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Foreword

Einstein wrote that ‘The eternal mystery of the world is its comprehensibility’. The field of particle physics attempts to comprehend the mysteries of the smallest constituents of matter that exist in the world. In this book I give an account of the science, beginning with its emergence from nuclear physics and continuing to current and possible future research.

The fundamental question ‘What is matter?’ has a very long history. For thousands of years, across many cultures, people have attempted to find an answer. A common theme is the belief that matter is composed of units that cannot be divided into smaller quantities. These are often called atoms, a term coined from a Greek word meaning ‘something that cannot be divided further’, although we now know that atoms are divisible.

Given this lineage, it is unsurprising that the earliest enquiries into the nature of matter were purely philosophical speculations. This quest continues today in particle physics. As in earlier times, it is driven by the twin aims of unification and simplicity: the desire to understand and explain an increasing range of phenomena in terms of a decreasing number of assumptions. Particle physicists focus on deducing answers to basic questions such as ‘What are the constituents of matter?’ and ‘How do particles interact?’

The best current theory of particle physics is the so-called standard model, a modest name for the most successful physical theory ever constructed. It resulted from a successful marriage between theoretical invention and ingenious experimentation. In the seventeenth century, the importance of experimental observation came to be appreciated (the motto of the Royal Society, founded in 1660, roughly translates as ‘Take nobody’s word for it’) and in modern science the interplay between theory and experiment is crucial. No theory in science is accepted unless it has overwhelming support from experiment, so in this guide I discuss how particle physics experiments are done, how particles are produced and how they are detected.

The core of this introduction to the field is an account of the rise of the standard model, including how it was constructed and how its assumptions have been tested by experiments. It is remarkable what has been achieved in a relatively short period. I trace how the idea of quarks arose from studies of the particle spectrum, discuss how one of the four forces of nature – the strong interaction – binds quarks together to form the observable particles and the emergence of the theory of these interactions. I complete the story of quarks by describing why it became necessary to postulate the existence of additional quarks and how their existence was eventually demonstrated via another of the forces of nature, the weak interaction. I also discuss how the standard model was completed by uniting the weak interaction with electromagnetism.

When the great German physicist Max Planck entered Munich University in 1875, he was advised not to study science because there was ‘nothing left to discover’. History has taught us to be more humble. The standard model is hugely successful in explaining particles and their interactions, but there is still work to be done. Among the important questions still to be answered is how particles acquire mass, although most physicists are confident that this particular problem will soon be solved by new experiments designed to detect the so-called ‘Higgs boson’, a particle that plays the role of generating masses in the standard model. The standard model also says nothing about gravity, the one force of nature with which we are all familiar. The thrust of research in the twenty-first century has turned to what lies beyond the standard model and how experiments can be conducted to test new theories. To do so will involve studying interactions at energies close to those that existed shortly after the creation of the universe – something not yet fully achievable. Particle physics is becoming entwined with cosmology and questions about the very origins of the universe. As I turn to these areas, I highlight some of the most exciting questions being asked and the most vibrant phenomena being discovered.

For the non-scientist, particle physics entails entering a world of strange, unfamiliar concepts, including quarks, gluons, anti– matter and forces that seem to have little bearing on everyday life. For this reason, the structure of this book does not always follow a strict historical path. Neither does it assign credit to every discovery, as all too often this can be contentious and is best left to the historians. The past century of research in particle physics is full of complexity and twists and turns. I have tried neither to oversimplify the concepts nor to just present the facts of particle physics as they are today. Instead, I have given enough detail so readers can understand how we have arrived at our present state of knowledge and an appreciation of why researchers in the field are excited by current theories and experiments. I have deliberately used the minimum of scientific symbols and only a few simple mathematical expressions; there are no actual calculations in this book. The intention is that mathematical technicalities should not deter anyone with an interest in science from getting an overview of the subject. Finally, there is a detailed glossary where readers may remind themselves of the meaning of any unfamiliar terms.

In preparing this book I have benefited from the helpful advice and support of the editor of the Beginner’s Guide series, Marsha Fillion and particularly my editor at Oneworld Publications, Robin Dennis. I would also like to thank Tegid Jones, of University College London and Peter Kalmus, of Queen Mary University of London, for their time in reading and commenting on an earlier draft. Any remaining errors, obscurities, etc., are of course my own.

Brian R Martin
April 2010



Illustrations

Figure 1.1   The transition from atoms to quarks

Figure 2.1   Schematic diagram of the apparatus of Geiger and Marsden:
(a) vertical cross-section (Geiger, H. and Marsden, E. 1913. Philosophical Magazine Series 6 (25)148; reprinted with permission of Taylor & Francis Ltd);
(b) horizontal cross-section of the scattering chamber showing the scattered alpha particles.

Figure 2.2   The spectrum of electromagnetic radiation (adapted from a diagram published at )http://en.wikipedia.org/wiki/Electromagnetic_spectrum

Figure 2.3   Feynman diagrams for the interaction of an electron (e−) and a positron (e+) by the exchange of photons (γ)

Figure 3.1   Acceleration in a linear proton accelerator

Figure 3.2   Schematic diagram of a cyclotron

Figure 3.3   LHC tunnel and beam line (photo
CERN-AC-091118801 by M. Brice; reproduced by permission of CERN)

Figure 3.4   Schematic diagram of the accelerators at the CERN site

Figure 4.1   Early examples of positively charged pions seen in emulsions

Figure 4.2   One of the first positron tracks as observed in a cloud chamber (Anderson, C.D. 1933.
Phys. Rev.,(43) 491; reprinted with permission of the American Physical Society, copyright 1933)

Figure 4.3   Reconstruction of an event in the CDF drift chamber (courtesy of Fermilab)

Figure 4.4   ATLAS detector at the pp collider LHC at CERN:
(a) schematic diagram of completed detector;
(b) view during construction (photo CERN-EX-051101302 by M. Brice; reproduced by permission of CERN).

Figure 5.1   Examples of the tracks of V particles as seen in a cloud chamber (Rochester, G.D. and Butler, C.C. 1947. Nature (160) 855; reproduced with permission from Nature, Macmillan Publishers Ltd., copyright 1947)

Figure 5.2   (a) Pion-nucleon cross-section as a function of the total effective mass of the π N system
(b) Plot of the number of events where the total effective mass of the two pions produced in the reaction π− + p → p+ π+ + π− has a specific value

Figure 5.3   Some observed multiplets of hadrons

Figure 5.4   Characteristic pattern of tracks in a hydrogen bubble chamber from the production and decay of an Ω− resonance (Barnes, V. et al., 1964. Phys. Rev. Letts. (12) 204; reprinted with permission of the American Physical Society, copyright 1964)

Figure 6.1   Deep inelastic scattering of electrons and neutrinos in the quark-parton model

Figure 6.2   The ratio R of the cross-sections for hadron to muon production in e+ e− annihilations

Figure 6.3   Two-jet and three-jet events in an e+ e− collider experiment (event displays from the review of Wu, S.L. 1984. Physics Reports (107) 59; reprinted with permission from Elsevier, copyright 1984)

Figure 7.1   First neutrino detection experiment

Figure 7.2   Feynman diagrams for muon and tauon decays

Figure 7.3   SNO neutrino detector during construction, showing the photomultipliers surrounding the acrylic sphere (photo by Roy Kaltschmidt, courtesy of Lawrence Berkeley National Laboratory)

Figure 7.4   Feynman diagrams for decays of charged pions and sigma baryons

Figure 7.5   Action of (a) parity and (b) mirror reflection on the decay of the cobalt nucleus. The thick lines show the direction of the spin of the colbalt-60 nuclei and the thin lines show the direction of the momentum of the emitted electron

Figure 8.1   Charmonium production in electron-positron annihilations

Figure 8.2   Schematic diagram of the production and decay of a tt pair in pp annihilations

Figure 8.3   The spin-[image: image] baryons made from u, d, s and c quarks

Figure 8.4   Systematics of the weak decays of quarks

Figure 9.1   Weak neutral reaction in a heavy-liquid bubble chamber (reproduced by permission of CERN)

Figure 9.2   Z0 peaks observed in e+e− and μ+μ− mass distributions (from a Fermilab experiment by the CDF collaboration, Campbell, M. 1989.
Proc. 1989 International Symposium on Lepton Interactions at High Energies, Stanford University)

Figure 9.3   Production of hadrons in e+e− annihilations in the vicinity of the Z0 mass for different numbers of neutrino generations (from the ALEPH collaboration. 1990. Phys. Letters, B (225) 399; reprinted with permission from Elsevier, copyright 1990)

Figure 9.4   Cross-section for the reaction e+ + e− → μ+ + μ−

Figure 10.1   Feynman diagrams for the proton decay mode p→ π0 + e+

Figure 10.2   (a) Double β-decay, as allowed in the standard model (b) neutrinoless double β-decay, forbidden in the standard model

Figure 10.3   Schematic diagram of the NEMO3 detector (courtesy of the NEMO3 collaboration)

Figure 11.1   Schematic diagram of the AMANDA neutrino detector (courtesy of the AMANDA collaboration)

Figure 11.2   Particles produced in a 200 GeV gold-gold interaction in a time projection chamber at the RHIC (courtesy of Brookhaven National Laboratory)



1

Particles and forces

We are all familiar with bulk matter, the stuff that everyday objects, including you and me, are made of and we daily experience the effects on bulk matter of gravity, one of the four fundamental forces of nature. We are aware of the gravitational force because it keeps our feet firmly on the ground and ensures that we wake in the morning to the rising of the Sun. Bulk matter consists of molecules, which are combinations of a relatively small number of chemical elements, where in the modern sense ‘element’ means a substance that cannot be decomposed by the methods of chemistry.

By far the most common elements in the universe are hydrogen and helium. These are remnants from the creation of the universe in the so-called Big Bang, when the universe rapidly expanded from a very small region of space where matter existed at extremes of density and temperature. Most of the heavier elements we have today were slowly synthesised in stars. Initially this was by the fusing together of lighter elements, starting with hydrogen and helium. Fusion produces the energy of stars, including our own Sun. (The difference between the weight – ‘light’, ‘heavy’, etc – of an object and its mass is explained in the insert box on page 2.) The elements are then distributed throughout the universe through the rare spectacular cosmic events called supernovas, where within just a few seconds or so, a star suffers a catastrophic collapse and ejects most of its mass into space. It is a startling fact that the matter that makes up our bodies was once part of distant stars.


MASS AND WEIGHT

Although mass and weight are often used interchangeably, they are not the same. Mass is a measure of ‘how much there is of an object’ and remains the same wherever the object is in the universe. The mass of an object determines how it reacts when a force is applied to it. Weight is the force that acts on a body due to a gravitational attraction. Thus, a body with a given mass weighs less on the surface of the Moon than on the surface of Earth, because the Earth has a far greater mass than the Moon and so generates a far larger gravitational force on the body. On the surface of Earth, weight is very accurately proportional to mass and so we may talk of an object weighing one kilogram, although the kilogram is actually a unit of mass.



You are probably familiar with the periodic table of the chemical elements, the modern form of which is credited to the Russian chemist Dmitri Mendeleev, who developed it in 1869. Mendeleev’s original table, which was intended to illustrate recurring – hence ‘periodic’ – trends in the properties of the elements, has been refined and extended over time as new elements have been discovered. The present table contains ninety-two naturally occurring elements. Some are very common, such as oxygen and carbon, elements essential for life; others are seldom encountered in the everyday world. There are even some extremely rare unstable elements, such as polonium and francium, whose abundances in nature are uncertain because they are too low to have been measured accurately.

Molecules consist of combinations of units of a single unique type for each element, bound together by the second fundamental force of nature, electromagnetism, known to us through the behaviour of electric currents and magnets. Following the Greeks, we still use the word atom for the smallest unit of an element. The atomic model of matter elegantly explained many phenomena observed in the early years of chemistry; by the start of the twentieth century, the masses and dimensions of many atomic elements had been measured. Atoms are almost inconceivably small. As an example, the dot on this letter ‘i’ has a radius of about 10−5 m and contains approximately 1011 atoms of carbon. (The notation used for numbers is explained in the inset box below.) To see an individual atom in the dot with the naked eye, the dot would have to be enlarged until it had a diameter of at least 100 m. Similarly for their masses: the heaviest atom is about 5 × 10−25 kg and the lightest less than a hundredth of this. The book you are reading contains at least 1026 atoms, an uncountably large number.


NOTATION FOR NUMBERS

Particle physics involves measurements that range from extremely large to extremely small numbers. To avoid writing long strings of zeros, these numbers are written in a compact form as a decimal number between 1 and 9 multiplied by multiples of 10, where 10n means 1 followed by n zeros and 10−n means 1 divided by the same quantity. For example, 1.2 × 103 means 1200 and 1.2 × 10−3 means 0.0012.



Atoms are divisible

Throughout the nineteenth century, atoms continued to be considered the most fundamental entities that existed. They were believed to be stable and indivisible. But in the final years of that century, two classic results showed this view to be false.

The first was the observation in 1896, by the French physicist Henri Becquerel, that photographic plates he was using were being fogged by radiation from uranium ores, despite the fact that he had wrapped the plates in light-proof paper and placed a metal sheet between the plates and the ores. Becquerel had accidentally discovered radioactivity, the phenomenon in which some atoms spontaneously decay and, in so doing, emit other particles. These new particles were fogging his photographic plates. (In physics, ‘decay’ carries no negative connotations. It simply means that a system is unstable and transforms to another more stable system with a smaller energy.)

There are three distinct types of radioactivity, one of which, beta decay, is caused by the third force of nature, the weak interaction. As observed in beta decay, the intrinsic strength of the weak interaction lies between that of gravity and electromagnetism and is typically one-thousandth of the strength of the latter. Although not directly experienced in our daily lives, the weak interaction controls the rate at which hydrogen is consumed in the Sun and so determines how much heat and light reach the Earth. Ultimately it determines how long life on Earth will be sustainable.

In beta decays, particles called neutrinos are emitted. Neutrinos have no electric charge and interact with matter only by the weak interaction and gravity. Because of this, they can pass through many millions of kilometres of material without interacting, making their detection extremely difficult. Their existence was predicted theoretically in 1930, but it took twenty-five years before they were confirmed to exist and a further fifty years to show that they had a mass, albeit a minute one even on the scale of particle masses. We still do not know an accurate value for the neutrino mass, but it is less than 10−9 times the mass of the lightest atom.

Some neutrinos are relics of the Big Bang and others are produced in supernovas, but the vast majority of neutrinos detected on Earth come from the reactions that power the Sun. Every second, somewhere between 1013 and 1014 neutrinos from the Sun pass through our bodies with minimal interactions, doing us no harm. Far smaller numbers are emitted by radioactive rocks in the Earth’s crust and a few thousand neutrinos result from the decay of traces of radioactive atoms in our own bodies.

Some unstable atoms decay to other atoms by emitting gamma ray radiation. This is part of the spectrum of electromagnetic radiation – waves that transmit electromagnetic energy. Electromagnetic radiation was predicted to occur by the Scottish physicist James Clerk Maxwell, who in the nineteenth century constructed a single theory that described both electricity and magnetism. Electromagnetic radiation is most familiar to us as visible light, X-rays, radio waves and microwaves. On the surface, these varieties of radiation appear to be very different. They certainly have distinct physical properties – we see using visible light, whereas exposure to X-rays can destroy our sight. These are a consequence of their different wavelengths and energies, yet each form consists of particles – photons – with zero mass and zero electric charge. The discovery that the universe is bathed in an almost uniform background of low-energy microwave radiation – the afterglow of the creative expansion – provided compelling evidence for the Big Bang.

The second blow to the indivisibility of atoms came in 1897 from a study of cathode rays made by the English physicist, J.J. Thomson. Cathode rays can be seen when a powerful battery is connected across two terminals set in a sealed glass tube from which most of the air has been removed. (You may remember that cathode ray technology was used in televisions before the invention of liquid crystal displays, or flat-screen televisions. In a television tube, a cathode emits electrons that are directed on to a glass screen coated with chemicals that produce coloured light when irradiated and creates the picture seen by the viewer.) One of Thomson’s experiments with a cathode ray tube showed that the radiation consisted of particles with a negative electric charge: electrons. When Thomson measured the mass of the electron, he found it to be unexpectedly small – about two thousand electrons have a mass equal to that of one hydrogen atom. Thomson’s discovery of the electron is often said to mark the start of particle physics.

Later experiments established that the electron has two much heavier siblings, the muon (or ‘mu’) with a mass about 200 times that of the electron and the tauon (or ‘tau’) with a mass about 3500 times greater. The electron, muon and tauon, together with the neutrino, constitute a family of particles called leptons (from a Greek word meaning ‘thin’). Unlike the electron, the muon and tauon are unstable and spontaneously decay via the weak interaction. They play no role in everyday matter and why they appear in nature is a puzzle.

Inside atoms and nuclei

Because stable atoms are by definition electrically neutral, meaning they have zero net electric charge, Thomson’s discovery implied that atoms must have an exactly equal positive charge within them. The form of this charge was investigated in a series of experiments carried out in the early part of the twentieth century under the direction of Ernest Rutherford, a brilliant scientist originally from New Zealand, working in England. Rutherford was very wary of elaborate theories and was known to say that he didn’t want to hear any physics that couldn’t be explained to a barmaid. Contrary to his expectations, Rutherford found that all the positive charge of an atom, and the vast bulk of its mass, were concentrated in a tiny region at the centre of the atom – ‘like a gnat in the Albert Hall’, as he described it. That gnat is the nucleus. Its minute size in relation to the size of the atom can be gauged by the fact that the dot on the ‘i’ would have to be magnified to at least 5000 km in diameter to be able to see the atom’s nucleus with the naked eye.

Rutherford’s revelation led the Danish theorist Niels Bohr to construct a ‘planetary’ model of the atom, in which the nucleus served as the ‘sun’ and the electrons, akin to ‘planets’, circled at great distances, not held in their orbits by gravity as in the solar system, but by the electromagnetic interaction. Although this analogy is widely used, it is only qualitatively correct. The ratio of the diameter of the Sun to the diameter of the Earth’s orbit is one hundred times that of the diameter of a nucleus to the diameter of an atom – that is, the fraction of ‘empty space’ in an atom is vastly greater than in the solar system.

Bohr constructed his model using the ideas of the newly-emerging quantum theory. One of the things the model explained was why atoms are stable. This was important, because according to both quantum physics and non-quantum physics (or classical physics), charged particles moving in circular orbits continuously radiate electromagnetic energy, thereby losing energy. If this process continued, it would result in the electrons spiralling into smaller and smaller orbits, eventually losing all their energy and leading to the atom’s collapse. This would not happen slowly; hydrogen atoms, for example, would have a lifetime of less than one second and without stable hydrogen there would be no universe as we know it. Instead, Bohr postulated that electrons move in fixed orbits around the nucleus and only radiate energy when they shift from one orbit to another. Such transitions successfully explained why electromagnetic radiation from heated atoms appears only at certain distinct wavelengths and not as a continuous spectrum of wavelengths.

Bohr was working at a time when atomic physics was in its infancy; modern quantum theory no longer interprets electrons as orbiting the nucleus in definite circular trajectories with well-defined velocities. (For an introduction to quantum ideas see Alistair Rae’s Quantum Physics: A Beginner’s Guide.) Nevertheless, with appropriate modifications, Bohr’s model of a very small central nucleus, with positive charge, surrounded by a cloud of negatively-charged electrons, remains the essential basis of our interpretation of atomic structure, chemistry and biology, so I will continue to use the straightforward language of electron orbits.

The simplest atom is hydrogen. In the Bohr model, it consists of a single electron orbiting a nucleus, which, to ensure the atom as a whole is electrically neutral, must have a single positive electric charge. The nucleus in this case comprises a proton, a particle about two thousand times heavier than the electron and with an effective radius of about 10−15 m. Heavier elements were initially thought to consist of nuclei with varying numbers of protons orbited by an equal number of electrons, ensuring that atoms were neutral. However, in 1932 the English physicist James Chadwick discovered another constituent of the nucleus. This was an electrically uncharged particle, about 0.1% heavier than the proton, called the neutron. This discovery was not unexpected, because Rutherford had already deduced that the nucleus must include uncharged constituents with masses similar to that of the proton and had even coined the name ‘neutron’. Protons and neutrons, collectively called nucleons, are members of a larger class of particles, baryons (from the Greek word meaning ‘heavy’, because at the time they were the heaviest particles known). We will meet other baryons in later chapters.

The discovery of the neutron was a crucial step in understanding nuclei, including radioactive ones. For example, beta decays are the transformation within a nucleus of a nucleon of one type, either a proton or a neutron, to the other. You may wonder how a proton can decay to a neutron if the neutron is heavier than the proton; conservation of energy would seem to make this impossible. However, while a proton not bound in a nucleus cannot transform to a neutron, it is possible in some circumstances for a proton within a nucleus to do so. This is because the proton can use the additional energy from the force that binds nucleons in the nucleus. Beta decay occurs if it results in the total energy of the final atom, taking into account the energy due to binding, being lower that that of the initial atom. The same applies to a neutron bound in a nucleus, whereas a free neutron can always decay to a proton.

The road to quarks

In the late 1940s and early 50s, more particles were discovered. Some, like the nucleons, were part of the baryon family but had new, unexpected properties. In addition, some unstable, very short-lived particles were found, with lifetimes of about 10−23 seconds, far shorter than any particle lifetimes known before.

To understand the behaviour of these very unstable particles, it is helpful to compare them to atoms and nuclei. The state of an atom or nucleus which has the smallest possible energy is called its ground state. Atoms and nuclei can be excited into unstable states, called resonances, by absorbing external energy, rather like the vibrations of a violin string. When the atom quiets and reverts to its ground state, the energy that was absorbed is released in the form of electromagnetic radiation, for example as visible light. (In the case of the violin, the energy appears as sound.) Excitations occur in nucleons and many other particles; these were the new, very short-lived states that were observed.

The existence of these new particles urgently needed an explanation. It took a decade to understand their complex production and decay patterns, but in 1961 theorists showed that both the ground states and the resonances of the particles could be interpreted as if they were clusters of even smaller particles, named quarks by the American physicist Murray Gell-Mann. Quarks are bound together in clusters by the last of the forces of nature, the strong interaction, which is typically forty times stronger than electromagnetism.

At the time, quarks were generally viewed as convenient devices for mathematical modelling and very few physicists believed they were real physical particles. One reason stemmed from the fact that observed particles, such as nucleons, had electric charges whose magnitudes were integer, or whole number, multiples of the charge on the electron, long considered to be the fundamental unit of electric charge. But if nucleons and other particles were composites of quarks, then the model required that quarks had electric charges that were not integer multiples; charges of [image: image] and [image: image] times the magnitude of the electron charge were predicted. Plus, no one had yet been able to detect particles with non-integer electric charges.

These doubts were not dispelled until the late 1960s, when a series of experiments, similar to those conducted by Rutherford, explored the structures within nucleons. The experiments confirmed that protons were indeed composite objects formed from three constituents, whose properties were consistent with those hypothesised for quarks. They also established that if a quark has any size at all it is at least a thousand times smaller than the size of a nucleon, no larger than 10−18 m. To return to the dot on the ‘i’, the dot would need to be magnified to at least ten million kilometres across to have any hope of seeing a single quark in a hadron with the naked eye. However, all attempts to free a quark from a nucleon, or any other particle, have thus far been unsuccessful, unlike in atomic physics, where electrons are easily removed from atoms and nuclear physics, where the nucleus can be split to yield its constituent protons and neutrons.
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