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The Origin of Mass in Particle Physics
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Lecture VIII: Supersymmetry and Extra Dimensions

1. Physics at higher energies 

The unification of physical laws brings forward simplicity in our understanding of the working of nature. Maxwell unified the electric and magnetic force in the same mathematical equations. Einstein blurred the sharp distinction we had about space and time and matter and energy in a unified framework. The electromagnetic and weak forces can be described in the common mathematical setup of electroweak theory. As we know, the four forces – electromagnetism, weak, strong and gravity have very different strength. The strength of forces is characterized by coupling constants. If the strong force coupling is taken to be unity, then relative to that the couplings for other forces are as follows

	Coupling Constants

	Strong
	
	1

	Electromagnetic
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	1/137

	Weak
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	10-6

	Gravity
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	10-39


In the standard model, the values of these couplings change with energy, which has been verified experimentally. If the trends are extrapolated to very high energy, Standard Model predicts these couplings to converge to comparable values as shown the figure below.
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The predictions of the Standard Model have been verified with high precisions at present energies, the question is whether the predictions it makes sense at higher energies are sensible. It is hard to say if a prediction is sensible or not, unless it has been is verified experimentally. Similar to the electroweak theory, there are mathematical models that predict that the electroweak and the strong forces can be combined in a common mathematical framework. Such theories are called Grand Unified Theories. In such theories at very high-energy scale (1016 GeV) the strong and electroweak forces become comparable. The energy at which gravity becomes comparable to other forces is called the Planck scale (1019 GeV). The fact that nature should have these very different scales is known as the hierarchy problem. The figure below illustrates the different energy scales.
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One of the problems foreseen with the Standard Model predictions at very high-energy scales is that the Higgs boson (if it exists) will couple to more and more virtual particles at higher and higher energies and become extremely massive. In order to avoid such problem the standard model would have to have a very fine-tuning of its parameter – something like adjusting a pencil vertically with the tip down on a table and hoping to hit the balance spot where it will fall in 10 minutes. This is not to say that nature might not have chosen this solution – it just sounds very unnatural. 

2. Supersymmetry (SUSY)

Supersymmetry solves the problem of diverging Higgs mass by introducing symmetry between the matter particles (leptons and quarks) and the force carriers (gluons, photons, 

W, Z). Theories related with SUSY have been around for about three decades now, but they still have to be confirmed experimentally.  Since, none of the SUSY particles (a mirror image for each of the Standard Model particles) are observed at present energies, it is assumed that the symmetry is broken at some higher energy (~ 1000 GeV) and these superpartners are heavy to be observed at present experimental energy. The picture below illustrates the symmetry and the possible existence of superpartners.
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If super symmetry were to be true it would also imply that the couplings of all the force will become the same at very high energies as illustrated in the figure below.
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Such unification, if it exists would give a very simple picture o working of nature.

3. Extra Dimension

The hierarchy problem would not exist if the Planck scale were not very high energy of 1019 GeV, but closer to 1000 GeV. The other way to say this is - if gravity was not as weak as it is known, but stronger, then the Planck scale by definition would be much closer. In recent times such propositions have been made where it is assumed that the apparent weakness of gravity is due to the fact that it diffuses in extra dimensions. What this means is that gravity is comparable in strength to other forces but, if there were extra spatial dimensions, which were large, gravity could travel in them and appear weak in the lower dimensional (3space dimensions) space. If extra dimensions were true, we could be living on a three-dimensional flat space in higher dimensions like the picture below. In the lower picture the surface of the cylinder is our world of three space and one time dimensions and radial direction to the cylinder surface represents the extra dimension in which gravity can travel.
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Both Supersymmetry and Extra dimensions have signature that should be strongly tested at the Large Hadron Collider (LHC) experiments at CERN in few years.
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