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Foreword

Looking back at century’s end, it is stunning to think how our understanding of physics has changed in the last hundred years. The great insights of the early part of the twentieth century were of course Relativity Theory and Quantum Mechanics. We learned in Einstein’s Special Relativity Theory of the strange behavior of fast moving objects, and in his even more surprising General Relativity we learned to reinterpret gravity in terms of the curvature of space and time caused by matter. As for Quantum Mechanics, it taught us that fact is far more wondrous than fiction in the atomic world.

Special Relativity and Quantum Mechanics were fused in Quantum Field Theory, whose most remarkable prediction—verified experimentally in cosmic rays around 1930—is the existence of “antimatter.” Quantum Field Theory is a very difficult theory to understand even for specialists; trying to understand it has occupied the attention of many leading physicists for generations.

The last fifty years have been an amazing period of experimental discoveries and surprises, including “strange particles,” the breaking of symmetry between left and right and between past and future, neutrinos, quarks, and more. Drawing on this material, theoretical physicists have been able, in the Quantum Field Theory framework, to construct the Standard Model of particle physics, which puts under one roof most of what we know about fundamental physics. It describes in one framework electricity and magnetism, the weak force responsible among other things for nuclear beta decay, and the nuclear force.

Is this journey of discovery nearing an end? Or will the next half century be a period of surprises and discoveries rivaling those of the past? The questions we can ask today are as exciting as any in the past, and at least some of the answers can be found in the coming period if we stay the course.

Just in recent months, newspapers have been filled with exciting accounts of the apparent discovery of the Higgs particle at the CERN laboratory near Geneva, Switzerland. This substantially clarifies our understanding of particle physics and helps explain why two of the important elementary particle forces—electromagnetism and the weak interactions—are so different in our everyday experience. It also offers an experimentally accessible prototype of new fields that are required in modern theories of the unification of particle forces, as well as our best understanding of the early universe in the theory of cosmic “inflation.” Meanwhile, ongoing experiments test the strange properties of neutrinos, and apparently show that the “little neutral particle” of Fermi does have a tiny but nonzero mass after all. Astronomers have unraveled new and challenging hints that General Relativity may need to be corrected by adding Einstein’s “cosmological constant”—the energy of the vacuum. Novel and inventive dark matter searches are probing the invisible stuff of the universe. Satellite probes of fluctuations in the leftover radiation from the big bang are likely, in the next few years, to challenge our understanding of the early universe.

But one of the biggest adventures of all is the search for “supersymmetry.” Supersymmetry is the framework in which theoretical physicists have sought to answer some of the questions left open by the Standard Model of particle physics. The Standard Model, for example, does not explain the particle masses. If particles had the huge masses allowed by the Standard Model, the universe would be a completely different place. There would be no stars, planets, or people, since any collection of more than a handful of elementary particles would collapse into a Black Hole. Subtle mysteries of modern physics—like space-time curvature, Black Holes, and quantum gravity—would be obvious in everyday life, except that there would be no everyday life.

Supersymmetry, if it holds in nature, is part of the quantum structure of space and time. In everyday life, we measure space and time by numbers, “It is now three o’clock, the elevation is two hundred meters above sea level,” and so on. Numbers are classical concepts, known to humans since long before Quantum Mechanics was developed in the early twentieth century. The discovery of Quantum Mechanics changed our understanding of almost everything in physics, but our basic way of thinking about space and time has not yet been affected.

Showing that nature is supersymmetric would change that, by revealing a quantum dimension of space and time, not measurable by ordinary numbers. This quantum dimension would be manifested in the existence of new elementary particles, which would be produced in accelerators and whose behavior would be governed by supersymmetric laws. Experimental clues suggest that the energy required to produce the new particles is not much higher than that of present accelerators. If supersymmetry plays the role in physics that we suspect it does, then it is very likely to be discovered by the Large Hadron Collider (LHC), or its upgrades, at CERN in Geneva, Switzerland.

When Einstein introduced Special Relativity in 1905 and then General Relativity in 1915, Quantum Mechanics was still largely in the future, and Einstein assumed that space and time can be measured by ordinary numbers. Einstein’s conception of space and time has been adequate for discoveries made until the present, but discovery of supersymmetry would begin a reworking of Einstein’s ideas in the light of Quantum Mechanics.

Discovery of supersymmetry would be one of the real milestones in physics, made even more exciting by its close links to still more ambitious theoretical ideas. Indeed, supersymmetry is one of the basic requirements of “string theory,” which is the framework in which theoretical physicists have had some success in unifying gravity with the rest of the elementary particle forces. Discovery of supersymmetry would surely give string theory an enormous boost.

The search for supersymmetry is one of the great dramas in present-day physics. Hopefully, the present book will introduce a wider audience to this ongoing drama!

EDWARD WITTEN

Princeton

November 20, 2012


Preface

If you take a little trouble, you will attain to a thorough understanding of these truths. For one thing will be illuminated by another, and eyeless night will not rob you of your road till you have looked into the heart of nature’s darkest mysteries. So surely will facts throw light upon facts.

          —Lucretius, On the Nature of the Universe

          Translated by R. E. Latham, Penguin Books

Without looking at the insides of an old-fashioned cogs-and-gears watch, we have an image of what is happening inside. Few people realize that physicists now have a clear image of the cogs and gears of the subatomic universe—the stuff that makes the world run. That image is formulated in what we call the Standard Model of particle physics. It is a description. Someone who probes and studies a watch not only can describe the workings of a watch but also can say why the watch works—why this cog moving that one at a given ratio mimics the progress of time. Physicists are increasingly able to peer into the workings of the universe and say why the ingredients they study are able to create and sustain what we know as nature. The name “Standard Model” is not very elegant but it stuck as the Standard Model was proposed and tested, and now it is unlikely to change.

A nice way to learn more about a watch is to see a watchmaker disassemble and reassemble one, and a nice way to learn more about nature is to go for a walk with a naturalist. This book is meant as a walk observing the particles and their behavior that can be enjoyed by anyone with the curiosity to come along and the confidence to know that it isn’t necessary to duplicate the guide’s knowledge, only to enjoy it. We will stroll here not only in the known territory of the Standard Model but also along the frontier topics, where breakthroughs into even more remote regions may soon occur. For various practical and theoretical reasons, many particle physicists think that the next major discovery will be direct evidence for the property called “supersymmetry.” Those reasons, and the implications if direct evidence for supersymmetry is indeed observed, are much of what the book is about.

Book One of the age-old search for understanding how the physical world works has been brought to a successful close in recent years with the development and testing of the Standard Model of particle physics. The Standard Model (summarized in Chapter 2) gives a comprehensive description of the basic particles and forces of nature, and of how all the physical phenomena we see can be described. It contains the underlying principles of the behavior of protons and neutrons, nuclei, atoms, molecules, condensed matter, flowers, stars, and more. The Standard Model has explained much that was not understood before, it has made hundreds of successful predictions including many dramatic ones, and there are no phenomena in its domain (see Chapter 3) that are not explained (though some calculations are too complicated to carry through). The last piece needed to complete the Standard Model description was the recent exciting discovery of the Higgs boson at the European CERN laboratory’s Large Hadron Collider (the LHC). The particle discovered seems to have the properties needed to indeed be the Higgs boson, which physicists searched for over three decades to complete the Standard Model, though more checks have to be completed about its properties before that is finally settled. We will look at the remarkable experimental and theoretical achievements and physics involved in the Higgs boson discovery.

If the Standard Model describes the world successfully, how can there be physics beyond it, such as supersymmetry? There are two reasons. First, the Standard Model does not explain aspects of the study of the large-scale universe, cosmology. For example, the Standard Model cannot explain why the universe is made of matter and not antimatter, nor can it explain what constitutes the dark matter of the universe. Supersymmetry suggests explanations for both of these mysteries. Second, the boundaries of physics have been changing. Now scientists ask not only how the world works (which the Standard Model answers) but why it works that way (which the Standard Model cannot answer). Einstein asked “why” earlier in the twentieth century, but only in the past decade or so have the “why” questions become normal scientific research in particle physics rather than philosophical afterthoughts. So the Standard Model will be extended.

One ambitious approach to “why” is known as “string theory,” which is formulated in a ten- or eleven-dimensional world. Much work on string theory has proceeded thus far by studying the theory itself rather than through the historically fruitful interplay of experiment and theory. This approach has led to significant progress—if it succeeds we will all be delighted. As Edward Witten remarks in his Foreword to this book, string theory predicts that nature should be supersymmetric. To test string theory one needs to “compactify” it so that its extra dimensions are curled up in a small space, because experiments are done in our four-dimensional world. Although one cannot walk in those extra small dimensions, their properties affect the properties of the particles and forces we do see, and there has been progress toward understanding the “why” questions, which I discuss later in the book.

This book is mainly about the physics of supersymmetry. Supersymmetry is an idea, that the equations representing the basic laws of nature don’t change if certain particles referred to the equations are interchanged with one another. Just as a square on a piece of paper looks the same if you rotate it by ninety degrees, the equations that physicists have found to describe nature often do not change when certain operations are performed on them. When that happens, the equations are said to have a symmetry. Supersymmetry is such a proposed symmetry: the “super” in its name is because the associated symmetry is more surprising and more hidden from everyday view than previous symmetries. It turns out that this idea has remarkable consequences for explaining aspects of the world that the Standard Model cannot explain, particularly the Higgs physics. The most important implication may be that supersymmetry can provide a window that lets us look at string theory from the real world, so that experiments can provide guidance to help formulate string theory, and so that string theory predictions can be tested. Supersymmetry is the first chapter of Book Two.

Supersymmetry is still an idea as this book is being written in late 2012. There is considerable indirect evidence that it is a property of the laws of nature, but the confirming direct evidence is not yet in place. That is not an argument against nature being supersymmetric, because the collider facility that could confirm it (the LHC) is just beginning to cover the region where the signals could appear. I have tried to write this book so that it will remain valid and interesting if the “superpartners” (see Chapter 1) and additional Higgs bosons predicted by supersymmetry are indeed found. Of course, when we have positive signals, much can be sharpened. However, the explanations supersymmetry can provide, and the ways it can connect with string theory, and the ways we recognize and test it, hopefully will be close to what is presented here.

Some particle physics books describe several alternative approaches to learning how the Standard Model is extended. I have chosen instead to focus only on the supersymmetric direction. It is the approach favored by a variety of theoretical and indirect arguments, including the discovery of the Higgs boson itself. The issue will not be settled until superpartners are discovered, either at the LHC or in dark matter experiments. If supersymmetry is not the right answer, the experiments will tell us that as well.

This book is intended to be self-contained and largely accessible to any curious person.

I am very grateful to my most relentless editor, my wife Lois, and to Jack Kearney and Bob Zheng for thorough readings of the manuscript, and particularly to Maria Spiropulu for her extensive discussions and wisdom.
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