The Standard Model
The material around us is made from atoms, and these in turn are made from protons, neutrons and electrons.  Over the last century scientists have discovered other particles, many of which only exist fleetingly in particle physics experiments.  However, it is thought that many of them were more common in the first few seconds of the Universe.  Particle experiments have shown that these fundamental particles fall into two groups.

Hadrons – Protons and neutrons are a type of hadron called a baryon.  There is another group of hadrons called mesons.  It is now thought that all hadrons are made from quarks, and that there are six types of quark.  Mesons are made from two quarks and baryons are made from three quarks.  The quarks are given the names up, down, strange, charm, top and bottom.

Leptons – Electrons are part of this group of particles.  There are also six leptons, and they are believed to be fundamental particles, in other words they are not made from other particles.  The six leptons are electron, electron neutrino, muon, muon netrino, tau and tau neutrino. 
Antimatter – This idea came from the models developed in the early part of the twentieth century which predicted that every particle should have an antiparticle which had completely opposite properties.  For example there should be a particle with the same mass as the electron but the opposite charge.  This was discovered in 1932 and called the positron.

Summary

	Quarks
	Anti quarks
	Leptons
	Anti leptons

	Up 
	Antiup
	Electron
	Positron

	Down
	Antidown
	Electron-neutrino
	Antielectron-neutrino

	Strange
	Antistrange
	Muon
	Antimuon

	Charm
	Anticharm
	Muon-netrino
	Antimuon-neutrino

	Top
	Antitop
	Tau
	Antitau

	Bottom
	Antibottom
	Tau-neutrino
	Antitau-neutrino


These particles interact with eachother via four forces.

Gravity, an attraction between masses.

Electromagnetism, a force between charges.

Strong nuclear force, a force between quarks that binds the nucleus. 

Weak nuclear force, a force between quarks and leptons.

The Rutherford scattering experiment

In this experiment Ernest Rutherford arranged for alpha particles to be incident upon a thin gold leaf in a vacuum.  He then studied the scattering pattern of the alpha particles.
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He found that the vast majority of the particles were not deflected in any way.  A small number underwent a slight deflection and one in eight thousand were deflected back off the gold leaf.  This is also known as back-scattering.
Conclusions

Rutherford concluded that the atom had a structure in which most of the mass was concentrated in a small, positive nucleus.  Negative charges surrounded the nucleus but did not carry much mass.  He knew that the nucleus was positive because alpha particles are also positive and would ‘stick’ to a negative nucleus or interact with it in some way.  The fact that they were back-scattered showed that they must be being repelled by a positive nucleus. 

The current model of the atom is that the nucleus is made up of positive protons and neutral neutrons.  Small negative electrons are arranged around the nucleus in energy levels.

Antimatter annihilation and the idea of mass/energy

As was mentioned earlier every particle has an anti-particle with opposite properties.  If a matter particle meets its antimatter version the standard model predicts that they will annihilate eachother.  In order to understand this process we need to look at the idea of mass/energy.

In 1905 Albert Einstein published his theory of relativity.  This revolutionised the thinking of scientists at the time.  One of the predictions of the theory was that mass and energy are equivalent.  If you like mass is a form of stored energy.  This is encapsulated in his famous equation E = mc2.

During matter/antimatter annihilation all of the mass of the two particles is converted into energy in the form of two electromagnetic waves.  For example when an electron encounters a positron all of the mass (18.22x10-31 kg) is converted into two gamma waves of equal frequency.  (Two gamma waves need to be created in order to conserve momentum.)

Energy and waves

The energy of an electromagnetic is directly proportional to its frequency.  The equation relating the two is;

E = hf                  h is Planks constant

So if we know the mass/energy of particles during annihilation we can use this equation to calculate the frequency of the gamma waves that are produced.  Note that two gamma waves are produced, so effectively the mass/energy of one particle is converted into one of the gamma waves and the mass/energy of the other particle is converted into the other gamma wave.

Exercise

Calculate the mass/energy of an electron.  Calculate the frequency of the gamma wave produced if this annihilates with a positron.   

Pair production and charge conservation
If the mass of an electron/positron pair can be converted into electromagnetic waves then it is reasonable to suppose that, under the right circumstances, a gamma wave could convert into an electron/positron pair.  This is called pair production.  This bubble chamber image shows the process.
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In order to conserve momentum the process can only occur when the gamma ray encounters a nucleus.  In order for energy to be conserved the gamma ray must have an energy large enough to produce the masses of the two particles.  Any extra energy is converted into the kinetic energy of the particles.
This process is a good example of the conservation of charge.  From an energy and momentum point of view it should be possible to produce two electrons in this process.  However this never happens because the gamma ray has no charge so there would be more charge after pair production has taken place.

In all particle interactions charge is conserved.

Wave/particle duality

All of the above works equally well if we regard the electromagnetic radiation to be a wave (gamma ray) or a particle (gamma photon).  This idea is known as wave/particle duality.  Scientists are quite comfortable with the idea that it is necessary to view electromagnetic radiation as a wave in some situations and as a particle in others.  In the next section it is useful to use the idea that electromagnetic radiation is a particle called a photon.
Exchange particles and forces

Particles interact via four forces.  In the standard model these forces are carried between interacting particles by force carriers, or exchange particles.  In the theory these are known as intermediate vector bosons.  For example when an electron is repelled by the charge of another electron this occurs because they exchange a photon.  It is the photon that ‘carries’ the electromagnetic force between the electrons.  The table summarizes the forces and their carriers.

	Force
	Between
	Carried by

	Electromagnetic
	Charges
	Photons

	Gravity
	Masses
	Gravitons?

	Strong nuclear
	Quarks
	Gluons

	Weak nuclear
	Quarks and leptons
	W+, W- and Z0


The electromagnetic force has an infinite range so the standard model states that the photon must have no rest mass.  The strong and weak force act over a short range, about the size of the nucleus of an atom, so their carriers have a mass.
Note:  There is no successful theory of gravity in particle physics.  The behaviour of masses under gravity is described by Einstein’s general theory of relativity.  This is a very successful theory but is fundamentally at odds with the quantum theories of particle interaction.  Resolving this dilemma is a major goal of modern physics. 

The weak interaction

Review of GCSE radioactivity

There are three forms of radioactivity; alpha, beta and gamma.  These forms of radiation occur because of changes in the nucleus of an atom and only occur in those nuclei that are inherently unstable.  The nature of these radiations and their consequences are detailed below.
	Type
	Particle released
	Result

	Alpha
	A helium nucleus (2xp + 2xn)
	A new element with two less protons and two less neutrons.

	Beta
	An electron
	A new element with an extra proton and one less neutron.

	Gamma
	An electromagnetic wave
	The same element, but the nucleus has less energy.


Beta decay and the weak interaction

Beta decay is not actually as simple as is presented at gcse.  Firstly there is another particle involved, called the electron neutrino, and secondly there are several different forms of beta decay.
The neutrino

The neutrino is all but impossible to detect, and has never been directly observed during beta decay.  So how do we know it is there?  A careful analysis of the energy of the electrons that are emitted during this process shows that they have a range of energies.  If only an electron was released during beta decay then they would all have the same energy.  A range of energies suggest that a third particle is involved.  Physicists realised this a long time ago and called the unknown particle the neutrino.

Other forms of beta decay

During beta decay an electron is produced.  The two other forms of beta decay are beta plus decay, during which a positron is produced, and electron capture during which an orbital electron is captured by a proton in the nucleus.  

Beta minus decay and the W- particle
During beta minus decay a neutron apparently changes into a proton and releases an electron and an anti-electron neutrino.
n            p + e- + e
Physicists needed to come up with a mechanism that would allow this to happen.  A force called the weak force was suggested.  The ‘force carriers’ for this are the W and Z particles.  During beta decay a neutron releases a W- particle and changes into a proton.  The W- particle very quickly decays into an electron and an electron neutrino.  
Feynman diagrams

This process is best represented in a Feynman diagram.  The diagram is not meant to show the movement of the particles in space but more how the event develops through time.  They are used by physicists to give a visual image representation of interactions involving exchange particles.

Here is the Feynman diagram for beta minus decay. 
Other weak interactions

Beta plus decay

A proton releases a W+ particle and changes to a neutron.  The W+ quickly decays into a positron (an anti-electron) and an electron neutrino. 
p            n + e + e+
Electron capture

An orbital electron is ‘captured’ by a proton in the nucleus.  In actual fact the process is mediated by a W+.  A neutron is created in the nucleus and an electron neutrino moves away from the nucleus.   

p + e-            n + e
Neutrino-neutron collision

If an electron neutrino collides with a neutron a proton and electron are produced.  This process is mediated by the W+
n + e            p + e-
Antineutrino-proton collisions

If an antielectron neutrino collides with a proton a neutron and a positron are produced.  This process is mediated by the W+. 
p + e            n + e+
Electron-proton collision

If an electron collides with a proton a neutron and an electron neutrino are produced.  This process is mediated by the W-.  Compare this with electron capture.
p + e-            n + e
Leptons

There are six leptons; electron, electron neutrino, muon, muon neutrino, tau and tau neutrino.  They either have a relative charge of -1 or 0.  Note that in particle physics it is normal to measure charge in fractions of the charge on an electron.  So when we say a relative charge of -1 this means an actual charge of -1.6x19-19C.
	Lepton
	Charge

	Electron
	-1

	Electron neutrino
	 0

	Muon
	-1

	Muon neutrino
	 0

	Tau
	-1

	Tau neutrino
	 0


Charges are reversed for the anti particles.

Quarks

There are six quarks; up, down, strange, charm, top and bottom.  They are not found singly, but always form into ‘clusters’ of either two or three quarks.  Quarks have fractions of charges, either 1/3 or 2/3 (see table below).  A cluster of two quarks is called a meson and a cluster of three quarks is called a baryon.  The protons and neutrons that make up atoms are made from up and down quarks.  All the other quarks are only observed in particles that exist fleetingly in particle detectors.

This table only contains details of u, d and s.

	Quark
	Charge

	u
	+2/3

	d
	-1/3

	s
	-1/3

	u
	-2/3

	d
	+1/3

	s
	+1/3


Mesons

Mesons are a pair of quarks.  They always consist of a quark and an antiquark.  The charge on a meson must be either +1, 0 or -1, and this limits the types of meson that can exist.  

Pions

There are three types of pion.  and 0.They are made from up and down quarks.

	Pion
	Quark composition
	Charge

	
	ud
	+1

	
	ud
	-1

	0
	uu or dd
	0



Kaons

Kaons contain a strange quark.  They were first observed as decay products of other particles and their behaviour cannot be explained using a simple two quark model.  The strange quark was suggested to explain this unusual behaviour.
	Kaon
	Quark composition
	Charge

	K+
	us
	+1

	K-
	us
	-1

	K0
	ds
	0

	K0
	ds
	0


Baryons

Baryons are combinations of three quarks.  Protons and neutrons are baryons, but there are many possible combinations of quarks that can make up a baryon and so there are many different kinds of baryon.  Nearly all of these are very short lived and are only seen in particle experiments.

Protons and neutrons

Protons and neutrons are made from combinations of up and down quarks.
	Baryon
	Quark composition
	Charge

	proton
	uud
	+1

	neutron
	udd
	0

	anti proton
	uud
	-1

	anti neutron
	udd
	0


Conservation rules in particle interactions

In any interaction between particles certain rules must be obeyed, for example the total amount of mass/energy before an event must be the same as that found after the event.  This is known as the conservation of energy.  Momentum and charge must also be conserved.  Through observation of many experiments scientists have attributed a number of quantities to particles that must also be conserved in an interaction.

Lepton number 
There are three lepton numbers; electron number, muon number and tau number or Le, L and L.  These numbers can have the value +1, 0 or -1 and in an interaction the total value of each number before and after an event must remain constant.  The values for each lepton are given below.
	Lepton
	Le
	L
	L

	electron
	+1
	0
	0

	electron neutrino
	+1
	0
	0

	muon
	0
	+1
	0

	muon neutrino
	0
	+1
	0

	tau
	0
	0
	+1

	tau neutrino
	0
	0
	+1

	anti electron
	-1
	0
	0

	anti electron neutrino
	-1
	0
	0

	anti moun
	0
	-1
	0

	anti muon neutrino
	0
	-1
	0

	anti tau
	0
	0
	-1

	anti tau neutrino
	0
	0
	-1


In any interaction the lepton number must be conserved.
Baryon number

The baryon number for a quark is either +1/3 or -1/3.  Particles made from quarks must have a baryon number of +1, 0 or -1.  In an interaction the total baryon number must remain the same.

	Quark
	Baryon number

	up
	+1/3

	down
	+1/3

	strange
	+1/3

	anti up
	-1/3

	anti down
	-1/3

	anti strange
	-1/3


Strangeness

The strange quark has a strangeness of -1 and the antistrange quark has a strangeness of +1.  This quantity must be conserved in interactions involving the strong force.  However strangeness does not have to conserved when a hadron containing a strange particle decays by the weak interaction, see below. 
Quarks and the weak interaction

The weak force allows quarks to change from one type to another.  Physicists refer to these types as flavours.  For example in beta+ decay a down quark changes to an up quark by emitting a W-.  In weak interactions involving kaons, or any other strange particles, the value of strangeness is not conserved because the weak interaction allows the quarks to change from one flavour to another.  Charmness, topness and bottomness are not conserved during weak interactions, but this is beyond the scope of this course.
Summary of quarks on the AS syllabus

	Name
	Symbol
	Q
	B
	S

	up
	u
	+2/3
	+1/3
	0

	down
	d
	-1/3
	+1/3
	0

	strange
	s
	-1/3
	+1/3
	-1

	anti up
	u
	-2/3
	-1/3
	0

	anti down
	d
	+1/3
	-1/3
	0

	anti strange
	s
	+1/3
	-1/3
	+1


Summary of hadrons on the AS syllabus
	Type
	Name
	Symbol
	Quark
	Q
	B
	S

	Baryon
	proton
	p
	uud
	+1
	+1
	0

	
	neutron
	n
	udd
	0
	+1
	0

	
	antiproton
	p
	uud
	-1
	-1
	0

	
	antineutron
	n
	udd
	0
	-1
	0

	Meson
	pion
	
	ud
	+1
	0
	0

	
	
	
	ud
	-1
	0
	0

	
	
	0
	uu and dd
	0
	0
	0

	
	kaon
	K+
	us
	+1
	0
	+1

	
	
	K-
	us
	-1
	0
	-1

	
	
	K0
	ds
	0
	0
	+1

	
	
	K0
	ds
	0
	0
	-1


Other conserved quantities
The details above are all that is required for the AS course.  However there are a number of other conserved quantities; spin, colour, charmness, topness and bottomness.  Almost any A-level text gives details of these quantities if you are interested.
N.Rice
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