly see if it
has internal structure or parts. We must investigate the particle's size and
structure by bombarding it with other particles. And the deeper we wish to
penetrate into a particle, the higher must be the energy of the bombarding
particles.

The famous Heisenberg uncertainty principle also leads to the conclusion
that the investigation of small distances requires high energies. If we wish to
measure small distances precisely, then there must be a large uncertainty in the
momentum associated with that measurement. A large uncertainty in
momentum can only be accommodated by a large initial momentum. And large
momentum means large energy.

The principal way in which we give high energy to a particle is to
accelerate it through an electric field. Thus accelerators are simply machines
that have strong electric fields and that guide the particles through those electric
fields. (Chapter 5 discusses accelerators and the basic principles of their
operation.) This leads to a convenient unit, the electron volt (eV), for measuring
both energy and mass. An electron volt is the energy acquired by an electron or
proton passing through an electric potential with a total voltage of I volt. As we
shall see, the electron volt is a rather small unit of energy or mass, so the
elementary-particle physicist uses larger units:

MeV = 10%6 eV = 1 million electron volts

GeV = 10" eV = 1 billion electron volts

TeV = 10712 ¢V = 1 trillion electron volts

The significance of these energy units can be appreciated by looking at
some particle masses expressed in electron volts:

1. The electron mass is about 0.5 MeV.
. The proton mass is about I GeV.
3. The heaviest known particle, the Z°, has a mass of about 100 GeV
=0.1 TeV.
4. New kinds of fundamental particles are predicted by some theories
to lie in the still higher mass range of 0.1-2.0 TeV.

In Figure 2.1 we have indicated the range of energies needed to study each
type of particle. For the elementary particles shown in the figure,
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the quark and the electron, the highest energies are needed. In Chapter 5 we
describe how the energies of accelerators are related to experimental studies of
the elementary particles.

THE KNOWN BASIC FORCES AND FUNDAMENTAL
PARTICLES

The Four Basic Forces

One of the great triumphs of physics has been understanding that all the
multitudinous phenomena of the material world operate through just four basic
forces. We have already mentioned two of these forces: the gravitational and
the electromagnetic. Two more were discovered in this century. One is the
nuclear or strong force, which holds the nucleus together and also holds the
proton and neutron together. The last force to be discovered is called the weak
force; we shall describe its behavior below.

Table 2.1 gives some comparative properties of the four forces. The
gravitational force is important in our everyday lives and in astronomical
phenomena because of the immense mass of the planets and stars. But the
gravitational force exerted by one elementary particle is very small compared
with the three other forces that can be exerted by that particle.

The electromagnetic forces between elementary particles follow the same
laws as the electromagnetic forces that are used in modern technology, such as
in motors, generators, and electronic equipment. The elementary particles
simply act as small bundles of electric charge and small magnets.

The strongest of the four forces is the nuclear force. However, the nuclear
force is not felt directly in everyday phenomena, since it does not extend
beyond a distance of about 10713 centimeter from the elementary particle. This
distance is about the same as the size of an individual neutron or proton, and
thus it determines the size of atomic nuclei. Since atoms and molecules are at
least 100,000 times larger, they do not feel the nuclear force. But at distances
less than 10°'3 centimeter the nuclear force is powerful, much more powerful
than the electromagnetic force. This is why it is also called the strong force.

Finally we return to the weak force. The distance over which this force acts
is also small—less than about 10-'® centimeter—and it is much less powerful
than the strong force. Yet the weak force is not negligible. In a certain sense it is
more pervasive than the strong force. Some elementary particles such as the
electron are not affected by the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/629.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

WHAT IS ELEMENTARY-PARTICLE PHYSICS? 26

strong force but are affected by the weak force. The radioactive decay of the
neutron and of nuclei, as well as the decays of many of the elementary particles,
occur through the weak force.

TABLE 2.1 The Four Basic Forces

Type of Gravitational Weak Electro Strong or
Force magnetic Nuclear
Behavior Extends to very Limited to less Extends to Limited to
over large distances than about very large less than
distance 1071 ¢cm distances about 103

cm
Strength 1038 1013 102 1

relative to
strong force

ata

distance of

1083 cm

Time for a 1010 1020 102

typical

small-mass

hadron to

decay via

these forces

Particle that Not discovered W, W, and Photon Gluon. The

carries the Z0, gluon has

force intermediate been

bosons identified

bosons
indirectly
but it has
not been,
and perhaps
cannot be,
isolated.

Mass of Not known About 90 GeV 0 Assumed 0

particle

Since the 1920s physicists have speculated about the possibility that
different forces can be unified into one general theory. That is, are the
seemingly different forces simply different manifestations of one general force?
First thoughts were about unifying the gravitational and electromagnetic forces;
that has not been done, and we do not know if it can be done. But within the last
15 years, a significant unification of the electromagnetic and weak forces has
been made and has been verified experimentally. In Chapter 3 the state of
current research on force unification is discussed.

The Known Families of Elementary Particles

At present, all our observations in particle physics can be explained by the
existence of the four basic forces and by the existence of three families of
elementary particles. These families are the leptons, the quarks, and the force-
carrying particles.
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The Force-Carrying Particles

We turn first to this family of elementary particles. It is a basic principle of
quantum mechanics that a force has a dual nature: it can be transmitted through
a wave or through a particle. The clearest example is the electromagnetic force,
which can be treated in some situations as being carded by an electromagnetic
wave (radio waves or light waves, for example) and in other situations as being
carried by a particle (the photon). The question then arises whether the other
forces also obey quantum mechanics in this sense and thus can be thought of as
being carried by particles. Table 2.1 summarizes our present knowledge. The
weak force is indeed carried by particles: the W*, W, and Z° intermediate
bosons have recently been discovered. We believe that the strong force is also
carried by particles called gluons, but here the evidence is indirect. Unlike the
photon, W*, W~ and 70, the gluon has not been isolated. Finally, the particle
conjectured to carry the gravitational force has been called the graviton, but
such a particle has not yet been discovered, and there is no experimental
evidence for its existence. Because of the feebleness of the gravitational
interaction among elementary particles, its detection would be extraordinarily
difficult.

The Leptons

The lepton family of elementary particles is defined by two properties:

1. Leptons are affected by the gravitational, electromagnetic, and
weak forces but not by the strong force.

2. Leptons must be either created or destroyed in particle-anti-particle
pairs; the total number of leptons (number of leptons minus number
of antileptons) is conserved in all processes to the best of our
knowledge.

Figure 2.3 shows the six known leptons. They come in pairs, each pair
consisting of one charged lepton and one neutral lepton. The neutral lepton is
called a neutrino. Each pair is called a generation, and in each generation the
mass of the neutrino is much less than the mass of the charged lepton.

In the last few years there has been speculation, but as yet no evidence,
that the proton might very rarely decay to a lepton plus hadrons. If that turns out
to be true, the total number of leptons would not be conserved in this process.
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Figure 2.3

The six known leptons are arranged in pairs. The members of a pair interact
only with each other. For example. the electron and electron neutrino interact
with each other but not with the muon. the muon neutrino. the tau. or the tau
neutrino. There is indirect evidence for the tau neutrino: it has not been directly
detected.

The questions that we now face are profound. Are there more generations
of leptons? What sets the mass of the leptons, and the difference in masses
between generations? And of course the ultimate question: are the leptons really
elementary?

The Quarks

The quark family of elementary particles (Figure 2.4) is also defined by
two properties:

1. Quarks are affected by all four basic forces. Because they are
affected by the strong force, quarks act very differently from the
leptons in many situations. In particular, it is either impossible or
very difficult to isolate quarks, whereas leptons can easily be
isolated.

2. Quarks, like leptons, cannot be singly created or destroyed to the
best of our knowledge. Therefore the number of quarks, like the
number of leptons, is conserved in every physical process.

A very peculiar property of the quarks is that they have electric charges of
2/3 or 1/3 of the unit of electric charge carried by the electron and the proton.
All other particles, elementary or not, have either zero or integral charges. Like
the leptons, the quarks fall into pairs called generations. Each pair has a +2/3
unit charge quark and a -1/3 unit charge quark.
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Five quarks have been discovered. Most particle physicists believe that
there is a sixth quark, called the t or top quark, which will complete the third
generation.

There is an important unanswered question concerning quarks. Can a
single quark be isolated from all other matter so that it exists all by itself as a
free particle? We know from experiment that all the leptons can exist as free
particles. But can the quarks be free? At present most physicists believe that
quarks are always confined in more complicated particles such as protons. This
belief is based on the failure of almost all experiments that have tried to make
or find free quarks. We say almost all because there has been a series of
experiments that have indicated that free quarks might exist. In the end this is
an experimental question, and the search for its answer is one of many reasons
for wanting to do experiments at very high energies.

The Hadrons

Before concluding this section, we briefly describe the vast hadron family
of particles. Hadrons are subnuclear particles, but they are not elementary
particles. To the best of our knowledge, hadrons are made of either three quarks
or one quark and one antiquark bound together by the strong force. Table 2.2
lists a few of the known hadrons. The first hadrons to be discovered were the
proton and neutron. Now more than a hundred types of hadrons are known.
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Figure 2.4

Five quarks are well known. The up and down quarks form one pair; the charm
and strange quark form a second pair. There are strong theoretical reasons for
assuming the existence of a sixth quark, called the top quark, to be paired with
the bottom quark. As of mid-1984, there is initial experimental evidence for
the existence of the top quark. Unlike the leptons there can be interactions
between the quark pairs. For example, a strange quark can decay to an up quark.
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TABLE 2.2 Some Hadrons with Their Masses and the Quarks They Are Made of

Name Symbol Mass in GeV Quarks in the Hadrons
Proton p 0.938 2 up quarks plus

1 down quark
Antiproton p 0.938 2 anti-up quarks plus

1 anti-down quark

Neutron n 0.940 1 up quark plus 2 down quarks
Positive pion Tt 0.140 1 up quark plus
1 anti-down quark
Positive kaon K* 0.494 1 up quark plus
1 anti-strange quark
J or psi Jy 3.097 1 charm quark plus
1 anti-charm quark
Upsilon Y 9.460 1 bottom quark plus

1 anti-bottom quark

Although hadrons are not in themselves elementary particles, they are
nevertheless important in elementary-particle physics research. First, we do not
know how to isolate quarks, so to do experiments on quarks we must use the
quarks in hadrons. Second, hadrons are a fascinating form of matter, and it is
interesting to study them in their own right.

The strong force, which holds the quarks together in the hadron, is carried
by gluon particles as described earlier. It is useful to think of the gluons as
traveling between the quarks, being emitted by one quark and absorbed by
another quark. Thus the hadron may be thought of as being composed of gluons
as well as quarks. Indeed in a moving hadron the gluons carry part of the
energy. However, it is the quarks that determine the mass and other properties
of the hadron.

Particles and Antiparticles

In Figures 2.3 and 2.4 we listed the six known leptons and five known
quarks. For each of the particles listed there exists a related particle, of the same
mass but opposite electric charge, called its antiparticle. Thus the electron,
which has negative charge, has a related particle called the antielectron or
positron, which has positive charge. This same
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relation applies to the quarks. For example, the bottom quark has a charge of
-1/3; the bottom antiquark has the same mass but has a charge of +1/3. Hadrons
as well have their antiparticles. The most famous example is the antiproton, the
antiparticle of the proton. Indeed, relativistic quantum theory dictates that every
particle must have an antiparticle.

As noted earlier, single quarks and single leptons cannot be either created
or destroyed. However, it is possible in a collision for a particle and its
antiparticle to annihilate to form energy (in the form of a photon of light, for
example). Similarly, it is possible to produce a new particle-antiparticle pair in a
collision of two high-energy particles, by converting some of the collision
energy into the mass of the particle-antiparticle pair. Some examples of these
processes are discussed in the next section.

COLLISIONS AND DECAYS

Collisions of Particles

Elementary particles and hadronic particles are too small to be studied
directly. We study them indirectly by colliding two particles together and then
determining what particles come out of the collision. Each time there is a
collision, a number of different things can happen. This is illustrated in
Figure 2.5, which shows two protons colliding head-on in a proton-proton
colliding beam accelerator. Figure 2.5 shows a time sequence: in (a) the protons
are about to collide, and in (b) they have just collided to form a complicated
concentration of mass and energy. This concentration of mass and energy is
unstable, and it can change again into particles in many different ways. Thus in
(c) two protons may come out again, or a large number of hadrons may come
out of the collision, or other kinds of particles not shown here may be produced.
There are many possibilities. By studying all the different particles that come
out of collisions, we do two things. We learn about the forces between particles,
and we can also find new kinds of particles.

Collision Diagrams

It is clumsy to draw the time sequence of several diagrams such as those
shown in Figure 2.5. Instead, physicists use a kind of shorthand
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Figure 2.5

In (a) two protons are about to collide head-on. When they collide as in (b),
their mass and energy are concentrated in a small region of space. That
concentration of mass and energy is unstable and very quickly breaks up into
new particles as in (c). Sometimes just two particles come out of the collision.
But at high energies usually many particles come out of the collisions, and
none of them needs to be the original protons.
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in which the collision process is pictured in a single diagram. These
pictures are of great assistance in making calculations, and in this context they
are called Feynman diagrams after their inventor. Thus Figure 2.6 shows the
collision diagram for two protons going into two protons, and also the process
for two protons going into many hadrons—the same two processes shown in
Figure 2.5. (Note that we use a convention in which time advances from left to
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The collisions of particles can be represented succinctly in a diagram in which
time advances from left to right. For example, the lower figure shows two
protons going into a collision producing a concentration of mass and energy,
which then breaks up into six particles.

Collisions and Interactions

The concentration of mass and energy in Figures 2.5 and 2.6 represents the
crux of how particles interact through the basic forces. Often we know enough
about that concentration region to explain it in simple terms. For example, when
an electron and positron collide they
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can make a muon (p’) and an antimuon (u*). We know how this occurs and can
draw the collision diagram as shown in Figure 2.7. As time advances (i.e.,
moving to the right in the figure), the electron and positron collide; the collision
annihilates the electron and positron and produces a highly excited photon,
which contains all the collision energy. This photon is extremely unstable and
quickly decays into a muon and an antimuon. The photon could alternatively
produce a quark-antiquark pair or another electron-positron pair.

Time

—

© rr“rx//@
O
' ”‘”)\\@

fa)

T| mé

(&)
() >
G (b)

Figure 2.7

The collision of an electron and a positron can lead to the production of a
positive muon and a negative muon. The electron and positron actually
disappear; the technical term is that they annihilate each other. A sketch of
how that interaction occurs is shown in (a). A more detailed description of the
interaction is given in (b), called a Feynman diagram. The electron and
positron annihilate to produce a photon, the particle that carries the
electromagnetic force. The photon carries the unstable concentration of mass
and energy and quickly changes into the pair of muons.

Particles can also interact by exchanging a force particle. For example, an
electron can scatter off a muon by emitting a photon that is absorbed by the
muon, as shown in Figure 2.8. The photon carries energy and momentum from
the electron to the muon, causing both particles to deflect.
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Figure 2.8

This Feynman diagram shows how an electron scatters off a muon. Note that
the electron and muon do not interact directly, but rather through the exchange
of a photon (y).

In general, interactions between two particles can be represented by one of
these two types of diagrams or by somewhat more complicated diagrams in
which more than one force particle is exchanged.

Spontaneous Disintegration of Particles

Many elementary particles and almost all hadrons are unstable, even if
isolated from any external forces. Eventually they decay to particles of smaller
mass, which in general were not components of the original unstable particles.
For example, the hadron called the pion decays into a muon plus a neutrino. The
average length of time that a particle survives before it decays is called its
lifetime. The lifetimes of most of the known particles are very short by
everyday standards, ranging from 10 to 10-2? second.

Indeed, few completely stable particles are known. The stable ones appear
to be the proton, the electron, and the neutrinos. But the stability of even the
proton has recently been called into question, as described in Chapter 4.

CONSERVATION LAWS AND SYMMETRY IDEAS

What Are Conservation Laws?

As particles interact and decay, they present a picture of a world
dominated by change. To bring order to this world, the physicist looks for
properties of matter that do not change.

A simple example of an unchanging quantity is the total energy of the
particles in a collision. If the masses are counted as a part of the total energy,
using E = mc?, then no matter how the particles collide or what comes out of
the collision, the total energy is unchanged. We say that the total energy is
conserved or equivalently that there is a con
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servation law for the total energy. Another example is that the total electric
charge never changes in an interaction; hence there is a conservation law for the
total electric charge.

We have seen that to the best of our knowledge single leptons and quarks
cannot be either created or destroyed, but that particle-antiparticle pairs can be
produced and can annihilate. These observations are expressed in the form of
two new and important conservation laws: the law of lepton number
conservation and the law of quark number conservation.

To apply these laws, we assign a positive lepton number of +1 to each
lepton and a negative lepton number of -1 to each antilepton. Then the total
lepton number in any interaction, obtained by adding the lepton numbers of
each particle, can never change. Lepton-antilepton pairs can still be produced,
however, since the total lepton number changes by (+1) + (-1) = 0; thus lepton
number is conserved in such a process. Similarly, quarks carry a quark number
of +1 and antiquarks carry a quark number of -1, so the total quark number is
always conserved. Force particles do not carry either quark or lepton numbers,
and there is no conservation law for force particles. Thus it is possible to create
a single photon.

Conservation laws such as these have deep significance for our
understanding of the basic nature of matter. But in all cases they are based not
on philosophy but on experiment. Indeed, new experiments may find instances
in which such laws are not obeyed. Then the laws will have to be modified or
dropped altogether.

Symmetry and Invariance

Conservation laws provide one sort of regularity and certainty in the world
of interacting and decaying particles. Another sort of regularity is provided by
symmetry ideas. Symmetry here is an extension of the idea of symmetry in
patterns and designs.

In constructing new physical theories it is helpful to be guided by
considerations of symmetry. The aesthetic appeal that symmetry has held for
many cultures is evidenced by the pleasure we find in regular decorative
patterns in natural forms such as crystals.

Symmetry may be understood as a motion that leaves the form of a pattern
or an object unchanged in appearance. For example, the four-bladed windmill,
Figure 2.9, possesses a fourfold symmetry. After rotation by 90 degrees about
its axis it looks identical to its unrotated self. A sphere is invariant after any
rotation about its center; in other
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words, it looks the same from all sides. Invariant, a word that occurs frequently
in physics, means unchanged. Physical theories can have symmetries of a
similar kind, but what remains invariant or unchanged after a transformation is
not a pattern or an object but the mathematical structure of the laws of the
theory itself. Physicists now agree that symmetries play a central role in our
understanding of nature.

N
Figure 2.9

An example of fourfold symmetry in a four-bladed windmill. Its axis of
rotation, marked by the central black dot, is perpendicular to the paper. The
picture is not changed by a 90° rotation about that axis.

The twin concepts of symmetry and invariance can be important in
limiting the equations and theories that are applied to a phenomenon. Consider
the force of the Earth's gravity on a person walking on the Earth's surface, and
use the good approximation that the Earth is a sphere. Then without knowing
anything about the laws of gravitational force, we can make two statements
from just the arguments that a sphere is symmetric about its center for any
rotation and that the gravitational force must be invariant to any such rotation.
First, the size of the force must be the same, no matter where the person walks
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on the Earth. Second, the force must point directly toward the Earth's center or
directly away. It cannot point in any other direction, east for example, since that
direction is not invariant to a rotation. But this is as far as this symmetry
argument can go; it cannot tell us whether the force is up or down or its
strength. To know that, we need first experiment and observation then a theory
with explicit equations.
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Figure 2.10

The ideas of global and local symmetry can be illustrated by a sphere marked
with lines of longitude and latitude. When the sphere is simply rotated about its
axis the shapes of the lines are not changed; that is called a global symmetry
transformation. If the surface of the sphere is distorted as one might do with a
sphere made out of rubber, such that the lines of longitude and latitude are
twisted, that is a local symmetry transformation.

Physicists use other symmetry and invariance ideas in much the same way,
to provide some general information and to limit the range of equations and
theories that can apply. This is particularly important in particle physics where
the basic objects, the elementary particles, are relatively simple and have many
kinds of symmetries.

The symmetries of physical theories are of two types, called global and
local. The distinction between them may be illustrated by considering an ideal
spherical balloon [Figure 2.10(a)] marked with a system of latitude and
longitude coordinates so that the positions of all points on the surface can be
identified. A global symmetry is exhibited if the sphere is rotated about some
axis [Figure 2.10(b)]. In geographical terms, the rotation depicted is equivalent
to displacing the prime meridian from Greenwich, England, to Alexandria,
Egypt. This rotation is a symmetry operation because the form of the sphere
remains unchanged. It is called a global symmetry because the locations of all
the points on the surface are changed by the same angular displacement in
longitude.

Local symmetry is a more demanding statement. It requires that the
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balloon maintain its shape even if the points on the surface are displaced
independently [Figure 2.10(c)]. A local symmetry operation stretches the
balloon and therefore introduces forces between points. Each of the
fundamental forces is now thought to arise from a similar requirement that a
law of Nature be invariant under local symmetry transformation. Because the
earliest attempts to construct interactions from symmetries dealt with invariance
under a change of scale or gauge, the resulting theories are called gauge theories.

The symmetries we have discussed so far are known as continuous
symmetries, because they may be built up from infinitesimal motions. Another
important class of symmetries of physical laws is made up of discrete, or
discontinuous, transformations. Of these the most familiar in everyday
experience is left-right or mirror symmetry, which is manifested by many
objects in our environment. Many microscopic physical processes are invariant
under time reversal; a film of the event, run backwards, would also correspond
to an allowable event. Similarly, in many situations the replacement of all
particles by their antiparticles leads to no change in the physical outcome. As an
illustration, the light emitted by an antineon lamp would be indistinguishable
from the light emitted by a conventional neon lamp.

Symmetry Breaking

It may happen that the laws of physics embody a certain symmetry, but
some of their consequences do not manifest that symmetry. An example will
show how this may come about. Above a certain critical temperature, the
individual microscopic magnets that make up an iron ferromagnet are oriented
randomly. This reflects the invariance of the laws of electromagnetism under
rotations, which is to say that there is no preferred direction in space. When the
iron is cooled below the critical temperature, the micromagnets tend to align
themselves along some randomly chosen direction. The randomness of this
direction is attributable to the rotational invariance of electromagnetism. Once
the micromagnets have frozen along a certain direction, the ferromagnet does
not display rotational invariance, because a specific direction has been singled
out. Thus the symmetry of the laws of electromagnetism has been hidden.

In elementary-particle physics, the most striking case of symmetry hiding
occurs in the theory of weak and electromagnetic interactions. There the
equations of the quantum theory possess a local gauge symmetry, but the
observed particles such as electrons do not display this symmetry in their masses.
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EXPERIMENTS, ACCELERATIONS, AND PARTICLES
DETECTORS

Experimental Methods in Elementary-Particle Physics

The purpose of experiments in elementary-particle physics is to study the
behavior of the forces that act on the particles and to look for new types of
particles and forces. But few of these studies and searches can be carded out
using the apparatus found in the usual physics laboratory. For example,
elementary particles are too small to be seen using a visible light microscope or
even an electron microscope. Furthermore, many elementary particles have
short lifetimes; they simply do not exist for a long enough time to be studied
directly. A final example is that the search for new particles usually requires
that other particles collide together at high energies to produce the new particles.

The primary experimental method in elementary-particle physics involves
the collision of two particles at high energy and the subsequent study of the
particles that come out of such a collision. We are interested in the kinds of
particles that come out of the collisions, how many there are, the energies of the
particles, and their directions of motion. In this section we give an overview of
how such experiments are done.

Experiments at Fixed-Target Accelerators

The basic concept of an elementary-particle experiment using an
accelerator is shown in Figure 2.11. A beam of protons is accelerated to high
energy by a proton accelerator. The beam of protons leaves the accelerator and
passes into a mass of material called a target, which is fixed in position. The
collisions occur between the protons in the beam and the material in the target.
Hence this is called a fixed-target accelerator, and the experiment is called a
fixed-target experiment.

The simplest material to use for the target is hydrogen, because the
hydrogen atom consists of a single electron moving around the single proton
that forms the nucleus of the hydrogen atom. Most of the time the protons in the
high-energy beam will pass right through the hydrogen target without striking
anything, but occasionally one of the protons in the beam will hit either a proton
or an electron in the hydrogen. We restrict our attention here to the case when a
proton in the beam hits a proton in the hydrogen atom. Then we have a proton-
proton collision. As discussed earlier in this chapter in the section on Collisions
and Decays and sketched in Figure 2.6, one of the

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/629.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

WHAT IS ELEMENTARY-PARTICLE PHYSICS? 41

things that can happen is that two protons can simply come out of the collision
again. But sometimes many other particles—hadrons and leptons—can come
out of the proton-proton collision.

(a)
Beam of High

Energy F'mtons\- p
Proton Accelerator o= -

- -

Target \

Particle Detector

(b) ,
Proton in Target P

\%; -

Path of High Energy N
FProton In Beam N

4 Particles
Produced

In Collision

Figure 2.11

In a fixed-target experiment a beam of high-energy particles, for example
protons, is produced by an accelerator. The beam of particles interacts with the
target producing new particles. The particles are detected and their properties
studied using an apparatus called a particle detector. In (a) the entire
experiment is sketched. In (b) the interaction of the particle itself is shown: a
proton in the beam interacts with a proton in the target and produces four
particles.

In order to determine what has happened, we need an apparatus that can
detect the particles coming out of the collision. Such an apparatus is called a
particle detector (see Figure 2.11). Particle detectors cannot see particles
directly, but they can determine their energies and directions of motion and the
nature of the particles. How this is done is described below. Thus the three basic
elements of experiments at fixed-target accelerators are the accelerator, the
target, and the particle detector. We next describe each of these elements in
more detail.

Fixed-Target Accelerators

The particles accelerated must be stable and have electric charge, hence
either protons or electrons are used. The acceleration process
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begins with these particles at rest, and gradually gives them more and more
energy until they are moving with speeds close to the speed of light and have
high energy. The particles are given the energy by the force of electric fields
acting on their charge. Since there is a limit to how strong an electric field we
can make, higher energies require larger accelerators.

High-energy accelerators are large and expensive machines. Thus few are
built, and these are used as intensively as possible. For example, in the United
States there are only two high-energy proton accelerators. The Alternating
Gradient Synchrotron (AGS) at Brookhaven National Laboratory has a
maximum energy of about 30 GeV and has been in operation since 1960. The
Tevatron at Fermi National Laboratory, a circular accelerator with a diameter of
2 kilometers, has just gone into operation; it is the first large accelerator in the
world to use superconducting magnets, and it is designed to reach an energy of
1000 GeV. Also in the United States is the 3-kilometer-long electron accelerator
at the Stanford Linear Accelerator Center. (The complementary uses of the
different energy ranges and particle beams are described in Chapter 5.) In
addition, the United States has lower-energy proton and electron accelerators
that are used primarily for nuclear-physics research.

Targets

We have already described how hydrogen can be used as a target for the
beam of particles coming out of an accelerator. Other materials can also be used
as targets. For example, deuterium is often used. In deuterium (heavy hydrogen)
the nucleus consists of a proton plus a neutron; hence one can study collisions
between the protons or electrons coming out of the accelerator and the neutron
in the target. Another example is provided by neutrino experiments, which often
require a dense target such as iron.

Particle Detectors for Charged Particles

Not only charged particles, such as protons or charged pions or electrons,
but also neutral particles, such as neutrons and photons, can come out of a
collision. Charged means that the particle has positive or negative electrical
charge, as opposed to a neutron or photon, which have no electrical charge. No
particle can be seen directly, but as a charged particle passes through any kind
of material, it breaks up the atoms and molecules in that material. The technical
term is that it
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ionizes the material. And through that ionization the path of the charged particle
can be determined.

The bubble chamber provides the classic example. The liquid in a bubble
chamber is heated above its boiling point, but it is prevented from boiling by
high pressure in the chamber. If that pressure is released for a short time and
then reapplied, the liquid still does not boil. However, if a charged particle
passes through the chamber while the pressure is released, the resulting
ionization leads to the formation of a string of bubbles along the path of a
particle. This string of bubbles can be photographed, as shown in Figure 2.12,
to produce a picture of the tracks or paths taken by the charged particles in their
passage through the chamber.

Ionization produced by a charged particle is used in other ways by other
types of particle detectors. In a drift chamber, for example, the charged particle
ionizes a gas, and the electrical effect of that ionization is used to determine the
particle path. In a scintillator, the ionization produces visible light that is
detected by a phototube. Some particle detectors, such as Cerenkov radiation
detectors, do not use ionization. Chapter 6 describes particle detectors in detail,
including a discussion of how neutral particles are detected.

Secondary Particle Beams

The primary beam produced in an accelerator is always either protons or
electrons, because stable and charged particles must be used for the acceleration
process. Once the primary beam of protons or electrons leaves the accelerator, it
is often used to produce secondary beams of other kinds of particles.
Figure 2.13 provides an example in which the primary proton beam from a
proton accelerator is used to produce a secondary beam of charged pions. This
is done in a production target in which the protons interact with the target
material to produce the pions. The beam of pions then passes into a bubble
chamber; in this example the chamber liquid is hydrogen. The pions finally
interact with the electrons and protons in the hydrogen, those being the
collisions that are being studied. Other examples of secondary particle beams
are neutrino beams, muon beams, and photon beams.

Particle Colliders

In many elementary-particle physics experiments it is important to have
very-high-energy collisions. Therefore through the years acceler
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Figure 2.12

An example of a photograph of charged-particle tracks in a bubble chamber.
Two sprays of particles emerge from the two vertex points at which they were
created. The upper vertex is the point at which a neutral charmed meson
decayed into four charged particles: O — K*x*#~=~. The decay distance was
9 millimeters, which corresponds to an unusually long lifetime for this particle
of 5.5 x 10! second. The photograph is from the SLAC Hybrid Facility
Photon Collaboration.
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ator builders have put higher and higher energy accelerators into operation:
our phrase is "pushing the energy frontier." But in fixed-target experiments the
useful energy for the collision does not increase nearly so fast as the energy of
the primary beam increases. Hence in fixed-target accelerators it becomes
increasingly expensive to keep pushing the energy frontier.

Proton  ° Production ;Bubble
Accelerator Targel Chamber

b . . — e ——

e o JE—

Proton Charged Pion
Beam Beam

Figure 2.13

In many accelerator experiments the primary particle beam from the
accelerator is used to produce a secondary beam, and experiments are carried
out with the secondary beam. For example, a proton accelerator can be used to
produce a beam of charged pions through the interaction of its primary beam
with a production target. The secondary beam of pions is then used for
experiments.

The alternative is to collide two beams of particles moving in opposite
directions, as shown in Figure 2.14. In this case the useful energy is actually the
sum of the energy of each of the two beams (if the two beam energies are
equal). Particle colliders now produce the highest useful energy of any of our
machines.

In particle colliders both beams must consist of stable, charged particles;
the choice in practice has been restricted to protons and electrons and to their
antiparticles—antiprotons and positrons. The most common form of collider
uses opposing beams of electrons and positrons. This is because the collision of
an electron and a positron is often relatively simple to understand. On the other
hand, the highest-energy collisions are at present obtained with protons
colliding with antiprotons.

In Chapter 5, the section titled Accelerators We Are Using and Building
describes the world's particle colliders; here we give a few examples. Operating
electron-positron colliders range in energy from a few GeV to 45 GeV. The
Stanford Linear Collider under construction in the United States will yield 100
to 140 GeV in energy, and the LEP electron-positron collider being constructed
at the CERN laboratory in Europe can eventually reach over 200 GeV. CERN is
now operating a proton-antiproton collider with a total energy of over 500 GeV,
and the Fermi National Accelerator Laboratory in the United States has a 2000-
GeV proton-antiproton collider under construction. The elementary-particle
physics community in the United States is now discussing
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the possibility of the construction of a proton-proton collider to reach 40,000
GeV.

Collision
(a] Occurs Hera\
T Target

FIXED TARGET

Collision
s QOccurs Here

miplputpnisipuiped 1 P Duluipsbusiomtgtes
COLLIDING BEAMS

Figure 2.14

(a) In fixed-target experiments. a beam of high-energy particles collides with
particles at rest in a target. (b) In colliding-beam experiments, two beams of
high-energy particles collide head-on. Colliding-beam experiments allow the
experimenter to reach much higher effective energies when studying the
interactions of particles.

Experiments at Particle Colliders

Since there is no fixed target in a particle collider, the particle detector
must look directly at the region where the opposing beams of particles collide.
Figure 2.15 shows how this is done in a circular collider where the beams of
particles move in opposite directions

, - - - -
7
\ BEAMS \
\f COLLIOE
{ . )
N N /
< <

- Y-
Figure 2.15
In the simplest form of colliding-beam facilities. two beams of particles rotate

in the same direction in circles that are tangent at just one point. The beams
collide at that point.
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around two circles. In this simple example the beams collide at just one point.
In a real collider, the beams would be arranged to collide at several different
points, providing the opportunity to carry out several experiments at once.

Path of
MNeutral Decay
K Meson Point
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T
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Charged Pion
Particle Detector

Figure 2.16

Sometimes the decay of a particle is of interest. The sketch shows how the
decay of a neutral K meson into two charged pions is studied. This is one of
the crucial experiments in the study of CP violation.

The Decays of Particles

Until now we have discussed the most common form of experiment in
which the collision of two particles is studied. Sometimes, however, we study
the decay of a single particle. Figure 2.16 illustrates this by an experiment that
studies the decay of a neutral K meson to two charged pions.

Experiments in Elementary-Particle Physics Without
Accelerators

A large. variety of experiments in elementary-particle physics is carried ??
without using accelerators. Some of the experiments use particle?? fission
reactors or from cosmic rays. Others look for new particles such as free quarks
or magnetic monopoles, in ordinary matter. Still others study with great
precision the properties of the stable or almost stable particles, testing, for
example, the equality of the size of the electric charge of the electron and the
proton. In Chapter 6, the section on Facilities and Detectors for Experiments
Not Using Accelerators takes up this subject.
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3

What We Have Learned in the Past Two
Decades

DEVELOPMENT OF THE QUARK MODEL OF HADRONS

The Beginnings of the Quark Model

It was first recognized in 1964 that all the known hadrons fell into the
particular symmetry scheme, or pattern, expected if all hadrons are formed from
three fundamental constituents. These were called quarks, and they were given
the names u, d, and s for up, down, and strange. Each hadron would be
composed of either three quarks [such as the ten-member group shown in
Figure 3.1 (A)] or of quark-antiquark pairs [such as the octet group shown in
Figure 3.1(B)].

Note that for each of these states the total charge of the particle is the sum
of the charges of the quarks of which it is composed. For example, the A* *
(pronounced delta plus plus) shown in Figure 3.1(A) consists of 3 u quarks, so
its total charge is 3 x (x 2/3) = +2 (hence the + + superscript). Similarly, the A*
is composed of uud and has a charge of 2 x (+2/3) + (-1/3) = +1.

Each of these quarks is in a particular orbit or state of motion relative to
the other two quarks. If we were able to reach into the A** and magically
transform one of the u quarks into a d quark, without altering the orbit of the
quark, then we would have a A* (delta plus) particle. Similarly, if we were to
change one of the two u quarks in the A" into a d quark, then we would have a
A (delta zero) and so on. The similar
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Figure 3.1

Hadrons are made out of quarks. (A) shows how the delta, sigma-star, xi-star,
and omega family of hadrons are made out of three quarks; (B) shows how the
meson family, which contains the pion and kaon, is made of a quark and an
antiquark. The positive pion, z*, and the positive kaon, K*, have different
properties because the 7+ consists of an up quark () and a down antiquark (d),
while the K* consists of an up quark () and a strange antiquark (3). The # and
70 are made up of combinations of uit, dd, and s§ quarks.
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masses of all the As indicate that the # and d quarks have about the same
mass.

However, if we were to change one of the u quarks in the A* * into an s
quark, again without changing the orbit, we would then have a ™ (sigma-star
plus), which has a mass about 150 MeV greater than the A**. This indicates that
the s quark is about 150 MeV heavier than the u or d quarks. If we were to
change one of the two u quarks in the Z** into an s, we would get the "0 (xi-
star zero), about 150 MeV heavier than the ¥**. And finally, if we were to
change the remaining « into an s, we would have the Q" (omega minus). The Q-
had not been seen when the quark model was first proposed. Its discovery the
following year, with the predicted mass and the predicted charge, gave strong
support to the quark picture.

But even then many physicists emphasized that the symmetry did not
necessarily imply the actual physical existence of quarks. In particular, the
charge of the quarks had to be fractional (2/3 of the standard unit for the u quark
and - 1/3 for the d and s quarks), but no fractionally charged particles had ever
been observed. Thus although the hadron classification scheme based on quarks
was widely accepted, the actual physical existence of quarks was questioned.

The Discovery of the Charmed Quark

During the years from 1964 through 1973, considerable progress was
made, both experimentally and theoretically, in support of the idea of physical
quarks. Some of this is described in Chapter 3 in the section on How Quarks
Interact. But perhaps the most important and compelling new evidence for
quarks began in 1974 with the discovery of a new particle, the JAy ("jay-psi"),
which was discovered simultaneously at Brookhaven National Laboratory
(where it was called the J) and at Stanford Linear Accelerator Center (where it
was called the y).

The JAy was unusually heavy (3.1 GeV in mass) and had a very long
lifetime, uncharacteristic of strongly interacting particles. Indeed, heavy
particles in general tend to be more unstable and therefore to have shorter
lifetimes. Thus the JAy definitely did not fit into the symmetry scheme that had
been so successful in classifying other hadrons.

Physicists hypothesized that it contained a new kind of quark, called c or
charm, which had in fact been predicted earlier. The JAy was believed to be a
bound state of a charmed quark and a charmed antiquark. In order for the JAy to
have such a large mass, the mass of the new quark would also have to be large
(about 1.5 GeV). Thus the
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mass of the JAy would be about the mass of a ¢ quark plus the mass of a ¢
antiquark. [An antiparticle is often symbolized by drawing a short bar above the
symbol for the corresponding particle. Thus ¢ (pronounced c bar) is the symbol
for the charmed antiquark.]

If this hypothesis were correct, it would mean that a whole family of new
charmed particles would exist, consisting of a charmed quark bound together
with one or more other kinds of quarks. For example, there would be a cu state
(called the D°, with a mass of about 1.8 GeV), a cd state (called the D*, with a
similar mass), a c¢s (called the F+, with a mass of about 2.0 GeV), and a uuc
state (a charmed baryon, with a mass of about 2.2 GeV).

All these states, and others, have since been discovered! All have had the
masses, charges, decay modes, and other properties predicted from the idea of
constituent quarks. The excellent agreement between prediction and experiment
has established the validity of the quark picture beyond any reasonable doubt.

Charmonium States

The discovery of the JAy was also important in establishing the existence
of quarks in a second way, since it was the first of several states, referred to as
"charmonium" states, that are composed of a cc pair. All these states have
masses in the range 3.0 to 3.6 GeV. All are believed to consist of a charmed
quark bound together with a charmed antiquark. The heavier ones are excited
states in the sense that the two quarks have more energetic orbits. The existence
of these distinct but similar particles, each formed by the same constituent
quarks but in different energy states, provided an important quantitative
confirmation that quarks do indeed exist.

Such a range of different energy states in a two-body system is very
familiar to physicists. An analogous two-body system is the hydrogen atom,
composed of a single electron orbiting around a single proton. Tile different
energy levels of the excited states of hydrogen account for the discrete lines in
the spectrum of light emitted by hydrogen; the spectral lines are produced by
photons emitted in a transition from an excited level to a less-excited level, and
their energy is equal to the difference in energy levels of the initial and final
states. Spectral lines were first observed in 1802, and the spectrum of excited
states was first quantitatively explained by the Bohr model of the hydrogen
atom in 1913.

A similar set of different energy levels is seen in positronium, which is a
bound state of an electron and its antiparticle, the positron. Since
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charmonium states are also bound states of a particle (the ¢ quark) and its
antiparticle, they should show a spectrum of energy levels similar to those of
positronium. However, since the charmed quark is about 3000 times more
massive than the electron, and since the force holding the quarks together in
charmonium is the nuclear force (about 100 times stronger than the electric
force), one would expect the masses and the mass difference between
charmonium states to be much larger than those of the positronium states.
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Figure 3.2

The spectrum of energy states is similar in positronium and charmonium. but
the scale of the energy differences in charmonium is greater by a factor of
roughly 100 million. The energy of a state is determined by the principal
quantum number n and by the orientation of the particle spins and the orbital
angular momentum. The arrangement of the energy levels is similar because
both pairs of particles obey the same laws of quantum mechanics. In
positronium the various combinations of angular momentum cause only
minuscule shifts in energy (shown by expanding the vertical scale), but in
charmonium the shifts are much larger. All energies are given with reference
to the 133, state. At 6.8 electron volts positronium dissociates. At 633 MeV
above the energy of the charmonium becomes quasibound because it can decay
into D and [ mesons.

This is exactly what is observed. Seven different charmonium bound states
have been found. These states are shown in Figure 3.2(b). The similar states for
positronium are shown in Figure 3.2(a). Note that the energy spacing between
the charmonium levels is about 100 million times larger than the spacing
between the positronium levels. But aside from this expected difference, the
close similarity of the structure of the splittings speaks for itself and provides
another strong proof of the
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physical existence of quarks and of the universality of quantum mechanics.

DISCOVERY OF THE THIRD GENERATION OF LEPTONS
AND QUARKS

With the discovery of the charmed quark in 1974, the second generation of
quarks was completed. At that time, two generations of leptons were also
known: the electron and its neutrino, and the muon and its neutrino. It is
interesting to go back to 1974 to understand the significance of the two
generations and to give a brief history of how the third generation was
accidentally discovered in both the lepton and the quark areas. In 1974 there
was no explanation of why there was more than one generation of either leptons
or quarks, and indeed we still have no explanation of this fact. As discussed in
the next chapter, this is one of the outstanding puzzles facing elementary-
particle physicists.

The Discovery of the Tau Lepton

The generations puzzle is most easily seen in terms of the charged-lepton
situation in 1974. At that time we knew that both the electron and the muon
existed, that the muon was about 200 times heavier than the electron, and that
both the muon and the electron had the same kind of behavior with respect to
the electromagnetic force and the weak force. We also knew that the muon was
very different from the electron in the sense that it could not decay into an
electron in any simple way. But there was absolutely no theoretical
understanding of why both particles existed or of how the mass of the muon
was related to the mass of the electron.

Experimenters at the SPEAR electron-positron collider at the Stanford
Linear Accelerator Center (SLAC) began to look at the particles being produced
in this machine to see if there might be charged leptons other than the electron
or muon being created in the collisions. This was purely an experimental search,
since there was no theoretical motivation for it. This is an illustration of a theme
that we shall return to again and again in this report—that experimenters often
explore the unknown without theoretical guidance. And such explorations can
be very fruitful, particularly at new accelerator facilities. SPEAR was such a
facility in 1974.

In 1975 these experimenters began to accumulate evidence for the
existence of the third charged lepton, now called the tau. The tau has
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a mass of a little over 1780 MeV; hence it is about 3500 times heavier than the
electron. The discovery was made through the finding of electron-muon two-
charged-particle events as shown in Figure 3.3. The tau lepton had too short a
lifetime to be detected directly at that time, but in an electron-positron collision
a tau-antitau pair can be produced, and this pair can then decay to an electron
and a muon, plus unseen neutrinos.

Muon (g)

Electron (e

Figure 3.3

One of the electron-muon two-prong events that led to the discovery of the tau
lepton in 1975. At the time such events were unusual and could not be
explained by the production of any of the then known particles.

Subsequent studies of the tau lepton at SPEAR and other electron-positron
colliders showed that it behaved the same way as the electron and muon with
respect to the weak and electromagnetic force and that it did not respond to the
strong force.

Further studies of the decay of the tau lepton demonstrated that it had its
own unique neutrino associated with it. That is, the neutrino associated with the
tau lepton is not the same as the neutrino associated with the electron, nor as the
neutrino associated with a muon. Thus two
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new leptons were actually found, the tau lepton and its associated neutrino.

It is still necessary for us to learn how the tau neutrino interacts, i.e., to see
if it interacts in a manner similar to the way in which the electron neutrino and
the muon neutrino interact. Such an experiment cannot be carried out in an
electron-positron collider, where all other studies of the tau and its neutrino
have been done, but rather must make use of a secondary neutrino beam
produced at a proton accelerator.

The Discovery of the Bottom Quark

The discovery of the b or bottom quark was made at Fermilab in 1977. As
in the case of the tau, this was a purely experimental discovery. There was little
theoretical guidance in looking for the b quark and no indication of what energy
might be required to find it. The experiment at Fermilab that found the b quark
was studying pairs of electrons and pairs of muons produced in the collisions of
the primary proton beam of the 400-GeV proton accelerator with a fixed target.
The experimenters measured the masses of the pairs of electrons or muons
produced, and they plotted the frequency of occurrence of those masses, as
shown in the historic curve of Figure 3.4. A peak in that mass frequency plot
appears between 9 and 10 GeV.

This peak turned out to be due to the production of a new kind of particle
called the upsilon. Each of the upsilon particles consists of a bottom quark
bound together with its corresponding antiquark. Hence the mass of the bottom
quark is about half of 10 GeV, namely, 5 GeV. This is how the bottom quark
was discovered.

Information about the bottom quark can be obtained by studying the
upsilon family of particles or by studying mesons that consist of one bottom
quark and one of the lighter antiquarks (or vice versa). Such particles are called
B mesons. Extensive studies of upsilon particles and B mesons have been and
are being made, particularly at electron-positron colliders. For example,
Figure 3.5 shows the spectrum of the upsilon family of particles, obtained at the
Cornell Electron Storage Ring (CESR) and DORIS [at the Deutsches
Elektronen Synchrotron (DESY)] electron-positron colliders.

B mesons are probably also copiously produced in hadron-hadron
collisions, either in fixed-target experiments or at particle colliders. At present,
the large background of ordinary mesons also produced in hadron-hadron
collisions makes the detailed study or B mesons difficult when produced in this
way. But as particle detectors improve, it should become possible to make
detailed studies of B mesons at proton
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The upsilon was discovered in 1977 by studying the production of muon pairs
or electron pairs in proton collisions. Here the relative frequency of production
of muon pairs is shown to decrease as the muon pair mass increases. The bump
in the curve at 9-10 GeV is due to the upsilon.

The Third Generation

As shown in Figure 3.6, we can now see how the third generation of
leptons and half of the third generation of quarks was added to our basic
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system of elementary particles. Most physicists believe that there is a second
member of the third generation of quarks, which is called the t or top quark. The
expectation for the existence of the top quark comes from two sources: first is
our belief that nature is simple, so that in each generation quarks like leptons
should come in pairs; second, measurements of the b quark lifetime give an
indirect indication that there should be a top quark associated with the bottom
quark. As this report was being completed in 1984, initial direct evidence was
reported for the existence of the top quark.
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The triplet S states (3S;) of the upsilon (Y) family are shown on the right. Each
of these states consists of a & quark bound to a b; quark. For comparison the
two 3S, states of the y family are shown on the left. Although the masses are
very different, the level separations are nearly equal.
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Genergtion Particle Charge Mass

i t { {

| electron (e) -1 0.51 Mev
electron neutrino (ve) O less than SO ev

> muon () -1 106 MeV=0.106 GeV
muon neutrino (v,) 0 less than 0.5 Mev

3 tau (1) -1 1784 MeV = 1.784 GeV
tau neutrino® (vr) O less than 160 MeV=0. 160 GeV

*indirect evidence

Generation Particle Charge Mass
| i f {
| —] P (u) +2/3 about 300 MeV= 0.3 GeV
down (d) -1/3 about 300 MeV=0.3 GeV
2 «—j charm (c) +2/3 about 1I500MeV= 1.5 GeV
strange (s) -1/3 about 500MeV= 0.5 GeV
3
bottom (b) -1/3  about 5,000 MeV=5.0 GeV
Figure 3.6

Our present knowledge of the lepton and quark families of particles.

Although nature does seem to be simple, that does not mean that we
understand it. Just as in 1974 we did not know why there were two generations
of leptons and quarks, so in 1985 we do not know why there are three
generations of leptons and quarks. What has been gained, of course, is the
experimental demonstration that there can be more than two generations of
leptons and quarks. Indeed, there may be more than the present three
generations. Some theoretical arguments and some deductions from
astrophysical considerations can be interpreted to mean that there are not more
than four generations of leptons and quarks. But physics is, in the end, an
experimental science, and the search for more than four generations of leptons
and quarks will be carried on by experimenters. There is probably nothing more
challenging to a scientist than to be told that, theoretically, something cannot
exist.
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HOW QUARKS INTERACT

Hadron Interactions

A large body of systematic knowledge has been developed as a result of
many experiments on the interactions of hadrons with each other at different
energies. Such interactions include elastic scattering, where one hadron simply
bounces off the other, with neither hadron being changed, and inelastic
scattering, where more hadrons are created in the collision. The basic
quantitative understanding of this vast body of data has so far been limited to
some areas where the new theory of quantum chromodynamics can be applied,
as discussed in Chapter 3 in the section on Strong Interactions among Quarks.
However, the systematics and qualitative behavior of hadron collision ?? been a
valuable guide in the understanding of the quark struct?? hadrons.

The understanding of the quark structure of hadrons proceeds most easily
from considering not the collision of two hadrons but rather the collision of a
lepton with a hadron. In this case we consider the collision of a simple particle,
the lepton, with a complicated particle, the hadron. In practice the hadron is
either a proton or a neutron.

Lepton-Proton Scattering Experiments

Isolated free quarks apparently do not exist in nature; they always seem to
be bound within hadrons. Yet it is nevertheless possible to see an individual
quark inside a hadron. This was first done at SLAC in 1969, long before the ¢
and b quarks were discovered, by scattering high-energy electrons off protons.

This scattering process occurs through the exchange of a single photon
between the electron and proton, as shown in Figure 3.7(a). This interaction will
generally produce a multiparticle shower of hadrons if the electron has high
enough energy. This shower is extraordinarily complex and difficult to describe
mathematically.

Now let us picture what must be happening in the interaction if the proton
is composed of quarks. Since the quarks carry all the charge in the proton, the
photon must interact with one of these quarks. The fundamental interaction
between the electron and the struck quark is therefore a simple electromagnetic
scatter, as shown in Figure 3.7(b). If the spectator quarks are disregarded, the
interaction in Figure 3.7(b) is identical to that in Figure 3.7(a) and is of the type
that can be calculated using the well-established rules of quantum
electrodynamics.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/629.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

60

u}sneciolcu
Ul quarks
d scohered
(o) (b) quark
e = glectron
@ p = protan
u | —u ¥ = phaten
@iu l.ll @ U ¢ up guark
id o) d =down guark
u
(c) u} @
Figure 3.7

(a) In the inelastic scattering of an electron and a proton, the electron itself
does not interact with the proton. A photon, indicated by the dashed lines, is
emitted by the electron and interacts with the proton producing hadrons. (b) A
more detailed description of how an electron inelastically scatters from a
proton. The photon emitted by an electron interacts with one of the quarks in
the proton. The other two quarks are hardly affected and are called spectator
quarks. (c) An example of what can finally happen to the quarks in an inelastic
scattering. In this example an additional u quark and g antiquark pair are
produced. The three u quarks unite to form a delta hadron (A**), and the other
two quarks form a pion (z). To the best of our knowledge free quarks never
escape from an inelastic scattering but always unite somehow to form hadrons.
The wiggly lines are gluons that carry the strong force between the quarks.

When the struck quark is knocked away from the two spectator quarks,
hadrons are produced by the strong interaction between the scattered quark and
the spectator quarks. An example is shown in Figure 3.7(c), where A** and
hadrons are produced. But the electron never sees these interactions between the
quarks in the final hadronic system. As far as the electron is concerned, the
interaction is a simple scattering process with a single apparently free quark.

It is not difficult to prove mathematically that if both the energy and the
deflection angle of the scattered electron are measured, the momentum of the
struck quark can be calculated from these. Thus it is possible to determine the
momentum distribution of quarks within the
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proton by measuring the angular distribution of final-state electrons of a given
energy.

An important consequence of this picture is that the angular distributions
of scattered electrons measured for two different interaction energies are closely
related, since they must originate from the same quark distribution. This
relation, known as scaling, was experimentally observed in the SLAC electron-
proton scattering experiments and strongly supported the idea of physical quarks.

The interaction of a neutrino with a proton occurs through the weak force
rather than through the electromagnetic force, but as shown in Figure 3.8 it is
otherwise a similar process. Here the incident neutrino turns into a p°, emitting a W
* in the process; the W* is one of the carriers of the weak force. The W* then
hits a d quark in the nucleon, which changes into a u quark when it absorbs the W
*+. The weak interaction thus changes the type of the interacting quark. But the
momentum distribution of quarks within the proton is revealed by the weak
interaction in the same way that it is revealed by the electromagnetic interaction
in Figure 3.7(b).

The momentum distribution of quarks in a high-energy proton is usually
given as the probability of finding a quark that carries a certain
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Figure 3.8

The inelastic scattering of a neutrino on a proton is analogous to the inelastic
scattering of an electron on a proton (Figure 3.7). But here the neutrino emits a
W particle that interacts with one of the quarks. In addition, when the neutrino
emits the W it changes into a muon.
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fraction of the proton's momentum. These momentum distributions have been
measured in various kinds of experiments, using muon and neutrino beams as
well as electron beams. Such experiments have demonstrated that, in addition to
the three valence quarks that we expect to see, there is a neutral sea of gluons
(which carry the force binding the quarks together) mixed with a sea of low-
energy virtual quark-antiquark pairs that are produced by the gluons. Each of
these three components—the valence quarks, the gluons, and the virtual quark-
antiquark pairs—carries part of the proton's momentum.

By comparing experiments that use different kinds of incident beams
(muons, electrons, neutrinos, and antineutrinos) on different kinds of targets
(hydrogen, deuterium, and iron, for example) it is possible to do the following
things:

1. Measure the distributions of different individual kinds of quarks
within the proton.

2. Count the total number of valence quarks within the nucleon
(expected to be 3).

3. Measure the mean-square charge of the quarks in the nucleon.

All these measurements agree with the values expected from the quark
model.

Evidence of the underlying quark structure of hadrons can be found in
many different kinds of experiments. An interesting example is the production
of pu* p pairs in hadronic collisions. Since the u and p are leptons, they cannot
interact through the strong force and thus are usually not produced in hadronic
collisions. But occasionally a quark in one of the hadrons will
electromagnetically annihilate with an antiquark in the other hadron, producing
a massive photon that decays into pu* . The process is similar to that in which
an electron and a positron annihilate and produce a p* p pair, except that the
colliding particles are now quarks instead of leptons. The rate of u* p
production, as well as the distributions of the muon pairs as a function of energy
and production angle, generally agree with the predictions from quark-antiquark
annihilation.

Hadron Jets

Perhaps the most striking way of seeing evidence of individual quarks is in
the production of hadrons through electron-positron annihilation. Such
interactions are observed in colliding-beam experiments at the PEP storage ring
at SLAC and at the PETRA storage ring at DESY. The production process,
Figure 3.9(a), occurs in two steps:
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(a)

(b)

Figure 3.9

In (a) the central black dot represents the point where the electron and positron
annihilated. The open arrows represent a quark and an antiquark produced in
that annihilation. The quark and antiquark begin to move in opposite
directions. But as they separate they each change into a shower or jet of
hadrons. This picture has been drawn to show the jets of hadrons moving in the
same directions as in an actual event (b) obtained at PEP.
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(1) The colliding e* and e electromagnetically annihilate to produce a
quark-antiquark pair, just as ™y pairs can be produced in the identical process.
(2) As the quark and antiquark separate, the strong force between them builds
up energy, which is transformed into more quark-antiquark pairs. These quarks
and antiquarks then coalesce to form hadrons, as described earlier. The striking
feature of these events is that, because of the string nature of the strong force,
the new hadrons tend to be produced along the line joining the two originally
separating quarks. This results in the hadrons appearing in two back-to-back jets
of particles, which follow the directions of the original quark and antiquark. As
the energy of the interaction is increased, the jets become more collimated and
contain more particles. Figure 3.9(b) shows a typical e*e” interaction observed
in a high-energy experiment at PEP.

A similar effect occurs in proton-proton or in proton-antiproton
interactions at very high energies. Particles with high momentum perpendicular
to the beam direction are produced predominantly by the collision of two quarks
(or a quark and an antiquark, or a gluon and a quark, or two gluons) giving two
jets in the final state. In the case of proton-antiproton collisions, the two
spectator quarks in the proton and antiproton also form jets. This gives a total of
four jets, two along the direction of the original colliding particles and two more
in the directions of the scattered quarks.

The details of the process through which the scattered quarks form
hadrons, called hadronization, cannot be exactly calculated yet because of its
great complexity. However, phenomenological and approximate methods have
been used to compare hadronization in different kinds of production processes,
and these have been successful in relating production rates of many different
kinds of particles in high-energy interactions between pions, kaons, and protons.

The concept of quarks, and the understanding of how hadrons are
composed of quarks and of how quarks interact, has vastly furthered our
understanding of the nature of matter. In addition, the quark substructure of
matter is revealed in all the different kinds of interactions—electromagnetic,
weak, and strong. Thus the idea of quarks has led to a great simplification in the
way in which we understand the interactions of hadrons. We are now able to
recognize and to study the fundamental interaction (involving quarks) within
the apparent interaction (involving hadrons). This makes it possible to focus our
attention on these fundamental processes, and thus to measure and understand
the characteristics of the fundamental forces at the most basic level.
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UNIFICATION OF THE WEAK AND ELECTROMAGNETIC
INTERACTIONS

The force of electromagnetism shapes the world around us. The structure
of matter, the chemistry of life, and the propagation of light all may be traced to
the basic laws of electrodynamics. Electricity and magnetism, encountered in
everyday experience as the spark of a static discharge and the gentle swing of a
compass needle, would seem to be quite distinct phenomena. But a long line of
brih?? nineteenth-century experiments showed them to be two different facets
of the same underlying interaction. This set the stage for Maxwell's 1862
unification of electromagnetism in simple equations that embodied all the
understanding of the nature of light, indicated the possibility of radio
communication. and was the starting point for the development of quantum
electrodynamics.

Quantum electrodynamics (QED) is the most successful of physical
theories. It has achieved predictions of enormous accuracy, such as that of the
anomalous magnetic moment of the electron, for which theory and
measurement agree to at least seven decimal places. Such detailed predictions
have stimulated, and been stimulated by, experiments of remarkable
inventiveness and precision. Moreover, the predictions of QED have been
verified over an extraordinary range of distances, from less than 10'® m (a
billionth of a billionth of a meter) to more than 103 m (100 million meters).

It is therefore natural that QED should serve as a model for other theories.
The earliest attempt at a description of the weak interactions, due to Fermi in
1933, was constructed by direct analogy with QED. Much subsequent work has
involved extending this analogy and determining its limits of applicability. By
1957, when it was established that the weak interactions were intrinsically left-
handed, and not mirror-symmetric like electromagnetism, an extremely
successful operational description of radioactivity and related weak-interaction
processes had been achieved.

A second aspect of theoretical work has been the idea of a synthesis,
following the example of electromagnetism. Having profited from the idea that
the weak and electromagnetic interactions are at least analogous, one is
prompted to ask whether they might actually be related. In relativistic quantum
theories, interactions are mediated or carried by force particles. The carrier of
the electromagnetic interaction, the photon, was postulated in 1905 by Einstein.
Its existence was confirmed in the 1920s by experiments that showed that light
scattered like massless particles from electrons. It was appealing to hypothesize
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that the weak interaction is carried by a so-called intermediate boson, denoted
W for weak. This weak boson must be electrically charged in order to mediate
nuclear radioactive decays such as the disintegration of a neutron into a proton,
an electron, and an antineutrino, as shown in Figure 3.10(a). It Was apparent
from early investigations of natural radioactivity that the conjectured
intermediate boson must be extremely massive in order to explain the long
lifetimes that were observed. The idea that the weak and electromagnetic
interactions—so different in apparent strength—have a common origin provides
an estimate of the W's mass of approximately 100 times the proton mass.

66  ELEMENTARY-PARTICLE PHYSICS
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Figure 3.10

Two examples of processes that take place through the weak interaction. In (a)
a neutron decays into a proton. It does this by emitting a W particle; the W
itself is unstable and decays into an electron and a neutrino. The W carries or
mediates the weak force, hence it is called an intermediate boson. In (b) a
neutrino scatters off a proton by emitting a Z particle. This process is
analogous to the scattering of an electron on a muon (Figure 2.8). The Z is also
an intermediate boson since it carries the weak force.

To advance from these general notions of analogy and synthesis to a viable
theory of the weak and electromagnetic interactions has required a half century
of experimental discoveries and precision measurements and of theoretical
insights and inventions. Like QED itself,
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the unified theory is a gauge theory derived from a symmetry principle. In this
case, the symmetry is a family pattern among quarks and leptons that was
suggested by experiments. A self-consistent theory could not be based on the
known force particles (the photon and the conjectured W) alone but required in
addition an electrically neutral weak force particle Z° and an auxiliary object
known as the Higgs particle. The latter plays a key role in hiding the
electroweak symmetry. This is required to account for the varied masses of the
quarks and leptons.

Just as the W particles mediate charge-changing transitions such as neutron
decay, the 79 must mediate a new class of neutral-current weak interactions
such as neutrino-proton elastic scattering, shown in Figure 3.10(b). At the time
that the theory was formulated, there was no experimental evidence for neutral-
current interactions. The discovery of a few characteristic events in the
Gargamelle bubble chamber at CERN in 1973, quickly supported by evidence
from Fermilab, Brookhaven, and Argonne, marked the beginning of an
intensive study of this new phenomenon. An example of a neutral current event
is given in Figure 3.11.

A decade of experimentation with high-energy neutrino beams, together
with important results from electron scattering at SLAC and from electron-
positron annihilations at PETRA and PEP, has shown the neutral-current
interaction to behave as expected in electroweak theory. The experiments using
electrons involved both the electromagnetic force and the weak force. These
two forces, occurring in the same experiment, interfere with each other. The
detection of these interference effects was one of the first confirmations of the
correctness of the unified theory.

It remained to observe the intermediate bosons as real (though ephemeral)
particles, rather than merely seeing the interactions attributed to their existence.
In the model, the properties of the intermediate boson, such as their masses,
depend on a single parameter that has been determined from neutral-current
experiments. On this basis, we expected the mass of the charged intermediate
boson W to be about 83 GeV/c? and the mass of the neutral intermediate boson
7° to be about 95 GeV/c?. Both charged and neutral bosons should disintegrate
less than a trillionth of a trillionth of a second after formation. Such prodigious
masses are attainable only in colliding-beam machines, specifically at present in
the proton-antiproton collider operating at CERN.

Collisions of protons and antiprotons result in interactions among their
constituent quarks, antiquarks, and gluons. Because the way in
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which quarks and antiquarks should combine to form intermediate bosons
is known and the motion of quarks within the proton has been extensively
studied, we can calculate that one intermediate boson will be produced in about
5 million proton-antiproton collisions. The dominant production mechanism is
shown in Figure 3.12. To extract the intermediate bosons from the background
of ordinary events requires an elaborate detector that can recognize and measure
the characteristic decay products amid the debris of a violent collision. The
most characteristic signal for W decay is an energetic electron emitted
transverse to the direction of the colliding beams and an undetected neutrino
with equal and opposite transverse momentum. In the case of the Z°, a back-to-
back electron and positron (antielectron) provide an unmistakable pattern. Both
of these particles have in fact recently been observed in the CERN collider
experiments. On initial evidence, they have the masses and other properties
predicted by the electroweak theory.

Time

——
—_—— p = proton

u 0 = antiproton

_ u=up quark
}_} _® d=down quark
U U = up ontiquark
u

d=down ontiquark
W=W intermediate boson

Figure 3.12

The dominant process for production of the W intermediate boson in proton-
antiproton collisions. A u quark from the proton (p) and a 4antiquark from the
antiproton ( # ) unite to form the W. The spectator quarks form into new
hadrons, which are not shown.

This successful search is the culmination of 50 years of speculation on
intermediate bosons. The results represent impressive triumphs of accelerator
art, experimental technique, and theoretical reasoning. They indicate that the
basic electroweak symmetry scheme is correct. More detailed studies of the
intermediate bosons and their decay products will be high on the agenda for
future experiments at the CERN collider and the Fermilab Tevatron. Electron-
positron colliders to serve as Z° factories with an annual output of a million Z°
or more have been initiated at SLAC (Stanford Linear Collider) and at CERN
(LEP). The quest for the Higgs boson or a symmetry-breaking mechanism is the
most pressing open issue in electroweak physics.
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STRONG INTERACTION AMONG QUARKS

We have seen already how the idea that the strongly interacting particles
are built up of quarks brought new order to hadron spectroscopy and suggested
new relations among mesons and baryons. But this constituent description also
brought with it a number of puzzles. These seemed at first to indicate that the
quark model was nothing more than a convenient mnemonic recipe. In pursuing
and resolving these puzzles, physicists have found a dynamical basis for the
quark model that promises to give a complete description of the strong
interactions.

An obvious question concerns the rules by which the hadrons are built up
out of quarks. Mesons are composed of one quark and one antiquark, while
baryons are made of three quarks. What prevents two-quark or four-quark
combinations? Within this innocent question lurks a serious problem of
principle. The Pauli exclusion principle of quantum mechanics is the basis for
our understanding of the periodic table of the elements. It restricts the
configurations of electrons within atoms and of protons and neutrons within
nuclei. We should expect it to be a reliable guide to the spectrum of hadrons as
well. But according to the Pauli principle, the observed baryons such as A* *
(uuu) and Q(sss), which would be composed of three identical quarks in the
same state, cannot exist.

To comply with the Pauli principle, it is necessary to make the three
otherwise identical quarks distinguishable by supposing that every type of quark
exists in three varieties, fancifully labeled by the colors red, green, and blue.
Then each baryon can be constructed as a colorless (or white) state of a red
quark, a green quark, and a blue quark. Similarly, a meson will be a colorless
quark-antiquark combination. The rule for constructing hadrons may then be
rephrased as the statement that only colorless states can be isolated.

A second issue is raised by the fact that free quarks have not been
observed. This suggests that the interaction between quarks must be
extraordinarily strong, and perhaps permanently confining. That free quarks are
not seen is of course consistent with the idea that colored states cannot exist in
isolation. On the other hand, the quark model description of violent collisions
rests on the assumption that quarks within hadrons may be regarded as
essentially free.

This paradoxical state of affairs may be visualized as follows. We may
think of a hadron as a bubble within which the constituent quarks are
imprisoned. The quarks move freely within the bubble but cannot escape from
it. This picturesque representation yields an operational understanding of many
aspects of hadron structure and interactions,
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but it falls far short of a dynamical explanation for the puzzling behavior of
quarks. We still do not understand completely why quarks apparently interact
only weakly when they are close together and yet cannot be pulled apart. To see
why this is surprising, and to learn how it might come about, it is helpful to
consider the interactions of electrically charged objects.

@@ @ %@@
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®

(a) (b)

Figure 3.13

Electrically polarized molecules weaken the effect of an electric charge. In (a)
the molecules point in random directions. In (b) a negative charge is present,
and the positive ends of the molecules point toward this charge and partially
cancel it. Outside of this area the electric charge will appear weaker.

We customarily speak of the electric charge carried by an object as a fixed
and definite quantity, as indeed it is. However, if a charge is placed in
surroundings in which other charges are free to move about, the effect of the
charge may be modified. An example is a medium composed of many
molecules, each of which has a positively charged end and a negatively charged
end. In the absence of an intruding charged particle, the molecules are oriented
randomly [Figure 3.13(a)], and the medium is electrically neutral not only in the
large, but locally as well, down to the submolecular scale. Placing an electron in
the medium polarizes the molecules [Figure 3.13(b)]: the negatively charged
ends of the molecules are repelled by the electron, while the positively charged
ends are attracted to it. The effect of this orientation of the molecules is that at
finite distances from the electron its influence is screened, or reduced, by the
opposite charges it has attracted. Only when we inspect the electron at very
close range—smaller than molecular size—is the full magnitude of the
electron's charge apparent. We may say that the effective charge is larger at
short distances than at long distances.
