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Introduction





What is the Universe made of? Where did it come from? How will it end? These are questions  which have dogged humanity since time began. For the first time, we may be close to having the answers. This guide is an introduction to modern particle physics. It describes how our view of the Universe has developed from the 1960’s to the present.





Outcome from this Guide





After reading this guide, you should have a basic understanding of how physicists view the Universe. You should be able to read about particle physics, and at least basically understand what’s being described.





Who is this guide for?





I have tried to make this guide useful to people with differing amounts of pre-existing knowledge of physics. If you aren’t currently familiar with physics, there will be sections that you don’t understand which you can safely skip over. To fully understand the guide you have to understand tensors and lagrangians. If you’re not familiar with these subjects, read my papers on the subjects on my homepage.





http://www.geocities.com/jefferywinkler





If you have any further questions, email me at jefferywinkler@hotmail.com





What can you expect?





The guide is divided into the following sections: Introduction, Background, The Standard Model, The Higgs Mechanism, Grand Unified Theory, Supersymmetry, Superstrings, and D-branes.�
�
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Background





Some writers use the phrase “particle physics” to specifically refer to the physics of the 1960’s and 1970’s. Other people simply use it to mean the study of our Universe at the smallest scale. In Ancient Greece, Democritus and others theorized that matter was made of atoms, but the overwhelming view, advocated by Aristotle, was that matter was composed of the four elements of fire, earth, air, and water. In medieval and Renaissance Europe, there was a shift to viewing what chemists now call the elements to be fundamental. In the 19th Century, John Dalton and others resurrected the concept of atoms to explain such things as the compressibility of gases. In 1879, J. J. Thompson discovered the electron. You had the Rutherford and the Bohr models of the atom. In the early 20th Century, relativity and quantum mechanics revolutionized how we viewed the world of the very small. Great physicists like Albert Einstein, Niels Bohr, Max Planck, Wolfgang Pauli, Paul Dirac, Erwin Schrodinger, Werner Hiesenberg, Max Born, and Hermann Weyl changed humanity’s view of the Universe forever. Paul Dirac predicted the anti-electron, called a positron. Then finally things settled down again, and we felt like we could basically explain the world. Then a large number of new particles started being discovered. That’s where I take up the tale. I describe the main innovations and discoveries in particle physics from the 1960’s to the present. Keep in mind that there is a deep connection between the world of the very small and the world of the very big, and so particle physics and cosmology are intrinsically intertwined. However, in this article I focus on the particle aspect of it.�
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Exercises





Why are you interested in physics?














What did you think of physics when you studied it in highschool?

















How do you imagine atoms? Do you imagine them as tiny billard balls? As electrons orbiting the nucleus like planets around the Sun? Do you imagine that there’s a statistical probability of an electron being at any given point in space?

















There are phrases used in physics named after these great men, such as the Bohr atom, Planck’s constant, and the Schrodinger equation. Can you think of any others?�
�






The Standard Model





In the beginning of the 20th Century, people thought that all matter was made of protons, neutrons, and electrons. That’s true for most matter you ever think about, but then new particles were discovered in cosmic rays and particle accelerators. It was noticed that there was a pattern in the properties of these new particles, which meant that they could be explained as made of smaller particles. By the mid-1960s, physicists realized that their previous understanding, where all matter


is composed of the fundamental proton, neutron, and electron, was insufficient to explain the myriad of new particles being discovered. Gell-Mann's and Zweig's quark theory solved these problems. Over the last thirty years, the theory that is now called the Standard Model of particles and interactions has gradually grown and gained increasing acceptance with new evidence from new particle accelerators. 





	


In 1964, Murray Gell-Mann and George Zweig tentatively put forth the idea of quarks. They suggested that mesons and baryons are composites of three quarks or antiquarks, called up, down, or strange (u, d, s) with spin 0.5 and electric charges 2/3, -1/3, -1/3, respectively. It turns out that this theory was not completely accurate. Since the charges had never been observed, the introduction of quarks was treated more as a mathematical explanation of flavor patterns of particle masses than as a postulate of an actual physical object. Later theoretical and experimental developments allowed us to now regard the quarks as real physical objects, even though they cannot be isolated. It's sort of the opposite of "lines of force" which were originally considered physical entities but are now regarded as mathematical constructs.





	


Murray Gell-Mann thought up the name "quark" by taking it from a line from James Joyce's "Finnegan's Wake" where it says, "three quarks for Muster Mark." Gell-Mann said that initially he didn't know where he got the name, and then he realized where he had heard it. It seemed appropriate since at that time only three quarks, up, down, and strange, were theorized. Gell-Mann also said the line suggested to him, "three quarts for Mister Mark," implying a guy drinking at a pub. James Joyce invented the word "quark" after hearing seagulls cawing. James Joyce got the title "Finnegan's Wake" from a popular Irish folksong of the same name. Since I was little, on St. Patrick's Day, we would listen to Irish records, one of which had that song. I first heard the word "quarks" when I was in the 5th grade, watching Carl Sagan's "Cosmos." At the time, I never imagined a connection between those two things.





	Since quarks and leptons had a certain pattern, several papers suggested a fourth quark carrying another flavor to give a similar repeated pattern for the quarks, now seen as the generations of matter. Very few physicists took this suggestion seriously at the time. Sheldon Glashow and James Bjorken coined the term "charm" for the fourth (c) quark. In 1965, O. W. Greenberg, M.Y. Han, and Yoichiro Nambu introduce the quark property of color charge. All observed hadrons are color neutral. 





	In 1967, Steven Weinberg and Abdus Salam separately propose a theory that unifies electromagnetic and weak interactions into the electroweak interaction. They shared the Nobel Prize, and when Abdus Salam received his, he was wearing a turban, baggy pants, and pointed shoes, which were the formal attire of his native Pakistan. Their theory requires the existence of a neutral, weakly interacting boson (now called the�EMBED Unknown���) that mediates a weak interaction that had not been observed at that time. They also predict an additional massive boson called the Higgs Boson that has not yet been observed. 





	In 1968-69, At the Stanford Linear Accelerator, in an experiment in which


electrons are scattered off protons, the electrons appeared to be bouncing off small hard


cores inside the proton. This is similar to the discovery of the atomic nucleus. James


Bjorken and Richard Feynman analyzed this data in terms of a model of constituent particles inside the proton They didn't use the name "quark" for the constituents, even though this experiment provided evidence for quarks. Sheldon Glashow, John Iliopoulos, and Luciano Maiani recognized the critical importance of a fourth type of quark in the context of the Standard Model. A fourth quark allows a theory that has flavor-changing �EMBED Unknown���-mediated weak interactions but no flavor-changing ones. Donald Perkins, spurred by a prediction of the Standard Model, re-analyzed some old data from CERN and found indications of weak interactions with no charge exchange, those due to a �EMBED Unknown��� exchange.





	Then, quantum field theory of strong interaction was formulated. This theory of


quarks and gluons, now part of the Standard Model, is similar in structure to quantum


electrodynamics (QED), but since strong interaction deals with color charge this theory is


called quantum chromodynamics (QCD). Quarks were determined to be real particles, carrying a color charge. Gluons are massless quanta of the strong-interaction field. This strong interaction theory was first suggested by Harald Fritzsch and Murray Gell-Mann.





	In 1973, David Politzer, David Gross, and Frank Wilczek discovered that the color theory of the strong interaction has a special property, now called "asymptotic freedom." The property is necessary to describe the 1968-69 data on the substrate of the proton. In 1974, in a summary talk for a conference, John Iliopoulos presented, for the


first time in a single report, the view of physics now called the Standard Model. That same year, Burton Richter and Samuel Ting, leading independent experimenters, announced on the same day that they discovered the same new particle. Ting and his collaborators at Brookhaven called this particle the "J" particle, whereas Richter and his collaborators at SLAC called this particle the psi particle. Since the discoveries are given equal weight, the particle is commonly known as the J/psi particle. The J/psi particle is a charm-anticharm meson.





	In 1976, Gerson Goldhaber and Francois Pierre found the D0 meson, anti-up and charm quarks. The theoretical predictions agreed dramatically with the experimental


results, offering support for the Standard Model. That same year, the tau lepton was discovered by Martin Perl and collaborators at SLAC. Since this lepton is the first recorded particle of the third generation, it was completely unexpected. In 1977, Leon Lederman and his collaborators at Fermilab discovered yet another quark and its antiquark. This quark was called the "bottom" quark. Since physicists assumed that quarks came in pairs, this discovery added impetus to search for the sixth quark, "top."





	Charles Prescott and Richard Taylor observed a �EMBED Unknown���  mediated weak interaction in the scattering of polarized electrons from deuterium which shows a violation of parity conservation, as predicted by the Standard Model, confirming the theory's prediction. The W± and �EMBED Unknown���  intermediate bosons demanded by the electroweak theory were observed by two experiments using the CERN synchrotron using techniques developed by Carlo Rubbia and Simon Van der Meer to collide protons and antiprotons.





	In 1989, experiments carried out in SLAC and CERN strongly suggested that there are three and only three generations of fundamental particles. This was inferred by showing that the �EMBED Unknown��� -boson lifetime is consistent only with the existence of exactly three very light or massless neutrinos. According to the Standard Model, there are three generations of particles, each containing two quarks, and two leptons, one of which is a neutrino. Neutrinos are very weakly interacting particles. The electron neutrino was first theorized by Wolfgang Pauli in 1931. The last neutrino to be observed, the tau neutrino, was first observed in 2000. The Greek letter  “tau” rhymes with “wow”.





	In 1995, after eighteen years of searching at many accelerators, the CDF and D0 experiments at Fermilab discover the top quark at the unexpected mass of 175 GeV. No one understands why the mass is so different from the other five quarks.





	In order to write down the Standard Model Lagrangian, you need the notation of the Dirac equation in order to express the spin structure, the requirements of gauge invariance that tell us to begin with a free particle Lagrangian and rewrite it with covariant derivative, and the idea of internal symmetries. In order to describe the particles and interactions known today, three internal symmetries are needed. Today, all experiments are consistent with the idea that the three symmetries are necessary and sufficient to describe the interactions of the known particles. It is easiest to describe how these symmetries act in the language of group theory.





	All particles appear to have a U(1) invariance. That invariance was related to the


electromagnetic interaction. All particles appear to have a second invariance under a set of transformations that form an SU(2) group, called the electroweak SU(2) invariance. These lead to a non-Albelian gauge phase invariance, analogous to the strong isospin invariance. The associated gauge bosons necessary to maintain the invariance of the theory are called �EMBED Unknown���. There is one boson for each of the three generators of SU(2) transformations so i = 1, 2, or 3. There is a third internal invariance, under a set of transformations that form an SU(3) group, giving an additional independent non-Albelian invariance. The associated gauge bosons are labeled Ga, where a = 1, 2, ... 8 since there is one spin-one boson for each of the eight generators of SU(3). The bosons are called gluons, and theory of particle interactions via gluon exchange is called Quantum Chromodynamics (QCD).





Here is the full Lagrangian for fermions.





�EMBED Unknown���





�EMBED Unknown����EMBED Unknown���





There are six color charges. They are red, blue, green, antired, antiblue, and antigreen.


The six quarks, six antiquarks, and gluons have color charge. Particles with color charge


can only combine is ways which cause the colors to cancel out. Currently, there are four


known ways this can happen.





Three quarks = red, blue, green = baryon





Three antiquarks = antired, antiblue, antigreen = antibaryon





Quark-antiquark pairs = red-antired, blue-antiblue, or green-antigreen = meson





gluon-antigluon pairs = red-antired, blue-antiblue, or green-antigreen = glueball





If you had two red quarks, two blue quarks, and two green quarks, the color charges would also cancel, but that would be two baryons. It has been suggested that there could possibly exist other combinations of various numbers of quarks, antiquarks, and gluons but that's tentative conjecture.





Here are some baryons. The antibaryons of these would be the same except the particles


and antiparticles would be reversed.





proton = two up quarks and a down quark = uud





neutron = two down quarks and an up quark = udd





Lambda,�EMBED Unknown��� = an up quark, down quark, and strange quark = uds





�EMBED Unknown���,�EMBED Unknown��� = uus





�EMBED Unknown��� = dds





�EMBED Unknown���= uds





�EMBED Unknown���,�EMBED Unknown���= uss





�EMBED Unknown��� = dss





Here are some mesons.





�EMBED Unknown��� = an up quark and an down antiquark = u�EMBED Unknown���





�EMBED Unknown��� = an up antiquark and a down quark = �EMBED Unknown���d





�EMBED Unknown��� = u�EMBED Unknown���





�EMBED Unknown��� = �EMBED Unknown���s





�EMBED Unknown��� = d�EMBED Unknown���





[�EMBED Unknown��� bar] = �EMBED Unknown���s





According to the Standard Model, there are three generations of fermions, each containing two quarks, and two leptons. The first generation is the up quark, down quark, electron and electron neutrino. The second generation is the strange quark, charm quark, muon and muon neutrino. The third generation is the top quark, bottom quark, tau particle, and tau neutrino. The fundamental bosons are the photon, the eight gluons, the �EMBED Unknown���, �EMBED Unknown���, and �EMBED Unknown��� vector bosons, and the graviton. What you think of as “normal matter” is composed of up quarks, down quarks, and electrons.�
Exercises





How did physicists describe the Universe before the Standard Model?
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What are quarks?
































How do we know quarks are real?















































Where does the word “quark” come from?





















































List what entities exist that different scales of size from quarks to humans.
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Who invented the name “charm quark”?





























What particle mediates the weak force?









































Once Richard Feynman was at a fancy party. The hostess asked him if he wanted sugar or lemon in his tea. Not knowing what to say, he said, “both please”.  The woman had a blank look on her face, and then said, “Surely you’re joking, Mr. Feynman”. Later he used that line as the title of his book. What do you think of that?























What is the significance of �EMBED Unknown��� exchange?























What is the difference between QED and QCD?
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What important events in particle physics took place in 1974?


























What is a J/psi particle?












































Name the six types of quarks.
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Wolfgang Pauli had thousands of his dreams analyzed by Carl Jung. Isacc Newton was into the occult, and wrote a million words on alchemy. How do you reconcile this with being a brilliant physicist?

















What are neutrinos?




















Which type of quark was the last to be observed? When was it finally observed?
















































































Why is the group describing the strong force more complex than that describing electromagnetism?
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How many gluons are there? Why are there that many?






























































What are color charges? 














What are the ways in which particles can combine so that their color charges cancel?
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What is a proton? What is a neutron? List all the fundamental particles that make up a heavy hydrogen atom.




















Why are baryons other than the proton and neutron not as common?




















What is the difference between a �EMBED Unknown��� and a �EMBED Unknown���?
































Describe how the particles of matter are organized according to the Standard Model.�
�



The Higgs Mechanism





A problem with the Standard Model is the question of why is it that the the �EMBED Unknown���, �EMBED Unknown���, and �EMBED Unknown��� particles that mediate the weak force have mass, while the other force carriers, the photon, eight gluons, and graviton, are massless. A new ingredient for the formulation of gauge theories was introduced by F. Englert and Robert H. Brout of the University of Brussels, and by  Peter Higgs of the University of Edinburgh. They found a way to endow some of the Yang-Mills fields with mass while retaining exact gauge symmetry. This technique is now called the Higgs Mechanism.





	The fundamental idea of the Higgs Mechanism is to include in the theory an extra field, one having the unusual property that it does not vanish in the vacuum. You usually


think of vacuum as space with nothing in it, but in physics, vacuum is defined as the state in which all fields have their lowest possible energy. For most fields, the energy is minimized when the value of the field is zero everywhere. An electron field, for instance, has its minimum energy when there are no electrons. The Higgs field is unusual in this respect. Reducing it to zero costs energy. The energy of the field is smallest when the field has some uniform value greater than zero. Therefore, Higgs particles will exist in any vacuum.





	The effect of the Higgs field is to provide a frame of reference in which the orientation of the isotropic arrow can be determined. The Higgs field can be represented as an arrow superimposed on the other isotropic indicators in the imaginary internal space of the hadron. What distinguishes the arrow of the Higgs field is that it has a fixed length, established by the vacuum of the field. The orientation of the other isotropic spin arrows can then be measured with respect to the axis defined by the Higgs field. In this way, a proton can be distinguished from a neutron.





	Before symmetry breaking, you have two neutral Higgs particles (�EMBED Unknown���), one negative Higgs particle (H-), and one positive Higgs particle (H+). After symmetry breaking, you have one neutral Higgs particle, �EMBED Unknown���, and the three intermediate vector bosons: �EMBED Unknown���, �EMBED Unknown���, and �EMBED Unknown���.





	What is called the Higgs Mechanism is the extension of the spontaneous symmetry breaking to create massive vector bosons in a gauge invariant theory. Here it will be shown for a U(1) theory.





�EMBED Unknown���





Adding the Lagrangian of the free gauge field A results in 





L = D^u�EMBED Unknown���* D�EMBED Unknown��� - V(�EMBED Unknown���) - (1/4)�EMBED Unknown����EMBED Unknown���





This new Lagrangian is now invariant under the U(1) gauge transformation 








�EMBED Unknown���(x) -> �EMBED Unknown���'(x) = �EMBED Unknown��� (x)�EMBED Unknown����EMBED Unknown���(x)


Au(x) -> A'(x) = Au(x) +�EMBED Unknown��� (x)





with �EMBED Unknown��� any differentiable function. Continuing in exactly the same way as for the Goldstone model with a negative  and expressing the Lagrangian in terms of the variables and  as defined in the Lagrangian above, the result is 





�EMBED Unknown���


�EMBED Unknown���


�EMBED Unknown���


+ higher terms





The Lagrangian clearly has a massive vector boson field A and two scalar fields �EMBED Unknown��� ,�EMBED Unknown��� with �EMBED Unknown��� massless, but unfortunately also a term A  which does not fit in. It can not be understood as a perturbative interaction term since it is quadratic in the fields, as the terms for the free field are. However, a careful analysis  shows that the Lagrangian has one degree of freedom too much. This extra degree of freedom can be absorbed by choosing a specific gauge, i.e., performing a gauge transformation, where (x) has the form 





�EMBED Unknown���(x) = (�EMBED Unknown���/2)[v + �EMBED Unknown��� (x)]





Such a gauge transformation is always possible and the chosen gauge is called the unitary gauge. In this gauge the field disappears and what is left is the Lagrangian 





�EMBED Unknown���


�EMBED Unknown���


+ higher terms





Therefore, it is seen that a complex scalar field and a massless vector field, both with two degrees of freedom, as a result of the Higgs Mechanism were transformed into one real scalar field with one degree of freedom and a massive vector boson field with 3 degrees of freedom. A massless spin 1 particle has two transverse polarized states while a massive spin 1 particle has an additional longitudinal polarized state. It should be noted that the field only disappears if the bosons are massless. This requires the vacuum state to be degenerate, i.e., the Higgs Mechanism will only work with a degenerate vacuum. 





The Higgs Mechanism was demonstrated here for a U(1) gauge invariant Lagrangian. To extend it to the SU(2) x U(1) gauge invariant Lagrangian of the electroweak theory is relatively simple. The starting point is a Lagrangian with a complex scalar doublet and four massless vector bosons. Counting degrees of freedom gives four from the scalars and eight from the vector bosons.





Through the Higgs Mechanism, the Lagrangian is transformed into one real scalar, three massive vector and one massless vector boson. The massless vector boson is, of course, to be identified with the photon and the single remaining scalar with the Higgs boson. Counting degrees of freedom again gives one from the Higgs, two from the photon and nine from the massive vector bosons, again adding up to twelve.





Introducing the masses of the vector bosons with one doublet of complex scalars is the simplest scenario. In principle, an infinite number of scalar fields can be introduced. The simplest supersymmetric models, instead, have five scalar fields left after the Higgs Mechanism, a doublet of charged scalars, two neutral scalars and one neutral pseudoscalar. 





The masses of the particles in the standard model are given as 





mH = �EMBED Unknown����EMBED Unknown���v


mW = vg


mZ = (mW)/(cos�EMBED Unknown���w)





where g is the weak coupling constant and the Weinberg angle. Using 





�EMBED Unknown���





where Gf is the Fermi constant, the vector boson masses can be expressed through Gf, �EMBED Unknown��� and sin�EMBED Unknown���w. With the Fermi constant measured from the muon lifetime and the Weinberg angle from the relative cross sections of neutral current ( vu + p -> vu + X) and charge current (v�EMBED Unknown��� + p -> �EMBED Unknown��� + X ) processes, it was possible to predict the masses of the vector bosons. Their discovery at the UA1 and UA2 experiments at the CERN Sp S was a great victory for the electroweak theory.�
Exercises








How are the vector bosons that mediate the weak force different from the other fundamental bosons?
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What is the Higgs Mechanism?





























Does a true vacuum contain Higgs particles?





























How is the definition of “vacuum” according to particle physics different from the popular meaning?





























What happens to the Higgs particles during symmetry breaking?
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How do you deal with the term A in the Lagrangian?







































































How were the fields changed by the Higgs mechanism?
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How many degrees of freedom are there?





























How were the vector bosons changed as a result of the Higgs Mechanism?



































Before symmetry breaking, the Higgs bosons were massless. What are their masses after symmetry breaking? 



























































�
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Grand Unified Theory





Much of the history of physics is about unification. During the last 20 years of Einstein’s life, he sought, unsuccessfully, to unify the forces of nature. If two forces are unified, that means that even though they appear to be two forces at the low energy levels we live at, they are actually one force. Theoretical investigations that have sought to unify the fundamental forces of nature can now peer even farther back than the first millisecond into the history of the Universe. The theories are called Grand Unified Theories (GUTs) because they attempt to understand the electromagnetic force, the weak force, and the strong force as distinct low energy manifestations of a single underlying phenomenon. Attempts to include gravity as well, are called Theories of Everything (TOEs), and string theory is the leading candidate. There are precedents in physics for such a unification. In the 19th Century, James Clerk Maxwell unified the theories of electricity and magnetism. In the 1960's, a deep connection was found between the weak force and electromagnetism.





	The simplest of the Grand Unified Theories was developed by Howard Georgi


and Sheldon Glashow of Harvard University in 1973. It is called minimal SU(5). The designation SU(5) refers to the mathematical group of symmetries on which the theory is based. It is minimal in that it is the theory with the fewest adjustable perameters which must be assigned a value by experiment. According to minimal SU(5), the strong, weak, and electromagnetic forces, which seem very different under ordinary circumstances, become indistinguishable when particles interact with an energy of approximately �EMBED Unknown��� billion electron volts (GeV). This energy exceeds the capability of even the largest planned particle accelerators by a factor of 10 trillion, and it is unlikely that such an energy will ever be achieved in the laboratory. It might seem that such a theory can't be tested but this is not the case. The theory has definite consequences at readily accessible energies.





	The theory provides a rationale for several established features of the physical world that have long seemed mysteriously arbitrary. It accounts for the quantization of electric charge, which is the observation that charge always comes in discrete multiples of a fundamental smallest charge. It gives a value for the relative strengths of the three forces, measured at ordinary laboratory energy, that is in reasonably good agreement with experimental results. The theory predicts new phenomena that can't be deduced from earlier theories. The most noteworthy example is the decay of the proton.





	In quantum electrodynamics, the interaction of two charged particles, such as two electrons, is related to the exchange of a third particle. The intermediate particle is the photon. It is different than a normal photon in that it does not transmit momentum from one particle to another, and is therefore called a virtual photon. It does this through the uncertainty principle introduced into quantum mechanics by Werner Heisenberg. The


uncertainty principle does not invalidate the conservation laws of energy and of momentum but it does allow a violation of the laws to go unnoticed if it is rectified quickly enough.





	In electromagnetism, the charged particles are either attracted or repelled by the exchange of a virtual photon but the particles are not otherwise altered. For instance, their charge is not changed. Therefore, the photon itself has no charge. Otherwise, it would carry charge from particle to another. The photon itself is massless. Therefore there is only one type of photon, and electromagnetism has the simplest form of symmetry, which is U(1) symmetry. The 1 refers to the fact that the photon interacts with only one particle at a time. The photon never transforms one kind of particle into another kind. The strong and the weak force are more complicated in this respect, and therefore have more complicated groups. The U stands for unity. You could graphically represent this by a square representing the photon, with an electron to the left, and another above it. You could think of the electron on the left as the particle that emitted the virtual photon, and the electron above it, as the particle that absorbed it. You could also think of the electron on the left as a particle before the exchange, and the electron above it, as one after the exchange, and is exactly the same.





	The prevailing theory of the strong force is quantum chromodynamics (QCD). It was modeled directly on quantum electrodynamics. The "chromo-" signifies that the force acts not between electric charges but between color charges. As in QED, the magnitude of the force between two charges is proportional to the product of the charges. Particles that have no color charge are not subject to the force. A dimensionless coupling


constant defines the intrinsic strength of the interaction. The coupling constant is much larger than the constant of electromagnetism, as might be expected for a force named strong.





	Whereas electromagnetism is associated with just one kind of charge, the strong force acts on three colors, red, green, and blue. Each color represents a combination of underlying color charges. There are three kinds of color charge, red minus green (R-G), green minus blue (G-B), and blue minus red (B-R). Each charge can have a value of +1/2, -1/2, or 0, and each color of quark is distinguished by a particular combination of values. A quark is red if it has an R-B charge of +1/2, a G-B charge of 0, and a B-R charge of - 1/2. A green quark has the color charges R-G = -1/2, G-B = +1/2, and B-R = 0. In a blue quark, the three charges are R-G = 0, G-B = -1/2, and B-R = +1/2. The anticolors associated with the antiquarks are formed simply by reversing the signs of all charges.





	The mechanism by which the strong force is transmitted is comparable to the corresponding mechanism in electromagnetism. The interaction between two charged particles is described by the exchange of a third particle. Whereas QED has a single massless photon, QCD has eight massless gluons. Furthermore, whereas the photon has no electric charge, some of the gluons do have color charge. The presence of a charged carrier fundamentally alters the character of the force. It means that the virtual particle can carry charge from the transmitting particle to absorbing particle, and so the charge of both particles is altered.





	The strong force is an SU(3) symmetry and is represented on a three by three matrix like a tic-tac-toe board. The three columns and the three rows are both labeled red, blue, and green. These are the colors of the emitting/absorbing quarks. The square in the green column, red row, represents a gluon with G-R color charge. A green quark that


emits a G-R gluon is converted into a red quark in the process. The diagonals in the matrix represent colorless gluons that do not alter the color of quarks. In the name SU(3), the 3 refers to the three colors that are transformed into each other by the gluons, and the S stands for sum, meaning the sum of the color charges in each SU(3) family is zero.





	The angular momentum of a particle is represented by a vector along the axis of


spin. The vector can either point in the same direction, or the opposite direction as the direction of motion. Let's say, it's in the same direction as the motion. Hold up your right hand, and curl your fingers. If the fingers of your hand are wrapped around the particle in the same sense as the spin, the thumb indicates the direction of motion. Therefore such a particle is called right-handed. If you hold up your left hand in the same way, it will


represent a particle in which the vector of the angular momentum is in the opposite direction as the motion, and is thus called left-handed. Among the neutrinos, there only exist left-handed neutrinos and right-handed antineutrinos. At least this was the long held view. Recently, it has been suggested that there exist sterile neutrinos where the handedness is reversed from normal.





	States of different handedness must be distinguished because the weak force acts


differently on left-handed and on right-handed particles. Like the other forces, the weak force is associated with a charge, and the intrinsic strength of the weak interaction can be defined by means of a dimensionless coupling constant. The weak charge is unusual in that it is assigned on the basis of handedness. Only left-handed particles and right-handed antiparticles have weak charge. Right-handed particles and left-handed antiparticles are neutral with respect to the weak force and do not participate in these interactions.





	The weak force acts on doublets of particles. The theory that describes it is an


SU(2) theory in which the two members of each doublet can be transformed into each


other. For example, the left-handed neutrino and left-handed electron make up one doublet. They are assigned weak charges of +1/2 and -1/2 respectively. The left-handed up quark and left-handed down quark compose another doublet, or three other doublets if you count each color separately.





	Three particles associated with the weak SU(2) symmetry mediate transitions


between the members of each doublet. The intermediary particles are the �EMBED Unknown���, with both a weak and an electric charge of +1, the �EMBED Unknown���, with weak and electric charge of -1, and the �EMBED Unknown���, which is neutral with respect to both the weak and electromagnetic forces. The �EMBED Unknown���  and �EMBED Unknown��� transform the flavors of particles. A left-handed electron can emit a �EMBED Unknown��� and thereby be converted into a left-handed neutrino. In the process, the electric charge changes from –1 to 0, and the weak charge goes from –1/2 to +1/2. Do you see how if the W’s –1 electric charge is taken away from the electron, the electron’s electric charge goes up one, and when the W’s –1 weak charge is taken away, the electron’s weak charge goes up one from –1/2 to +1/2?





	Now let’s look at the unification of the electromagnetic force and the weak force. Let’s say you represent a weak interaction on a two by two matrix, with the electron a neutrino, as both the rows and columns. The lower left-hand square, in the neutrino row, electron column, is the �EMBED Unknown���. The upper right-hand square, in the electron row, neutrino column, is the �EMBED Unknown���. The diagonals are �EMBED Unknown���. Now let’s say that two electrons interact by exchanging a �EMBED Unknown��� particle, as do two neutrinos. This will symbolize electromagnetism. Now let’s superimpose the electromagnetism squares onto the weak matrix. In the upper left-hand square, �EMBED Unknown��� + �EMBED Unknown��� = the �EMBED Unknown��� particle and the photon. In the lower left-hand square, the �EMBED Unknown��� + �EMBED Unknown��� = �EMBED Unknown���. This new two by two matrix is called SU(2) x U(1) symmetry, and describes all possible electromagnetic and weak interactions between an electron and neutrino.





	There is a parallel between looking back to the origin of the Universe, and looking at very small distance scales. In the beginning of the Universe, there were much higher energies. Today, at extremely small distance scales, there is also much more energy available. The shorter the distance, the shorter the length of time, it takes a particle to travel that distance. The shorter the length of time, the more energy can be borrowed via the Heisenberg Uncertainty Principle. Therefore looking at distance approaching the Planck length today is like looking at time approaching the Planck time after t = 0. You can illustrate this electroweak symmetry breaking. At distances much smaller than �EMBED Unknown��� centimeters, the full symmetry is expressed. At such close range, the massive W and Z particles are exchanged as readily as massless photons. Therefore the weak and electromagnetic forces are effectively unified. Another way of saying this, is that an experiment that according to the Heisenberg Uncertainty Principle, the energy needed to probe a certain distance is inversely proportional to the distance. An experiment that examined the structure of a particle at a range less that �EMBED Unknown��� cm would have to be done at energies more than 100 GeV. At this energy, W and Z can be freely created, as freely created as the photon, and the mass difference between them and the photon is negligible. At distances of about �EMBED Unknown��� cm, the complex phenomena responsible for breaking the SU(2) x U(1) symmetry begin to intrude. W and Z particles are still observed but look quite different from the photon. At still larger distances, there is insufficient energy to create real W and Z particles, so we only see the effects of the


exchange of virtual ones.





	Now let’s combine the strong force with electromagnetism and the weak force.


We need a larger group that contains both SU(3) and SU(2) x U(1) as component structures. Many groups have this property, but the one with the most advantages, including simplicity, is SU(5), which is a group of all possible transformations of five distinct objects. This is shown on a five by five matrix. Imagine a grid with five rows and five columns. It will have 5 x 5 = 25 squares. Imagine the five rows are a red, blue, and green quark, say a down quark, and then an electron and an antineutrino. In the upper left-hand corner, where the rows and columns are quarks, you have the three by three matrix of the strong force. Therefore the SU(3) symmetry of QCD is contained within SU(5). In the lower right-hand corner, where the rows and columns are the electron and neutrino, you have the two by two matrix that we created earlier that combined electromagnetism and the weak force. Therefore the SU(2) x U(1) symmetry of the electroweak is contained within SU(5). You can imagine the particles representing the


rows emitting the particles in the squares and becoming the particles in the columns. You


can imagine the particles representing the columns absorbing the particles in the squares and becomes the particles in the rows. This five by five matrix describes all possible electromagnetic. Weak, and strong interactions between red, blue, and green down quark, an electron, and an antineutrino. All the particles in the diagonals have no charges at all,


and cause no transformations.





	Notice that the five by five matrix has a bunch of squares that did not appear in either the previous two by two or three by three groups. There are six new squares in the lower left, and six more new squares in the upper right. These two squares which have leptons for rows and quarks for columns, or vice versa, would transform leptons to


quarks, or vice versa. The SU(5) theory postulates 12 new intermediary particles, labeled X. Each X particle carries weak charge, color charge, and electric charge. The electric charges have values of plus or minus 1/3 and plus or minus 4/3.





	As with the distribution of color charges in SU(3), the table of charge assignments in SU(5) has some intriguing regularities. For each kind of charge, the sum of the charges assigned to the five particles is zero. For example, each of the three quarks has an electric charge of –1/3 but these are balanced out by the positron’s electric charge of +1. A related observation is that all four varieties of charge are carried by at least some of the SU(5) intermediary particles. The gluons have color, the W+ and W- have both weak charge and electric charge, and the X particles carry all four forms of charge.





	From these two facts, it can be deduced that all the charges are necessarily quantized. All electric charges must be multiples of 1/3. If a particle with some different charge were accepted into the family, the SU(5) carrier particles could not be emitted or absorbed by it without violating the conservation of charge. Moreover, it is not just the minimum interval between charges that is fixed. The actual values of the charges are determined by the requirement that the total charge be zero. Here at last is an explanation of the quantization of electric charge. The same requirement explains the exact commensurability of the lepton and quark charges, which in turn implies the exact neutrality of the atom. In addition, the intriguing coincidence that all color neutral systems of particles have integral electric charge follows from the organization of the family.





	If quarks can be converted into leptons, as in SU(5), then you can have failure of baryon number conservation. Let’s say you have a proton forming the nucleus of a hydrogen atom. The proton consists of two up quarks and a down quarks, and the colors of the three quarks is red, blue, and green. If two quarks happen to approach within �EMBED Unknown��� centimeter, an X particle can pass between them. For example, a right-handed red down quark can emit an X with an electric charge of –4/3 and color charges corresponding to red. The down quark, having lost its color charge, and having changed its electric charge from –1/3 to 1, would thereby become a positron. Meanwhile, the X particle could be absorbed by a left-handed green up quark, which would be converted into a left-handed up antiquark with the color antiblue. The new up antiquark would combine with the remaining up quark to form a neutral pi meson. The baryon numbers of both the positron and pi meson are zero, so that the total baryon number went from +1 to 0. The positron would then meet an electron, perhaps that which was part of the original hydrogen atom, and annihilate each other. The up quark and up antiquark would also annihilate each other. Therefore an entire hydrogen atom, all by itself, would be converted into photons.





	In the early Universe, and at very small distances today, X particles would exist freely, so leptons and quarks could be freely converted into each other. In that world, it’s meaningless to make a distinction between quarks and leptons, since they are so freely interchanged, and so there would only exist one particle. At a range of �EMBED Unknown��� centimeter, the world may be a very simple place, with just one kind of elementary particle and only one force, two counting gravity. In this world, all matter would be unstable, with quarks and leptons being eventually converted to photons.�






Exercises














How was grand unification a logical consequence of the direction physics had taken over the previous century?















































What is the simplest grand unified theory?
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What are some of the things explained by grand unified theory that were not otherwise explained?





















































What is a virtual photon? How is it different from a normal photon?


















































What happens if two charged particles exchange a virtual photon?
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What are the color charges in QCD?


















































Photons do not themselves have electric charge but gluons do have color charge. What is the effect of this difference?
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A matrix is a grid with columns and rows. An SU(3) matrix has three columns and three rows. Draw a picture of an SU(3) matrix. Draw a picture of an SU(5) matrix.









































What does it mean for a particle to be right-handed or left-handed?



















































































What is a doublet of particles?
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What is a �EMBED Unknown��� particle?





















































Why are very small distance scales similar to the very early Universe?
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The Heisenberg Uncertainty Principle was developed by Werner Heisenberg who also developed the matrix formulation of quantum mechanics. During World War II, he worked on the atomic bomb project for Nazi Germany. For that reason, the American government had a plan to assassinate him. Would it have been right to kill such a great physicist?
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What is an X particle?
























































Why are the charges required to be quantized?
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How could a lepton be converted into a quark?
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Supersymmetry





One problem is the hierarchy problem, which is why  is the electroweak scale at such lower energies than the Planck scale, and why is gravity so much weaker than the other forces? An attempt to explain this was supersymmetry. Supersymmetry was invented in 1973 by Wess and Zumino, and earlier in a nonlinear realization by Volkov and Akulov. Supersymmetry is based on the idea that for every ordinary particle there exists a superpartner having similar properties, except for a quantity known as spin.





There are two kinds of ordinary particles: basic constituents of matter and those that mediate forces. Constituents of matter are leptons and quarks. They are fermions, which are particles that carry a spin equal to half-integer units. Particles that mediate forces, such as photons, are bosons, which means that their spins are integer units such as 0, 1, 2, etc. Bosons can occupy the same energy state while fermions can not. Therefore, fermions occupy different energy states while bosons clump together in the lowest energy state.





Supersymmetry relates particles with different spins, namely those with the adjacent spins. Any fermion and boson with adjacent spins can be manifestations of a single superparticle, like an arrow in auxiliary space. Supersymmetric transformations result in a change in the orientation of a particle.





Supersymmetry is the name given to a hypothetical symmetry of nature. Basically, it is a symmetry which relates fermions and bosons. Just as there are operators that change neutron -> proton, e -> v, we can postulate the existence of operators that change bosons to fermions, Qb> = f which a conjugate operator going the opposite way. Q leaves all quantum numbers unchanged except spin. It has been shown that mathematically consistent, supersymmetric quantum field theories can be constructed. The motivations for studying supersymmetric theories is quite strong. However, today there is not yet any experimental evidence that the universe is supersymmetric.





According to supersymmetry, every fermion is associated with a boson that is identical except for spin, and every boson is associated with a fermion that is identical except for spin. The supersymmetric partner of a fermion has a spin of 1/2 less than the fermion. The supersymmetric partner of a boson has a spin on 1/2 less than the boson. Supersymmetric partners are denoted by a ~. They are named by attaching an -ino for a gauge boson or an s- for a fermion. Thus the supersymmetric partner of the photon is the photino, which has the symbol �EMBED Unknown���, and a spin of 1/2. The supersymmetric partner of the electron is the selectron, which has a spin of 0. The supersymmetric partner of the up quark is the up squark, which has a spin of 0. The supersymmetric partner of the gluon is the gluino, which has a spin of 1/2. The supersymmetric partner of the muon neutrino is the muon sneutrino, which has a spin of 0. The supersymmetric partners of W and Z intermediate vector bosons are winos and zinos. The supersymmetric partner of the graviton is the gravitino. Supersymmetric particles are called sparticles. The supersymmetric partners of fermions and bosons, are sfermions and bosinos. I've noticed that the word "sfermion" is one of the only words in the English language that has an "s" followed by an "f".





If there were an unbroken supersymmetry, then many phenomena would occur. There would be a super-hydrogen atom with �EMBED Unknown��� bound to a proton. The chemistry of multi-selectron atoms, with bosons rather than fermions bound to the nucleus, would be very different. There would be additional weak interactions with �EMBED Unknown��� and �EMBED Unknown��� exchanged. Obviously, we don't live in a universe with an unbroken supersymmetry.





Since we know about the broken symmetry of the electroweak theory, perhaps there is a similarly broken supersymmetry. Just as with the fermion masses in the Standard Model, a supersymmetric theory can be written that allows the superpartners to have arbitrary masses. But no one has found a way to calculate the masses. Currently, we can only search for supersymmetric particles at whatever mass range is accessible to experiment. Just as in the Standard Model, once you assume mass values for the superpartners, the theory is fully predictive. All rates can be calculated.





To calculate in supersymmetry, you need the Feynman rules. You just take the rules for the Standard Model, and replace the particles by their partners in pairs, keeping the coupling strengths the same. The replacement has to be in pairs since otherwise the number of half-integral spin particles would be odd, and it would be impossible to conserve angular momentum in a transition.





In addition to the interaction of a photon with quarks, there is a quark-squark-photino interaction, and a photon-squark-squark interaction. The strengths of all of the gauge couplings are just the measured ones we already know, because the measured couplings would know about the existence of the supersymmetric theory even if we don't. Because the couplings change with momentum transfer, if the superpartners were very much heavier than �EMBED Unknown���, there would be differences in the couplings. There is a space-time dependence in the vertices of the Feynman diagrams which changes as the spin changes. If it were necessary to know the space-time dependence, you would have to go back and construct the full Lagrangian, which would then generate the appropriate space-time dependence. It is usually the simplest possibility that occurs.





You can draw three important conclusions for a normal supersymmetric theory.





1. Supersymmetric partners will be produced in pairs starting from normal particles.





2. The decay of supersymmetric particles will contain a supersymmetric partner.





3. The lightest supersymmetric partner will be stable.





Because of this last conclusion, the lightest supersymmetric particle (LSP) is one of the candidates for the missing mass in the Universe.





Starting from beams of quarks and leptons, you can draw a variety of diagrams to superpartners. The production cross sections involve the same couplings we are used to, so the cross sections are typical of production rates for W's, quarks, etc., except that there is a phase space suppression if the superpartners are heavy. Next, you have to ask how the partners would act once they are produced. For simplicity, let's assume that gluinos are heavier than squarks, so the decay �EMBED Unknown��� -> q(�EMBED Unknown���) is not allowed by energy conservation, and that photinos are lighter than squarks, winos, and zinos. Then the dominant decays for any sfermion with electric charge will be�EMBED Unknown��� -> f + photino, such as smuon -> muon + photino, or down squark -> down quark + photino. Typical decay widths for a superpartner of mass m will be a multiple of m, [gamma] ~ �EMBED Unknown���m, where [gamma] is the decay width. If m is in the tens of GeV, then [gamma] is of the order 0.1 - 1 GeV. The associated lifetimes are short compared to �EMBED Unknown��� seconds, so only the decay products would enter the detector.





To complete the analysis, it is necessary to decide which will be the lightest supersymmetric particle (LSP), since all the others will decay into it. There are several possibilities, but it's usually assumed to be the photino for simplicity. If some other superpartner were lighter than the photino, you could go through a similar analysis. Details would change but the qualitative conclusions would not.





Since all the superpartners that are produced will decay in a very short time, only normal particles plus the photino will enter the detector. To detect the presence of supersymmetry, we must be able to detect the photino. To see how to do that, you have to study how it interacts. The photino will interact by hitting a quark in the detector, which it reacts with to form a squark. The squark could be real or virtual, depending on the available energy. For simplicity, let's assume the squark is real. The cross section is 





�EMBED Unknown���





[sigma] = [summation over q][integral] dx q(x) [^sigma](^s)





where �EMBED Unknown��� is the cross section, x is the fraction of the proton's momentum carried by the quark, q(x) is the quark structure function, and �EMBED Unknown��� is the constituent cross section for �EMBED Unknown��� + q -> �EMBED Unknown���. There is a sum over all the quarks in the proton. The square of the center of mass energy of the �EMBED Unknown��� is (�EMBED Unknown���), so (�EMBED Unknown���) = m squared, where m is the squark mass. Also, (�EMBED Unknown���) = xs, where s is the square of the center of mass energy of the photino and proton.





The matrix element is approximately m ~ �EMBED Unknown���, where �EMBED Unknown��� is the quark charge (2/3 or -1/3). As usual, you replace the spinors by the appropriate mass. If you go through the rest of the calculations, you end up with





[sigma]([~gamma]p) = ((4([pi]<sup>2</sup>)[alpha])/(M<sup>2</sup>))(F((M<sup>2</sup>)/s))





Notice that, although we are working in a hypothetical theory, we have calculated the photino interaction cross section in terms of familiar quantities, plus an assumed squark mass. To estimate �EMBED Unknown��� numerically, you have to pick a value for m. Analyses such as this have been done and currently imply that a signal for a squark would have been seen if m< 70 GeV, so let's assume the mass of the squark is about that of a W particle. Looking up F in the Particle Data Tables, we find that over a range of x in the region x~ 0.1, F is about 0.15. Then �EMBED Unknown���~ 2.5 x �EMBED Unknown���10 cm. This is typical of a neutrino cross section, about �EMBED Unknown��� of a pion cross section.





A typical photino will not interact in a detector. It will escape, carrying away momentum. Thus, the experimental signature of supersymmetry is an event where apparently momentum is not conserved. Such events can also occur if neutrinos are produced, for example in decays of W's or heavy quarks, but then a charged lepton is also produced. If events are ever discovered with apparent failure of conservation of momentum and no charged leptons, they could be a signal of supersymmetry. Then, detailed analysis can establish whether they could, in fact, come from production of superpartners. The relative rates for various processes, the distribution of missing momentum from large to small, and a number of other quantitative predictions can all test whether a supersymmetric interpretation is possible.





To see why symmetry between bosons and fermions is of interest to the study of elementary particle physics, I point out that renormalizable quantum field theories with scalar particles, such as the Higgs sector of unified gauge theories, have the unfortunate feature that the scalar masses have quadratic divergences in one- and higher-loop orders. Unlike the logarithmic divergences associated with fermion masses, which can be eliminated by taking advantage of chiral symmetries, there is no apparent symmetry that can control the divergences associated with scalar field masses.





If you assume that the loop integrals are cut off at a scale �EMBED Unknown��� >> �EMBED Unknown���, where new physics appears, a natural value for the scalar mass would be �EMBED Unknown���, and it's hard to see why the Higgs mechanism leads to a mass scale of �EMBED Unknown���/g. In fact, this problem gets worse if there is no new physics until all the way down to the Planck scale, since in that case �EMBED Unknown��� = Mpl, and extremely fine tuning is needed to understand the electroweak scale. In the technicolor model, the scale of technicolor interaction provides a natural cut off for �EMBED Unknown���, but without that, you need some other way of eliminating the quadratic divergences. If you have a theory that couples fermions and bosons, the scalar masses have two sources for their quadratic divergences: one from the scalar loop which comes with a positive sign, and one from the fermion loop with a negative sign. This suggests that if there was a symmetry that related the couplings and masses of fermions and bosons, all divergences from scalar field masses could be eliminated.





One of the first requirements of supersymmetry is an equal number of bosonic and fermionic degrees of freedom in one multiplet. I'll demonstrate this with a single example. Let's say you have two pairs of creation/annihilation operators: (a, [a dagger]) and (b, [b dagger]), with a being bosonic and b being fermionic. They satisfy the following


commutation and anticommutation relations, respectively:





[a, [a dagger]] = { b, [b dagger]} = 1





The Hamiltonian for this system can be written as:





H = (wa)[a dagger]a + (wb)[b dagger]b





If you define the fermionic operator:





Q = [b dagger]a + [a dagger]b





then





Q, [a dagger]] = +[b dagger] {Q, [b dagger]} = [a dagger]





Thus if [a dagger] 0> and [b dagger] 0> represent bosonic and fermionic states respectively, Q will turn bosons into fermions and vice versa.





[Q, H] = ((wa) - (wb))Q





So, for (wa) = (wb), meaning there is equal energy for the bosonic and fermionic states, H is supersymmetric. In this case,





{Q, [Q dagger]} = (2/w)H





Therefore, the algebra of Q, [Q dagger], and H closes under anticommutation. If there is more than one a and b, then there must be an equal number of them, otherwise the two above equations can't be satisfied together.





One point that distinguishes supersymmetry from other known symmetries is that the anticommutator of Q, [Q dagger] involves the Hamiltonian. For any other bosonic symmetry, the charge commutation never involves the Hamiltonian.





I will spare you the long derivation of the supersymmetric Lagrangian,





�EMBED Unknown���





which leads to new field equations F = G = 0 in addition to the usual ones for A, B, and �EMBED Unknown���. F and G are auxiliary fields. They are added to make the Lagrangian invariant for arbitrary values of the fields.





Soon after the discovery of supersymmetry by Wess and Zumino, Salem and Strathdee proposed the concept of the superfield as the generator of supersymmetric multiplets. You want to maintain symmetry between ordinary space and fermionic space, so you introduce four extra dimensions. You can describe the fermionic coordinates as elements of a Majorana spinor or as a pair of two-component Weyl spinors. Points in superspace are then identified by the coordinates





�EMBED Unknown��� = (�EMBED Unknown���, �EMBED Unknown���,�EMBED Unknown���)





where �EMBED Unknown���'s are anticommuting spinors. Salam and Strathdee proposed that a function �EMBED Unknown���(x, �EMBED Unknown���, �EMBED Unknown���) of the superspace coordinates, called superfield, which has a finite number of terms in its expansion in terms of �EMBED Unknown��� and �EMBED Unknown��� due to their anticommuting property, be considered as the generator of the various components of the supermultiplets.





Often, in physics, we notice a pattern in what we observe, and then try to think up something that could account for it. In medieval Europe, a few alchemists noticed that some irreducible substances had similar characteristics and could be grouped together. This evolved over time until the modern periodic chart was developed independently by Dmitry Mendeleyev in 1869, and Julius Myer in 1870.





So, then, we had this pattern in the elements, and we were motivated to think up something which could explain the pattern. The final conclusion of this process was the atomic shell theory, in which atoms with the same number of valence electrons in their outer shell have similar properties. A similar process started in the 1930's, when a large number of new particles were discovered. These particles were grouped into Eightfold Way patterns, developed independently by Murray Gell-Mann and Yuval Ne'eman in 1961. This illustrated a pattern in the characteristics of baryons and mesons. These patterns were used to think up the idea of quarks, developed independently by Murray Gell-Mann and George Zweig.





Today, we notice patterns in the characteristics of quarks and leptons, which we call Standard Model, and we're in the process of trying to think up something that could account for it. With supersymmetry, we're trying to do something similar, except in that case, we do not observe a pattern in the characteristics of fermions and bosons. We are simply imagining that one exists.





Actually, Aristotle did something similar. He theorized that each of the elements was associated with a platonic solid. The problem with this was that there were four elements and five platonic solids. Therefore, he just invented another element, which he imagined was the element that celestial bodies were made out of.�






What does the name “supersymmetry” suggest to you? How could something be super symmetric?
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What is the difference between fermions and bosons? Are electrons fermions or bosons?




















































































































What is a supersymmetric partner?
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What is the supersymmetric partner of the following particles, and what is supersymmetric partner’s spin?





1. electron (spin 1/2) -





2. photon (spin 1) -





3. top quark (spin 1/2) -





4. X particle (spin 1) -





5. graviton (spin 2) –





6. Higgs particle (spin 0) –

























































































What do you think of the names squark and photino?
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What are the three important conclusions about a normal supersymmetric theory?
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The lightest supersymmetric partner (LSP) would be stable. What are the consequences of this? If this particle exists and is everywhere, why don’t we see it?
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How could you detect a photino even if it doesn’t interact with the detector.
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The technicolor model is the idea that quarks and leptons could be made of even smaller particles. Could particles be made of smaller particles going down for infinity?
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Give examples throughout history of when scientists noticed patterns in nature, and then tried to think of something that could account for it.
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Superstrings





Superstring theory is the quaint idea that the Universe is actually made up of itty bitty rubber bands. It takes guts to publish that theory. Actually, superstring theory has achieved one of the holy grails of particle physics. One of the greatest problems in modern physics has been unifying gravity with the other forces. This has finally been achieved using string theory. Traditionally, fundamental particles such as electrons were thought of as point-like 0-dimensional objects. A generalization of this is fundamental strings, which are 1-dimensional objects. They have no thickness but do have a length, typically �EMBED Unknown��� cm. This is very small compared to the length scales that we can reasonably measure, so these strings are so small that they practically look like point particles. However, their stringy nature has important implications. 





Strings can be open or closed. An open string is a line segment, and a closed string is a little loop. As they move through space-time, they sweep out an imaginary surface called a worldsheet. An open string will sweep out a 2-D strip, and a closed string will sweep out a hollow tube.





Strings have certain vibrational modes which can be characterized by various quantum numbers such as mass, spin, etc. The basic idea is that each mode carries a set of quantum numbers that correspond to a distinct type of fundamental particle. This is the ultimate unification: all the fundamental particles we know can be described by one object, a string! A very loose analogy can be made with, say, a violin string. The vibrational modes are like the harmonics or notes of the violin string, and each type of particle corresponds to one of these notes.





Let’s say you had a closed string with the following mode:





http://members.tripod.com/~jefferywinkler/strinmod.gif





This is a mode that is characteristic of a spin-2 massless graviton, the particle that mediates the force of gravity. This is one of the most attractive features of string theory. It naturally and inevitably includes gravity as one of the fundamental interactions. 





Let’s say you had the following Feynman diagram:





http://members.tripod.com/~jefferywinkler/feynman.gif





In string theory, it would be described like this:





http://members.tripod.com/~jefferywinkler/suprstrn.gif





The fact that there are no sharp edges or vertices in the string version is what makes it possible to combine gravity with the other forces. When you combine string theory with supersymmetry, you have superstring theory.





Strings interact by splitting and joining. The above example is the annihilation of two closed strings into a single closed string. Notice that the worldsheet of the interaction is a smooth surface. This essentially accounts for another nice property of string theory. It is not plagued by infinities in the way that point particle quantum field theories are. Notice that the interaction point occurs at a topological singularity in the Feynman diagram.





If you glue two of the basic closed string interactions together, you get a process by which two closed strings interact by joining into an intermediate closed string, which splits apart into two closed strings again. This is the leading contribution to this process and is called a tree level interaction. To compute quantum mechanical amplitudes using perturbation theory, we add contributions from higher-order quantum processes. Perturbation theory provides good answers as long as the contributions get smaller and smaller as we go to higher and higher orders. Then we only need to compute the first few diagrams to get accurate results. In string theory, higher-order diagrams correspond to the number of holes or handles in the world sheet.





This is a great improvement, since at each order in perturbation theory there is only one diagram. In point particle field theories, the number of diagrams grows exponentially at higher orders. Unfortunately, extracting answers from diagrams with more than about two handles is very difficult due to the complexity of the mathematics involved in dealing with these surfaces. Perturbation theory is a very useful tool for studying the physics at weak coupling, and most of our current understanding of particle physics and string theory is based on it. However, it is far from complete. The answers to many of the deepest questions will only be found once we have a complete non-perturbative description of the theory.





Historically, strings were introduced to describe the world of hadrons; but the appearance of spin 2 particles in the string spectrum, as well as other problems, prompted J. Scherk and John Schwarz to suggest that they may be relevant for the description of a unified theory of gravity and elementary particles. John Schwarz, one of the greatest physicists currently alive, was a hippie in the 1960’s. It is this idea which has been developed into the beautiful superstring theories, which some believe could represent the ultimate theory of everything.





The fundamental objects in superstring theories are one-dimensional strings rather than zero-dimensional points; and when they evolve they sweep out two-dimensional surfaces. It is amazing that a supersymmetric version of these strings leads to many important ingredients, such as the gauge groups, the fermion representations, etc., that form the core of the unified gauge theories. At the same time, it fixes the number of space-time dimensions. There are also strong hints that these theories are free of the divergence difficulties that exist with local field theories.





Let’s say you have a bosonic string, which is given by the variable x(�EMBED Unknown���, �EMBED Unknown���) where �EMBED Unknown��� (sigma) parametizes the position of a point on the string and �EMBED Unknown��� (tau) gives the time evolution. The variable x(�EMBED Unknown���, �EMBED Unknown���), then, describes a surface embedded in the d-dimensional space-time, where u = 0,1,...d-1, and u is the dimension of x.





To describe the quantum mechanics of this system, you need an action which we will write down in analogy with the case of point particles. The action of the point particle is given by the distance on the world line. Using this analogy, Nambu and Goto postulated that the action of a string must be given by the area of the surface swept by the string. To calculate the area, you look at a blown-up version of an infinitesimal area on the world surface of the string. The area enclosed by ABCD is given in Minkowski space as





�EMBED Unknown���A = (dx/d�EMBED Unknown���)(dx/d�EMBED Unknown���) d�EMBED Unknown���d�EMBED Unknown��� sinh �EMBED Unknown���





�EMBED Unknown���A = (dx/d�EMBED Unknown���)(dx/d�EMBED Unknown���) d�EMBED Unknown���d�EMBED Unknown����EMBED Unknown���





�EMBED Unknown���A = d�EMBED Unknown���d�EMBED Unknown����EMBED Unknown���





where x’ x” = x’u �EMBED Unknown���, �EMBED Unknown��� = x’u �EMBED Unknown���, x’u = dxu, x” = dxu/d�EMBED Unknown���. I’m using “ for differentiation with respect to time. The action for the string is then given by





�EMBED Unknown���





where T is the string tension which has a mass dimension 2.





Notice an important symmetry group for the string, which is invariance under the reparametization, or coordinate transformation, of �EMBED Unknown���(sigma), �EMBED Unknown���(tau) to �EMBED Unknown���’, �EMBED Unknown���’.





In the first superstring revolution (1984-1985) we learned there were five consistent superstring theories:  I, IIA, IIB, HO, HE each of which requires 10 dimensions, with 9 space and one time. The extra six dimensions must curl up into a tiny geometrical space. Since space-time geometry is determined dynamically (as in General Relativity), only geometries that satisfy the equations are possible. The HE  superstring theory on a particular kind of six-dimensional space, a Calabi-Yau space, resembles the Standard Model of particle physics at low energies.





Type IIA and IIB are superstring theories, which means they combine supersymmetry with string theory. The excitations on a string can be thought of as little waves that travel around a string. HO and HE string theory are heterotic string theories, which means the waves traveling one direction are supersymmetric, and those traveling in the other direction are not. Here is a brief description of the string theories.





Type I – can be open or closed, has SO(32) gauge symmetry, and is parity violating





Type IIA – closed, has no gauge symmetry, and is parity conserving





Type IIB – closed, has no gauge symmetry, and is parity violating





HO – closed, has SO(32) gauge symmetry, and is parity violating





HE – closed, has E(8) x e(8) gauge symmetry, and is parity violating





Recently, it was realized that these five different versions are simply different mathematical formulations of a single underlying theory called M-theory. It’s similar to how in quantum mechanics, Heisenberg’s matrix theory and Schrodinger’s wave theory are mathematically equivalent, and are simply different formulations of a single underlying theory.





It is often said that superstring theory is not testable because string phenomena exist at such short distances and such high energies. We will probably never be able to do experiments at �EMBED Unknown��� GeV or at �EMBED Unknown��� cm. As a result, several people, including great physicists such as Sheldon Glashow, have claimed that string theories are not testable, which, in turn, led John Horgan to write a book titled “The End of Science”. However, this is not true. The theory of superstrings is testable.





First of all, a theory that can explain why we observe three families of chiral quarks and leptons will have passed a big test. It must also explain why matter comes as quarks and leptons but not other possible forms such as leptoquarks. If superstrings can do that, that’s strong evidence in its favor. Second of all, experimental evidence doesn’t have to come out of a massive supercollider. There are ingenious ways of looking at low energy phenomena and finding evidence either for or against superstrings. Some superstring models determine the electron, muon, tau, and quark masses. Calculating the ratio of tau to muon masses correctly will be a convincing test. The rotation from symmetry eigenstates to mass eigenstates, and the associated CP violation phase, will have to emerge from a successful model.





Whether the proton can decay, the associated lifetime, and final states may probe distances near the Planck scale. Due to the way the observed gauge groups break, there may be extra U(1) symmetries that lead to one or more Z’ bosons. The presence or absence of these bosons and their properties would be a major test of the theory. If superstring theories can explain why the neutrino mass is so small and predict or explain the present and future observed neutrino data, that will be a major test.





Basically, if a superstring theory can predict or explain what we observe about particle physics, that will be strong evidence in its favor. It is not necessary to build a supercollider that can actually reach the stupendous energies at which stringy phenomena would become readily observable.�






Have you heard of superstrings before now? What do you think of the idea?
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Pythagoras studied the vibrations of strings. Notice hoe 2500 years later, that’s relevant to modern physics.





































































































Why is it possible to unify gravity with the other forces in string theory, but not with grand unification or other attempts to unify it?
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Perturbative theory treats particles as free particles, and non-perturbative theory treats them as part of a larger particle. How is it inaccurate to treat particles that are parts of a larger particle as if they were free?
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If a theory predicts that there are nine spatial dimensions, how do you make that consistent with the fact we only observe three?

















Describe the five types of string theory.





















































Erwin Schrodinger thought up the Schrodinger’s Cat paradox, which was a cat that according to the rules of quantum mechanics, was both dead or alive at the same time. Erwin Schrodinger was also a notorious womanizer who had hundreds of mistresses. It was said that his theories had “all of the chemistry and most of the physics” of his affairs. Several universities refused to hire him because he was living, not only with his wife, but one of his mistresses and illegitimate daughter. Was it right for them to refuse to hire him?
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How might we test whether superstring theory is true?
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D-branes





Strings can have various kinds of boundary conditions. For example, closed strings have periodic boundary conditions (the string comes back onto itself). Open strings can have two different kinds of boundary conditions called Neumann and Dirichlet boundary conditions. With Neumann boundary conditions the endpoint is free to move about but no momentum flows out. With Dirichlet boundary conditions the endpoint is fixed to move only on some manifold. This manifold is called a D-brane or Dp-brane (p is an integer which is the number of spatial dimensions of the manifold). Here, open strings with one or both endpoints are fixed on a two-dimensional D-brane or D2-brane.





http://members.tripod.com/~jefferywinkler/dbrane.gif





D-branes can have dimensions ranging from -1 to the number of spatial dimensions in our space-time. Superstrings exist in a 10-dimensional space-time which has 9 spatial dimensions and one time dimension. Therefore, the D9-brane is the upper limit in superstring theory. Notice that in this case the endpoints are fixed on a manifold that fills all of space, so it is really free to move anywhere and this is just a Neumann boundary condition. The case p= -1 is when all the space and time coordinates are fixed; this is called an instanton or D-instanton. When p=0 all the spatial coordinates are fixed so the endpoint must live at a single point in space; therefore, the D0-brane is also called a D particle. Similarly, the D1-brane is also called a D-string. The suffix "brane" comes from the word "membrane." The full word "membrane" is reserved for 2-dimensional manifolds or 2-branes.





D-branes are actually dynamical objects which have fluctuations and can move around. For example, they interact with gravity. Here you see one way in which a closed string representing a graviton can interact with a D2-brane. Note how the closed string becomes an open string with endpoints on the D-brane at the intermediate point in the interaction.





http://members.tripod.com/~jefferywinkler/dbrane2.gif





Branes have been tossed around by theorists since the mid-1980's. What we normally think of as a membrane, something like a thin elastic sheet, is called a 2-brane, the 2 standing for the number of dimensions of the sheet. A string could be called a 1-brane, a membrane with one dimension. A similar elastic object of three dimensions would be a 3-brane. In p-dimensional space, you could have a p-brane. A conventional point particle is a 0-brane.





As originally conceived, a theory of fundamental two-dimensional membranes seemed a natural extension of string theory; but in many respects such models appeared much less tractable than models of strings or conventional point particles. D-branes, however, arise in a different manner as entities whose presence in the full nonperturbative theory is implied by a type of symmetry. A D-brane can be viewed as a kind of topological defect that has the distinguishing property that string endpoints get stuck on it and all the dynamics of the object comes from these stuck strings.





	Joseph Polchinski, working with Jin Dai and Robert Leigh at the University of Texas in Austin, thought up D-branes in 1989 while working to better understand the behavior of strings when some space dimension is shrunk down to a circle of radius R. For closed strings, strings that form closed loops with no endpoints, there was a well-defined correspondence between one theory with very small R, and another with a large R' = �EMBED Unknown���'/R, where �EMBED Unknown���' is approximately the square of the Planck length. Today, this relation is better understood in terms of T duality. It was not clear how closed-string duality could coexist with open strings which have two endpoints. Polchinski, Dai, and Leigh solved this puzzle when they realized that the ends of the open strings had to be attached to an extended object, which turned out to be the D-brane.





Consider what duality does to the boundary conditions at the ends of open strings. For a free open string, before the duality transformation is carried out, Neumann conditions apply at each end of the string. No current or energy flows off the ends. However, after the duality transformation is applied, the ends of the dual open strings are all restricted to lying within a single hyperplane with the dimensions of the hyperplane dependent on how many dimensions of space-time are dualized. This restriction on the location of the string ends is a set of Dirichlet conditions, and the hyperplane is a prototypical Dirichlet-brane, or D-brane. When you allow for the effects of virtual open strings interacting with a D-brane, you see that it is not rigid and fixed in space but is a dynamical entity with an effective action. It can oscillate, move through space-time, and interact with strings and other D-branes.





In late 1995, Polchinski demonstrated that D-branes carry charges analogous to an electric charge. This crucial development enabled Andrew Strominger and Cumrun Vafa to construct charged quantum black-hole states out of a combination of strings and D-branes and then count the number of quantum states present. Also, the specific spectrum of charges carried by D-branes neatly fills out multiplets of states that you would expect to be present because of the duality symmetry of string theory.





The success of D-branes has led people to address the question of what D-branes and strings are at a more fundamental level. One possibility is that strings could be made of D-branes. Tom Banks, Stephen H. Shenker from Rutgers University, Willy


Fischler of the University of Texas at Austin, and Leonard Susskind of Stanford, put forward a proposal that realizes this possibility. In this proposal, the fundamental objects are 0-branes, described by supersymmetric matrices. The matrix model is one proposal for what theorists call M-theory, an 11-dimensional theory to which all the flavors of superstring theory seem to be related. Superstring theory is usually formulated in 10 dimensions. Theorists in this field are currently devoting much of their activity to testing the matrix model proposal.





Other possibilities of what D-branes and superstrings may be at a more fundamental level are that D-branes and strings could both be fundamental, that D-branes could be solitons made up of strings, or that D-branes and strings could be made of something else altogether.





A recent theory is brane world cosmology, which states that the Universe itself is a giant D-brane. This explains the hierarchy problem, and is derived from Kaluza-Klein theory which was developed at the beginning of the 20th Century. For more on brane world cosmology, read my paper on the subject on my homepage.





http://www.geocities.com/jefferywinkler





I hope you enjoyed this glimpse of the Universe at modern fundamental level. Of course, the story isn’t over, and will never be over. There will always be unanswered questions, and will always be physicists trying to answer them.�
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Would you describe a string as a D0-brane?
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What is the benefit to D-branes having charge?









































How would you convince the following people





1. Aristotle





2. Isaac Newton





3. Albert Einstein





4. a highschool student





5. a philosopher





6. member of the public





7. particle physicist in 1970





8. modern particle physicist





of the existence of the following





a) molecules





b) atoms





c) the atomic nucleus





d) protons





e) quarks





f) the Higgs particle





g) a virtual photon exchanged between electrons





f) strings





g) D-branes
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