Forces and interactions

“You can't touch me, Sheriff. I brought my attack dog with a built-in force field!”

  --One-Eyed Bart, when Woody is about to arrest him, in the Disney movie Toy Story.

To proceed further, the question to address is, how do matter and radiation interact to form the known Universe? The attempt to answer this question has led to the formulation of what is called the Standard Model of particle physics.

Summary so far

We have seen that matter is made up of many types of elementary particles called quarks and leptons. We also saw that light, the most common type of radiation known to us, can also be thought of as a particle called photon. This led us to quantum mechanics, which is important when the interacting objects are very small, as these elementary particles are. Finally, Einstein also showed that the laws of physics have to be consistent with the special theory of relativity. These are modifications of Newton's laws of motion when the interacting particles have large speeds, since nothing can exceed the speed of light. So the Standard Model is a theory that is relevant to small particles whizzing about at nearly the speed of light.

The forces

There are four fundamental forces. These are the forces that elementary or fundamental particles like quarks and leptons experience. These are electromagnetic, strong, weak and gravitational forces. For instance, friction is fundamentally an electromagnetic force.

BOX: How small is small?

It's convenient to label 1,000, which has 3 zeros, as 103. Similarly, a million, with 6 zeros, is 106. It becomes easy to write down really large numbers this way. How do you write small numbers? As inverses: one in a thousand is 1/1000 or 10-3. One in a million is 10-6. And so on. In this scale, the size of an atom is 10-10 m! And a nucleus is 100,000 times smaller: about 10-15 m. That's so small, you can't see it in the conventional way through microscopes.

END OF BOX

Electromagnetic forces

You know all about electricity and magnetism. Together they are called electromagnetism. We know that an atom is stable because the positively charged proton holds the negatively charged electron through electromagnetic forces. In fact, since we are made of atoms, we are held together by electromagnetic forces! Electromagetic radiation (light) is responsible for these forces. Within the Standard Model, the interaction is modeled as follows: an electron (say) emits a photon.

When this photon is absorbed by a proton (for instance), there is an interaction between them; this is how the electromagnetic force is mediated by photons. The photon is called the carrier of electromagnetic interactions.

When you think of light in the form of waves (say sunlight filling your room), you can think of a force field existing through all space. When packets of this radiation (according to quantum mechanics) are exchanged by particles, you can think of it as a particle (photon) of this force field.

This model of interactions is repeated for all known forces. That is, when two particles exchange a force carrier, they experience that particular force or interaction.

Strong forces

Quarks in protons are held together by what are called strong forces. They are strong because they must be larger than the electromagnetic forces (otherwise two like-sign u-type quarks in the proton will repel each other and the proton will break up). The quarks exchange gluons in order to experience strong interactions. So gluons are called the mediator of strong forces. Like photons, gluons are massless, but there are eight different kinds of gluons.

Weak forces

All matter in the Universe (that is, all quarks and leptons) experience weak interactions. One of the examples of weak interactions is radioactivity. There are three mediators of weak interactions, of which two have electric charge, the W+ and W-, while the Z is neutral. Unlike electromagnetic and strong forces, the mediators of weak interactions are massive, nearly 100 times heavier than protons.

Just as the forces of electricity and magnetism were unified into the single theory of electromagnetism, later weak and strong forces were also unified in the Standard Model.

Gravity

This is one of the earliest known forces. All objects that have mass experience this force. Unfortunately, we still do not have a complete quantum theory of gravity. It is believed that a massless particle called the graviton is responsible for gravity. Gravity is the only force that is always attractive. Ultimately, gravity caused the Sun to become a star, and galaxies to form. In fact, the entire Universe that we see today is held together by gravity.

Wave-particle duality

According to quantum theory, all matter particles like leptons and quarks also have a wave nature while all radiation fields like photons, gluons, W and Z bosons, etc., also have particle nature. Hence particle can behave like waves and waves can behave like particles! What then is the fundamental difference between matter and radiation? We know that they are different: for instance, have you ever confused sunlight falling on your table with your breakfast? Sounds absurd, right?

Bosons and Fermions

There is a fundamental difference. There are two fundamental types of particles in Nature, called bosons and fermions. The former were named for the Indian scientist Satyendranath Bose while the latter were named for the Italian-American scientist Enrico Fermi. The fundamental reason these two types of particles are different has to do with a property of theirs called spin. This property has nothing to do with a spinning object like a top, but is simply a property of a particle, like its electric charge. 

While bosons have integer spins (in some natural units called hbar), fermions have half-integer spins.

All matter particles are fermions. In fact, all leptons and quarks have spin 1/2. 

All mediators of interactions are bosons. Apart from the graviton, all have spin 1; the graviton is supposed to have spin 2.

There is one more fundamental boson that makes up our Standard Model; this is the Higgs boson.
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