The particle zoo:

What is the Universe made of?

We know that atoms are small and have a central dense nucleus surrounded by electrons. Electrons are called elementary particles because they cannot be divided further (as far as we know today). But the nucleus contains protons and neutrons which are not elementary. They are made up of elementary particles called quarks. Quarks come in various types.

Just as chemists made sense of different types of atoms and wrote down the periodic table, so did particle physicists try and make sense of the different kinds of particles and make a table of particles. Since there are so many different types of particles with strange and exotic properties these are sometimes called the particle zoo. Together, the elementary and non-elementary particles are called sub-atomic particles since they were originally found inside the atom.

Finally, it was found that all particles also had partner anti-particles that were identical in most respects to the particles but would form anti-matter rather than matter if put together. However, very little anti-matter exists naturally in the Universe: all the galaxies we see are made up of matter, not anti-matter, and most anti-matter is only made in labs.

Cosmic radiation

The Earth is continually bombarded by very high energy sub-atomic particles which come from outer space. Where they come from and what gives them such high energies (much higher than the highest energies that are available in man-made accelerators such as the famous one at CERN in Geneva that discovered the Higgs particle) is one of the mysteries of this Universe. 

These particles are mostly protons and light nuclei such as Helium. When they reach the Earth, they interact with its atmosphere (Nitrogen and Oxygen in air) to produce a cascade of other sub-atomic particles in what is called an air-shower.

Muons and taus

Among the particles in the shower are muons (and their anti-particles). These are particles that are energetic and can even penetrate the Earth for a kilometer or more.  When these muons were studied further, it was found that they were negatively charged particles just like electrons. The more properties they looked for, the more it was like an electron, that is, in everything except its mass: it was about 200 times heavier than an electron. Why such a heavy “copy” of an electron should exist was a mystery: it could form "muonic-atoms" with protons where the electron was replaced by a muon, but these didn't last long.

The picture shows an image of the moon's shadow cast on the cosmic rays coming from space. The image is constructed by detecting the muons in the interactions of the cosmic rays.

In the late 1970s an even heavier copy of the electron was found. The tau is nearly 3,500 times heavier than an electron but otherwise is identical to it. The question, “Who ordered these copies?” remains unanswered even today along with the question, “Are there any more?”

Neutrinos

In addition, these three particles are associated with a neutrino each: the electron neutrino, the muon neutrino and the tau neutrino. The properties of the neutrinos are even more unusual; the job is made more difficult because they are difficult to detect. We will say no more about them now since the mystery of neutrinos themselves needs an article of its own! (Except to add: do not be confused between neutron and neutrino. Both are electrically neutral but it's the neutron that lives inside an atomic nucleus).

The six particles together are called leptons.

Inside the nucleus

We already said that protons and neutrons are made up of quarks. There are both positively and negatively charged quarks, but the exotic fact here is that they have fractional charges relative to the proton! So a u-type quark has 2/3 the proton charge and a d-type quark has -1/3 the proton charge.

But this is convenient because two u-type quarks and one d-type quark can together form a proton! In reality protons contain many many quarks and anti-quarks, with 3 excess quarks (2 u and 1 d). Can you now figure out how to make a neutron with quarks?

Protons, neutrons, and all other particles made of quarks are called hadrons.

By now you will not be surprised if I tell you that two heavier copies of both u and d type quarks have been found! The copies of the u are called c and t quarks, while the copies of the d are called s and b.  Again why these copies exist is a mystery, but there is one very important fact: the universe and all its matter is stable if there are equal number of copies among leptons and quarks.

(For the curious, u and d stand for up and down type. The other quarks are charm, strange, top and bottom; the latter two are also sometimes called truth and beauty).

Summary Question: So what is matter made up of?

Summary Answer: Quarks and leptons!

(Pictures from http://www.antonine-education.co.uk)

What is a particle anyway?

In the beginning of the twentieth century there was a revolution about how we thought about our Universe. There was matter (galaxies with stars and planets) and there was radiation (the light that filled our Universe). Matter was made up of particles but what about radiation?

A series of careful experiments brought out the fact that light can also be thought of as a particle called a photon. Once waves of light could be thought of as particles it was a short time to the realisation that particles could also be thought of as waves. This led to the concept of wave-particle duality.

This is a little difficult to understand but the most important consequence is that energy can be transferred only in packets called quanta, leading to the theory of quantum mechanics.  Ultimately, the description of all matter through quantum mechanics has led to our current understanding of particles and their interactions.

