Conservation Laws in Particle Events

In the 1940’s, ‘50’s and ‘60’s physicists found all sorts of particles that were not covered by the periodic table. They grouped these into three main categories: baryons, mesons or leptons. Some leptons are: the electron e, the electron neutrino e, the muon and the muon neutrino . Some examples of baryons are: the proton p, the neutron n, and the deltas and +.  Some examples of mesons are: the pions +, - and ( and the kaons +, -, (. Each baryon and each lepton also has an antiparticle which has the same mass but are opposite in charge. When a particle encounters its anti-particle they annihilate and their mass is changed into energy. Conversely, particle-antiparticle pairs can be formed from pure energy. (Note: Antiparticles are usually denoted by a bar above the symbol. This activity uses a bar below because it is easier to type. The matter particle symbols are written in bold to help emphasize the distinction.)
Chemical reactions conserve energy, mass and individual atoms. In this investigation you will be exploring other conservation laws in particle physics events. These laws helped physicists to see patterns in the events and this led to the development of the standard model of physics. According to the standard model the hundreds of different particles are made from just 6 quarks, 6 leptons and their anti-particles. 
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The following table gives a set of events that do occur and a set that don’t occur.
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For questions 1 to 6 find the clearest examples for each potential conservation law. If something is conserved it will be conserved in all the reactions that do occur and there should be an example of an event that does not occur because of this. If something is not conserved, there should be an example of it not being conserved in the reactions that occur.
Conservation of Mass

1) In a chemical reaction, mass is conserved. Is this true for events in particle physics?

No. Event 10) has got the extra mass of two pions. This mass came from kinetic energy, via E = mc2.  Other clear examples are 3), 4) and 8)

All of the events fail to conserve mass when you add up the masses of the individual particles. This missing mass goes into photons in events 8) and 12) or kinetic energy of the particles. Event 1) is what happens in beta decay. When it was first studied, it looked like the combination of mass and energy wasn`t conserved. The neutrino was proposed to account for this. The neutrino was finally detected in 1956; 26 years after Pauli proposed its existence.
Conservation of Particles

2) In a chemical reaction, new particles are made by rearranging already existing particles. Numbers of molecules are not conserved, but the numbers of atoms are. Is the number of particles conserved in the events in the table above?

No. Events 10) and 4) are the clearest examples. In event 10) two pions came out of nowhere. In event 4 a neutral pion appeared from nothing. This question is really just the same as the clearest examples from the first question. The number of fundamental particles is not conserved because they can be made from energy via E = mc2. This is the biggest difference between chemical reactions and particle events. 
Event 1) looks like a neutron might be made of a proton, an electron and an anti-neutrino. However, event 3) looks like a proton is made of a neutron and a positive pion. Put together that says that a neutron is made of neutron and positive pion and electron and an anti-neutrino. In other words, the last three particles were made out of nothing. Molecules can turn into other molecules because the atoms that they are made of are rearranged. However, when fundamental particles change into other fundamental particles, there is no rearrangement of pieces. They change from one type to another. It is more like alchemy or magic. 
Conservation of Charge

3) In an electrochemical reaction, charge is conserved. Is this true for events in particle physics? 

Yes, every example that occurs, events 1-13, has conserved charge. Events 14) and 21) don’t occur, because they don’t conserve charge.

Conservation of Baryon Number

4) Highlight the baryons in each event. Are the numbers of baryons conserved? What if you consider antibaryons like a negative baryon number so it will cancel like charge does?

Baryon number is conserved except for events 6) and 7) and if we consider the anti-baryons to have a negative baryon number it is also conserved there. Examples 15), 16), 19), 21), 23) and 26 don’t conserve baryon number. 

Conservation of Meson Number
5) Highlight the mesons in each event. Are the numbers of mesons conserved? 
No, events 3) to 6) have each gained a meson. There is no way to conserve mesons here even if we had mesons and antimesons. Event 10) gained two of them but they aren`t considered matter-antimatter pairs. We`ll see why with the quark model.
Conservation of Lepton Number
6) Highlight the leptons in each event. Are the numbers of leptons conserved? What if you consider antileptons like a negative lepton number so it will cancel like charge does? Is lepton type conserved?
Yes. Event 9) does and events 1), 7) and 8) do if you consider anti-leptons to cancel leptons. Events 16), 17), 20) and 21) don’t conserve lepton number.

Lepton type is also conserved. There are the muon type and the electron type leptons. (There are also tau types at higher energies.) The muon decay in event 13) has one muon type before and after. It has no electron type before and an electron and antieletron type after. Events 24) and 25) don`t occur because the lepton type is not conserved. 
The Quark Model

In a chemical reaction, molecules of the different types are not conserved but the specific atoms that make them up are conserved. Baryons and mesons are like molecules because they are made up of smaller parts called quarks. The number of quarks is conserved. Baryons are made of three quarks and antibaryons are made of three anti-quarks. Mesons are made of a quark and an anti-quark.

7) Use this knowledge to explain the conservation laws that were found for baryons and mesons. 

Mesons were not conserved, because each meson is made of a quark whose quark number is cancelled by its anti-quark number. Conserving baryon number will automatically conserve quark number. Events 6) and 7) have 3 extra quark numbers cancelled by three extra anti-quark numbers.

8) Why are the baryons classified as matter or anti-matter, but not the mesons?

Mesons are made of equal parts of matter and antimatter. 
9) All of the matter of the periodic table is made of electrons, up quarks with a charge of +2/3 and down quarks with a charge of -1/3. How do you make a proton? a neutron? a helium atom?

A proton needs three quarks with a charge that adds up to plus one. That can be done with two ups and a down. A neutron has one up and two downs. A helium atom has 2 protons and two neutrons so it has 6 ups and 6 downs. 
10) An antiproton is just like a proton, only negative. An antielectron is just like an electron, only positive. How is an antineutron different from a neutron? They are both neutral.
An antineutron is made of one antiup and two antidown quarks.

11) Pions are made of up and down quarks/antiquarks. What do you need to make each of the pions?

The positive pion must be made of an up and an antidown.  The negative pion must be made of a down and an antiup. The neutral pion can be made of either an up and an anti up or a down and an antidown. It turns out that it is made of both at the same time. The quark/antiquark pairs keep annihilating and reforming.
Radioactive Decay

12) There are two main types of radioactive decay: beta decay and alpha decay. Alpha is simpler to understand. The nucleus spits out an alpha particle, which is just a helium nucleus. For example, polonium-218 will emit an alpha particle and decay to lead-214. This just involves rearranging existing protons and neutrons. However, beta decay is more complicated. It involves a nucleus spitting out a beta particle (an electron) and an antineutrino. One example would be sodium-24 decaying to produce magnesium-24. The essential change in each beta decay is event 1) in the table. Event 1) also occurs when a neutron is found outside a nucleus. Free neutrons are unstable and decay with a mean lifetime of just under 15 minutes (half-life of 10 minutes). During this reaction only one of the quarks in the nucleus changes. Write the event using just quarks and leptons and highlight the quarks that don`t change.
udd -> uud + e + e.
A down quark changes into an electron and an electron antineutrino.
13) Pions are created in the upper atmosphere when the extremely fast protons in cosmic rays hit atoms in the upper atmosphere. (These protons have energies over 1020 eV, which is more than ten million times more than the protons in the LHC will have.) Which event shows this process? Many of these pions decay before they hit the ground. Which event shows this and what do the pions decay into?

Event 10 shows this. A proton hits a proton and produces a positive and a negative pion. It could also produce one or more neutral pions. The positive pions decay into antimuons and muon neutrinos. The negative pions decay into muons and anti-muon neutrinos and the neutrals decay into photons as seen in events 11) and 12).  The muons in turn decay into electrons and electron neutrinos as seen in event 13). 

The protons in cosmic rays also produce carbon-14 from nitrogen-14. This is the basis of carbon dating. 
The extremely high energies of the protons let you know why the black hole worry around the LHC was ridiculous. The cosmic ray photons are 10 million times more energetic. 
Cosmic rays used to be studied intensely. That`s where the muon and positron were first detected.  They are still being studied, but accelerators and reactors produce higher concentrations of events. Moreover, the detectors on the Earth can be made much bigger and more effective than those in the upper atmosphere. The Atlas detector at CERN is a large building.
14) Protons and neutrons inside the nucleus exchange pions and turn into each other. This helps hold the nucleus together. Write the event that changes a neutron into a proton by showing the intermediate step with the appropriate pion.
n   +  p  ( p +  -   + p   (  p   +   n   
or  
udd +  uud ( uud +  du   + uud  ( uud +   udd   
This happens within the nucleus all the time and this process helps hold the nucleus together.  Something related happens in events 3 and 4.  This is animated in TRIUMFs video “Approaching the Speed of Light“, which explores the products resulting from slamming protons into nuclei. The more fundamental description of what happens in the nucleus involves quarks exchanging gluons.

15) The + is made of uud, just like the proton but with higher energies. It is like an atom with an electron in an excited state. However, this excited state results in a significant change in mass and so it moves differently and has an internal store of energy that can be used to create particles. Write events 5) and 6) as quark events and highlight the quarks that don`t change. 
uud   -> uud + ud

reduces to 

energy
-> ud
uud  + udd -> ud

reduces to 

ud + ud -> energy

16) There are four deltas, +o- and ++. They are made of up and down quarks. What are the recipes for each?
uud, udd, ddd and uuu.

17) Any event that occurs can also occur if run backwards. Also, if you remove a particle from one side and replace it with its antiparticle on the other side, it will form an event that is also possible. This is much like rearranging equations in math. You can see these two rules at work if you compare reactions 1 and 9. Use these rules to show what particles would be created by a proton transforming. 

Event 9) is just event 1) run it backwards with the electron moved to the other side and changed into an antielectron. If you move the antineutrino to the other side it has to become a neutrino. A proton can change into a neutron, an antielectron and a neutrino.  This is what happens in + decay.

18) Use the conservation laws and the rules for rearranging events to make up two events that can happen and two events that cannot. Exchange the events with another student and see if you can figure out each other events.
At higher energies four more quarks and another set of leptons appear. First to appear are the strange and charm quarks.  At higher energies you get top and bottom quarks and the tau and tau neutrino. There is good reason to believe that these are the only matter particles that there are but why there are only this many is not known. The standard model says that there are also particles that carry the fundamental forces: photons for the electromagnetic force, W+, W- and Z particles for the weak nuclear force, 8 different ‘colours’ of gluons for the strong nuclear force. 
