
Atoms and particles

• Electrons, neutrinos, and quarks are called matter particles.

• There are actually 3 generations of each of the matter particles. The 
particles we listed so far are just the 1st generation.
• The first generation of neutrinos are called electron neutrinos.

• The 2 higher generations consist of similar but more massive 
particles.

• They are unstable and decay almost immediately into other 
particles, so they don’t make up normal matter.

• The table in the next slide lists all 3 generations of matter, as well 
as the force carriers.



The particles of the Standard Model
Credits: Modification of work by Cush (Wikipedia)



Atoms and particles

• Particles have another very important property: spin.

• Remember from lecture 6 of ASTR 1P01:
• Momentum is the “total movement” of all the atoms in an object.

• Angular momentum is the “total rotation” of an object around an axis.

• Basically, spin is angular momentum due to the particle “spinning” 
around its own axis (like the spin of a planet).
• This is an oversimplification, but the precise definition is very complicated.

• Physics students will learn all the details in my 4th-year course PHYS 4P51: 
Quantum Mechanics.



Atoms and particles

• Spin can be integer (0, 1, 2, ...) or half-integer (1/2, 3/2, 5/2, ...)

• Particles that have integer spin are called bosons.
• Force carriers (photons, gluons, W and Z bosons) have spin 1. Therefore, 

they are bosons.

• Particles that have half-integer spin are called fermions.
• Matter particles (electrons, quarks, neutrinos) have spin 1/2. Therefore, 

they are fermions.



Atoms and particles

• The Higgs boson is the only known particle with spin 0.

• It is not a force carrier (spin 1) nor a matter particle (spin 1/2).

• Instead, it is responsible for giving mass to some elementary 
particles, including quarks, electrons, and W & Z bosons.
• The Higgs boson does not give mass to composite particles like protons, 

neutrons, or atoms. That is a common misconception.

• The Higgs boson is the most recent particle to be discovered, in 
2012, using the Large Hadron Collider (LHC) at CERN.

• It was theorized in 1964, but only in 2012 we had sufficiently 
advanced technology to detect it.



Atoms and particles

• CERN is the European Organization for Nuclear Research (in 
French: Conseil Européen pour la Recherche Nucléaire), 
established in 1954.

• It is located near Geneva, on the France-Switzerland border, and 
operated by 23 member states (all European, except for Israel).

• CERN is the largest particle physics laboratory in the world, 
employing and hosting thousands of scientists.

• In addition, it’s also the birthplace of the World Wide Web 
(meaning the concept of websites and web browsers).



Atoms and particles

• The Large Hadron Collider (LHC) is located at CERN.

• Large: It is a tunnel of 27 km in circumference.

• Hadron: All composite subatomic particles that are made of two or 
more quarks are called “hadrons”.
• This includes protons, neutrons, and other particles I haven’t mentioned. 

• Collider: The LHC accelerates protons to give them very high 
kinetic energy, and then collides them together.



Atoms and particles

• In this collision, some of the kinetic energy of the protons is 
converted to rest energy (mass).

• So very massive particles, like the Higgs boson, can be created and 
studied.

• Imagine two cars crashing into each other, but in the collision, 2 
trucks, 5 motorcycles, and 9 skateboards appear out of nowhere!

• This is our first example of converting between mass and speed.



Video

• I will show a short animation of a collision in the LHC.

• The animation is available at this URL:

https://youtu.be/imOpF9bP0wc

https://youtu.be/imOpF9bP0wc


Atoms and particles

• I was an undergraduate summer student at CERN in 2012, when 
the Higgs boson discovery was announced.

• The goal of my summer research project was to improve the 
accuracy of the Higgs boson measurements.

• This was after it was already detected, so I can’t take credit for the 
discovery...



Prof. Barak Shoshany in 2012, as an undergraduate summer student at CERN near Geneva, Switzerland.



Prof. Barak Shoshany in 2012, as an undergraduate summer student at CERN near Geneva, Switzerland.



Atoms and particles

• To summarize, subatomic particles can be either:
• Elementary particles, not made of any smaller particles (as far as we 

know), for example quarks and electrons.

• Composite particles, made of smaller particles, for example protons and 
neutrons (made of quarks).

• In the next slide I will summarize what we learned about all the 
elementary particles of the Standard Model.



The particles of the Standard Model
Credits: Modification of work by Cush (Wikipedia)



Antimatter

• For every particle, there is a corresponding antiparticle, which is 
the same in all aspects, but has the opposite charge.

• For example:
• The electron has charge −1. Its antiparticle is the positron, with charge +1.

• The proton has charge +1. Its antiparticle is the antiproton, with charge −1.

• The photon has charge 0. Its antiparticle is itself.

• Antimatter is matter composed of antiparticles.



Antimatter

• Most things, including us and everything around us, are made of 
“ordinary” matter: electrons, protons, and so on.

• Antimatter is very rare. It can be generated in some natural 
processes, or in particle accelerators like the LHC, but only in 
microscopic quantities.

• Even when antimatter is generated, it doesn’t survive long.

• The reason is that when a particle and its antiparticle collide, they 
annihilate and are converted to other particles.

• There are matter particles everywhere, so it doesn’t take long 
before such a collision happens.



Antimatter

• For example, an electron and a positron can collide, annihilate, and 
produce two photons.

• In equation form, we can represent this as:
𝑒− + 𝑒+ → 𝛾 + 𝛾

• 𝑒− is an electron (negative charge)

• 𝑒+ is a positron (positive charge, antiparticle of the electron)

• 𝛾 is a photon (denoted by the Greek letter gamma)



𝑒− 𝑒+

𝛾𝛾

Animation of electron-positron annihilation



Antimatter

• An electron has a mass of ~0.5 MeV and charge of −1.
• We often write just MeV instead of MeV/𝑐2 for brevity.

• A positron has the same mass, but its charge is +1.

• So the total mass before the collision is ~1 MeV. The total charge is 
0 because the charges cancel.

• Now the collision happens:
𝑒− + 𝑒+ → 𝛾 + 𝛾

• The photons have no mass and no charge.

• Charge is conserved: 0 before, 0 after. What about mass?



Antimatter

• We see that mass is not conserved.

• A total of ~1 MeV of mass has “disappeared”.

• Due to 𝐸 = 𝑚𝑐2, this mass is equivalent to ~1 MeV of rest energy.

• This energy becomes the kinetic energy of the photons.
• But wait! Photons are light, so they always move at the speed of light, no 

matter what. What role does kinetic energy have?

• It turns out that photons oscillate, and the kinetic energy determines how 
fast they oscillate – that is, the frequency (and wavelength) of the light. We 
will learn more about that later.

• This is our second example of converting between mass and speed.
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