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[bookmark: Introduction1]Introduction
In this free course, Particle physics, you will be introduced to the realm of particle physics that lies at the heart of a scientific understanding of the material world. Several concepts that you may already be familiar with, including atoms and energy, will be explored. You will also look at the various types of particle reactions, and the fundamental interactions that govern their behaviour. 
Subatomic particles are the building blocks of the Universe and an understanding of the reactions between these particles is crucial in order to have an appreciation of how the Universe works, how it began, and how we came to be here. 
Before embarking on this course, you should note that it is assumed you have a basic understanding of the concept of energy and electromagnetic radiation. You should be aware that atoms consist of central nuclei surrounded by a cloud of electrons. You should also be aware that atomic nuclei comprise various numbers of positively charged protons and neutral neutrons, while the electrons which surround these nuclei are negatively charged. Protons and neutrons are collectively referred to as nucleons. 
This OpenLearn course is an adapted extract from the Open University course SM123 Physics and space. 


[bookmark: LearningOutcomes1]Learning outcomes
After studying this course, you should be able to:
· recognise and name the six flavours of lepton and the six flavours of quark. 
· understand that all leptons and quarks have corresponding antiparticles 
· appreciate that quarks and antiquarks combine to form baryons, antibaryons and mesons. 
· write balanced strong interactions, understanding the role of gluons
· write balanced weak interactions, understanding the role of W and Z bosons 


[bookmark: Session1]1  Particle physics in context
Although particle physics is often thought of as a ‘new’ concept, it has in fact been around for much, much longer. Like many of the great fundamental theories, the concept of an atomic like structure was first proposed by the ancient Greeks, by the philosopher Democritus (460–370BC). He believed that the matter we see around us was formed from a variety of different atoms. While this is known to be incorrect (and if you didn’t know this, you will soon!) in two ways (there are only 92 stable atoms, not a wide variety and they are divisible into smaller components), it was a great place to start from. 
Fast forward a few thousand years, and by the 1930s, it was recognised that atomic nuclei are composed of protons and neutrons, and that in atoms the nuclei are surrounded by clouds of electrons. The existence of one more type of particle was surmised - the electron neutrino - which is produced in some radioactive decays when atoms change from one type to another. Finally, the photon was recognised as the quantum of energy involved in electromagnetic interactions. 
Eighty years ago the account of subatomic structure would have ended with these particles, but now a deeper layer of structure is known. It is believed that protons and neutrons are composed of structureless particles known as quarks, while electrons and electron neutrinos are merely examples of a broader class of particles known as leptons. Furthermore, there are other fundamental interactions, besides electromagnetism, each of which has its own set of quanta. Leptons and quarks are discussed in the following sections, and the quanta of other fundamental interactions are discussed at the end of this course. 
Before embarking on this journey through particle physics, consider the following puzzle: all of the atoms that make up the Universe (apart from hydrogen atoms) contain neutrons as well as protons in their nuclei. Yet free neutrons (that is, those not inside nuclei) undergo beta decay with a half-life of about 10 minutes. In the early Universe, soon after the Big Bang and before atoms formed, there are believed to have existed equal numbers of protons and neutrons. So why didn’t the neutrons all decay at that time, leaving a Universe made only of hydrogen? You will return to answer this puzzle at the end of this course. 


[bookmark: Session2]2  Leptons
As it stands, the smallest known building blocks of matter showing no evidence of comprising of smaller or simpler constituents can be divided into two groups: leptons and quarks. First, let us tackle the former. There are six varieties of leptons. Perhaps the most familiar of these being electrons and electron neutrinos . 
In 1936 and 1975, two more particles, with the same charge as the electron, only rather heavier, were discovered. The first is known as the muon (represented by ; the Greek letter mu), which is about 200 times heavier than the electron. The second is called the tauon (represented by ; the Greek letter tau), which is about 3500 times heavier than the electron. The superscript minus signs on the electron, muon and tauon indicate that these particles have negative electric charge. Muons and tauons are unstable, and rapidly decay into electrons and neutrinos in a fraction of a second. 
Like the electron, the muon and tauon each have an associated neutrino: the muon neutrino and the tauon neutrino , each with zero electric charge. Particle physicists have not yet been able to measure the masses of neutrinos; all that is known is that the three types of neutrino have a combined mass that is several million times less than that of an electron, but not zero. 
These six fundamental particles are collectively referred to as leptons. (The word lepton comes from the Greek leptos, meaning ‘thin’ or ‘lightweight’.) The six different types are often referred to as different flavours of lepton, and the three pairs of particles are often referred to as three generations of leptons. 
Start of Table
Table 1 Three generations of leptons 
	[bookmark: Session2_Table1]
	First generation
	Second generation
	Third generation

	Leptons with a charge −e
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	Leptons with charge 0
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End of Table
To each lepton there corresponds an antilepton with opposite charge (if charged) but with the same mass. These antimatter particles are denoted by the symbols , and for the charged leptons and , and for the neutral leptons. The antielectron is often referred to as a positron. 


[bookmark: Session3]3  Quarks
The other group of fundamental particles which was introduced in the previous section are the quarks (nope, it’s not just a tasty cheese!). In 1964, two independent researchers were working on theories to explain strong interaction symmetry in particle physics. These were Murray Gell-Mann and George Zweig. These scientists proposed that the properties of hadrons (more on these in the next section) could be explained if they were composed of smaller constituents. What is known now to be quarks! 
Start of Figure
[bookmark: Session3_Figure1][image: D:\AaaF\OUT\httpswwwopeneduopenlearnocw_cmid75088_2021-08-11_14-40-54_js34827\word\assets\_a816e7a4220bf0b2e14836935b02b94827d9970e_sm123_1_figure1_murray_george.tif.jpg]
Figure 1 Murray Gell-Mann (left) and George Zweig (right).
End of Figure
Like the leptons, there are also, handily, 6 varieties of these. They are known as the six flavours of quarks, labelled by the letters u, d, c, s, t and b, which stand for up, down, charm, strange, top and bottom. The up, charm and top quarks each carry a positive charge of , while the down, strange and bottom quarks each carry a negative charge of . 
Like the leptons, the six quarks are often grouped into three generations on the basis of their mass, with the first generation being the least massive. To each quark, there corresponds an antiquark, with the opposite charge and the same mass. These are denoted by the symbols , , , , and . So anti-up, anti-charm and anti-top antiquarks each carry a negative charge of , while anti-down, anti-strange and anti-bottom antiquarks each carry a positive charge of . 
Start of Table
Table 2 Three generations of quarks 
	[bookmark: Session3_Table1]
	1st generation
	2nd generation
	3rd generation

	Quarks with charge 
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	Quarks with charge 
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End of Table
Of all the quarks, the up and down are the least massive of the flavours. The charm and strange quarks and antiquarks are more massive than the up and down quarks, and the top and bottom quarks and antiquarks are yet more massive still. 


[bookmark: Session4]4  Hadrons
As well as the leptons and quarks, there is another quite different group in the mix - hadrons! Perhaps the most familiar and even intuitive class of particles. A hadron is a particle which is composed of two of more quarks, a composite particle of which protons and neutrons are examples of. The quarks are held together by the ‘strong force’ (yes, that is what it is called, for hopefully obvious reasons!), much in the same way that the electromagnetic force holds molecules together. This helps explain the name- the word hadron comes from the Greek hadros, meaning ‘strong’ or ‘robust’. This is a good point to briefly introduce the fundamental forces found in nature. In everyday parlance, the word fundamental is often used with reckless abandon, but it has a very particular, important meaning here. These forces are named as such because they cannot be explained due to the action of another force. For example, friction is NOT a fundamental force as it can be explained as occurring as a result of the interaction of the electromagnetic forces in one atom with those in another. Table 3 shows a summary of their key properties and they are listed in order of strength with the strongest at the top. Notice how weak gravity really is! And it’s just as well, it would be awfully difficult to lift your foot up if it wasn’t! 
Start of Table
Table 3 Key properties
	[bookmark: Session4_Table1]Force
	Experienced by
	Range (m) (distance between 2 objects before force becomes negligible) 
	Strength (relative to EM force) 

	Strong
	Quarks
	10-15
	100

	Electromagnetic
	Charged particles
	∞
	1

	Weak
	Any particle
	10-17
	10-5

	Gravitation
	Any particle with a mass
	∞
	10-38


End of Table
Although the only hadrons existing in the everyday world are protons and neutrons, many more types of hadron can be created in high-energy particle collisions. Such reactions are common in the upper atmosphere where high-energy protons from outer space (known as cosmic rays) collide with nuclei of nitrogen and oxygen, smashing them apart and creating new hadrons. Since the 1960s, such reactions have been closely studied in laboratories such as CERN (the European Organization for Nuclear Research), where high-energy beams of particles are smashed together. 
Although many dozens of different types of hadron may be created in this way, all of the new ones are unstable and rapidly decay into other, long-lived particles, such as leptons, protons and neutrons. Fortunately, it’s not necessary to dwell on (let alone remember) the names and properties of all the types of hadron, because there is a straightforward description for building them from particles that are believed to be fundamental, namely from quarks and antiquarks. 
[bookmark: Session4_Section1]4.1 Building a hadron
Quarks and antiquarks only occur bound together inside hadrons; they have never been observed in isolation. While it may seem like the process of ‘building’ a hadron would be something very complicated (and yes, the underlying physics is indeed complex), there are in fact 3 simple ‘recipes’ to remember. 
A hadron can consist of either: 
· Three quarks (in which case it is called a baryon). 
· Three antiquarks (in which case it is called an antibaryon). 
· One quark and one antiquark (in which case it is called a meson). 
Start of Figure
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Figure 2 The three recipes for building hadrons from quarks. Quarks and antiquarks with a charge of two-thirds that of a proton or electron are shown in purple, and those with a charge of one-third that of a proton or electron are shown in orange. The symbol q represents a quark, and represents an antiquark. Possible combinations of quarks making (a) a baryon, (b) an antibaryon, and (c) a meson are shown. 
End of Figure
Start of Activity
[bookmark: Session4_Activity1]Activity 1 The quark fruit machine
Allow approximately 30 minutes
Start of Question
[bookmark: Session4_Question1]In this activity, you will play on a ‘fruit machine’ to investigate the combinations of quarks and antiquarks that make up different baryons, antibaryons and mesons. Read the introduction and then click on the tabs to answer questions relating to each type of hadron within the fruit machine. Finish by reading the summary. 
Start of Media Content
[bookmark: Session4_MediaContent1]Interactive content is not available in this format.
End of Media Content
End of Question
End of Activity
Any combination of quarks and antiquarks that obeys one of the three recipes above is a valid hadron. The net electric charge of a hadron is simply the sum of the electric charges of the quarks or antiquarks of which it is composed. As you saw in the activity, the net charge of a hadron is therefore always a whole number, despite the fact that the quarks themselves have non-whole number electric charge. 
As a specific example of the hadron-building recipe, the proton is a baryon, so it is composed of three quarks, and as mentioned above, it is composed of up and down quarks only. 
The proton has a charge of +e. The only way that three up or down quarks can be combined to make this net charge is by combining two up quarks with a down quark. So the quark content of a proton is (uud), giving a net charge of . 
Start of ITQ
· [bookmark: Session4_ITQ1][bookmark: Session4_Question2]What is the antiquark composition and charge of an antiproton?
· [bookmark: Session4_Answer1]An antiproton has a similar composition to a proton but is composed of antiquarks rather than quarks. Its composition is therefore giving a net charge of . 
End of ITQ
Start of ITQ
· [bookmark: Session4_ITQ2][bookmark: Session4_Question3]What combination of three up or down quarks would make a neutron?
· [bookmark: Session4_Answer2]A neutron has zero charge and is composed of three up or down quarks, so its quark content must be (udd), giving a net charge of . 
End of ITQ
Start of ITQ
· [bookmark: Session4_ITQ3][bookmark: Session4_Question4]Pions are the least massive examples of mesons. They are composed of only up or down quarks and antiquarks. What do you suppose are the compositions of the following pions: π+, π−, π0? (The superscript indicates the electric charge in each case). 
· π+ must be composed of giving a net charge of . 
· π− must be composed of giving a net charge of . 
· π0 could be composed of or giving a net charge of or . (In fact neutral pions exist with either composition.) 
End of ITQ
The tally of six leptons and six quarks, each with their own antiparticles, may seem like a huge number of fundamental particles, but don’t let this put you off. Virtually everything in the Universe is made up of merely the first generation of each type of particle (see Tables 1 and 2), namely: 
· electrons
· up quarks, and 
· down quarks, 
with electron neutrinos being created in radioactive decays. 
As for the other generations:
· the second generation of leptons (muon and muon neutrino)
· the second generation of quarks (charm and strange)
· the third generation of leptons (tauon and tauon neutrino), and 
· the third generation of quarks (top and bottom) 
all have exactly the same properties as their first-generation counterparts except that they are more massive. 
Quite why nature decided to repeat this invention three times over is not currently understood!


[bookmark: Session5]5  High-energy reactions
In particle accelerators, or in the Earth’s upper atmosphere, hadrons can smash into each other with large kinetic energies and create new hadrons from the debris left behind. The following short video was made while the ATLAS detector at CERN was being built. This detector subsequently discovered evidence for the Higgs boson in 2012. 
Start of Media Content
[bookmark: Session5_MediaContent1]Video content is not available in this format.
Video 1 Building the ATLAS detector. 
View transcript - Video 1 Building the ATLAS detector.
Start of Figure
[bookmark: Session5_Figure1][image: D:\AaaF\OUT\httpswwwopeneduopenlearnocw_cmid75088_2021-08-11_14-40-54_js34827\word\assets\_959fcf5b22c3ea4c5d4acec014fefb6fd3c7af77_sm123_2018b_vid101-640x360_openlearn.jpg]
End of Figure
End of Media Content
Einstein’s most famous equation and in fact arguably the most famous equation in history tells us that mass (m) and energy (E) are interchangeable via , where c is the speed of light, 3.00 × 108 m s–1. The energies involved are usually expressed in terms of a unit called the electronvolt. As a result, it’s also convenient to refer to the masses of subatomic particles in terms of their energy equivalence. For instance, the mass of an electron is about 9.1 × 10–31 kg. The energy equivalent of this mass is given by Einstein’s equation: 
Start of $1
[bookmark: Session5_Equation1]End of $1
One electronvolt is defined to be 
Therefore, , over 510 thousand electronvolts, or 510 keV (kilo electronvolts). The term ‘mass energy’ is often used to refer to this energy equivalent of the mass of a particle. Similarly, the mass energy of either a proton or neutron is around 940 MeV (940 mega electronvolts or 940 million electronvolts). 
As an example of the high-energy reactions that can occur inside ATLAS, when a proton with kinetic energy of several hundred MeV collides with another proton or a neutron, new hadrons, such as pions, can be created. 
In such processes, some of the kinetic energy of the protons is converted into mass, via the familiar equation , and so appears in the form of new particles. As you have learned, the pions that are created come in three varieties:
· π+, with positive charge 
· π− with negative charge, and 
· a neutral π0 with zero charge. 
Their masses are each around 140 MeV/c2, so 140 MeV of kinetic energy is required to create each pion. 
Start of ITQ
· [bookmark: Session5_ITQ1][bookmark: Session5_Question1]There is a hadron, formed in the collisions of pions and nucleons, with charge +2e. How can a single pion combine with a single nucleon to produce nothing but this new hadron? Is it a baryon, an antibaryon or a meson? 
· [bookmark: Session5_Answer1]Pions and nucleons contain only up and down quarks, so these are the only ‘raw materials’ available from which to build the new hadron. To get a charge of +2e requires three up quarks (). This hadron can be formed by the collision of π+, , with a proton, (uud), followed by the annihilation of d with . As the hadron contains three quarks (uuu), it is a baryon. 
End of ITQ
The outcome from a high-energy collision between, say, two protons is subject to quantum indeterminacy in several ways. Imagine that two protons collide with a total kinetic energy of 200 MeV. This is enough energy to make a pion and still have a little energy left over to provide kinetic energy of the products. But what exactly will the products be? In fact there are two possibilities in this case: 
Start of Table
	[bookmark: Session5_Table1]
	


End of Table
Each of these possibilities will occur, and there is no way of predicting which one will be the outcome of a particular reaction. The rules that must be obeyed in these reactions are: 
· energy is conserved (as usual) 
· electric charge is conserved (as usual) 
· the number of quarks minus the number of antiquarks is conserved. 
Now look at each of these rules in more detail. 
First, look at the conservation of energy, which the rules say must be conserved. There is 200 MeV of available kinetic energy, and 140 MeV is used up in creating the pion in each case. This leaves 60 MeV for kinetic energy of the products. It’s not possible that two pions can be created as that would require at least 2 × 140 MeV = 280 MeV of kinetic energy from the reactants. 
The second rule is that electric charge is conserved. In the two proton reactions, the net electric charge of the reactants is twice that of a proton in each case. The net electric charge of the products in the two cases is also twice that of a proton, so electric charge is conserved in both cases. 
Finally, the third rule says that the number of quarks minus the number of antiquarks is conserved. In the two proton reactions, the reactants are composed of 3 quarks for each proton and no antiquarks, so the number of quarks minus the number of antiquarks is 6 for the reactants. In the products, the number of quarks is 3 for each proton or neutron and 1 for each pion, while the number of antiquarks is 1 for each pion. The number of quarks minus the number of antiquarks in the products is therefore (3 + 3 + 1 − 1) = 6. 
Therefore, all three rules are indeed obeyed in both reactions. 
Start of ITQ
· [bookmark: Session5_ITQ2][bookmark: Session5_Question2]Imagine that two neutrons collide with a combined kinetic energy of 300 MeV. Write down all six possible reactions for producing pions that may occur. 
· [bookmark: Session5_Answer2]When two neutrons collide with a combined kinetic energy of 300 MeV, this is enough energy to make two pions (with mass energy 140 MeV each). In addition, all the possible reactions to make only one pion can also occur. 
In all cases, electric charge must be conserved. As the charge of the two original neutrons is zero, the net charge of the products must also be zero. The total range of possibilities is as follows: 
Start of Table
	[bookmark: Session5_Table2]
	
	

	
	
	

	
	
	


End of Table
The total electric charge on both sides of each reaction listed is zero.
End of ITQ
In conclusion, just as electrons, protons and neutrons simplify the elements to their essentials, so a new layer of apparent complexity can be understood by the quark model. However, there is a crucial difference. If an atom is hit hard enough, electrons come out. If a nucleus is hit hard enough, nucleons come out. But if a nucleon is hit hard with another nucleon, quarks do not come out. Instead the kinetic energy is converted into the mass of new hadrons. 
Start of Activity
[bookmark: Session5_Activity1]Activity 2 Run your own particle accelerator
Allow approximately 30 minutes
Start of Question
[bookmark: Session5_Question3]This is an interactive ‘clicker’ game hosted by CERN in which you can run your own particle accelerator laboratory. It was written by four summer students working at CERN, over the course of a 48-hour hackathon. Click on the following link to launch the game; you may wish to launch it in a new window using ctrl+click. 
CERN particle accelerator laboratory ‘clicker’ game
Start your experiment by repeatedly ‘clicking’ within the particle accelerator to register particle reactions. As you collect more data, research discoveries will appear on the left-hand side under the ‘Research’ tab, which you can unlock and read about. As you make more discoveries, so the reputation of your laboratory will increase, and the funding for your lab will grow too. As you gain funding, from the ‘HR’ tab you can hire Masters students, PhD students, Postdocs and other more senior staff who will automatically produce data, without the need for you to click. From the ‘Upgrades’ tab, you can also buy improvements to the equipment and extra support for your staff, which will increase their productivity. 
Once you have things running smoothly at your lab, you can leave things running in the background and check back occasionally to see how the research is going. How long does it take you to discover the Higgs boson? 
End of Question
End of Activity
In order to understand how and why high-energy particle reactions occur, you will now examine the fundamental interaction that is responsible for how quarks behave, known as the strong interaction. 


[bookmark: Session6]6  Strong interactions
As introduced in Section 4, the force that binds quarks together inside nucleons (i.e. neutrons and protons) is known as the strong interaction and has a very short range. It operates essentially only within the size of a nucleon. 
When two up quarks and a down quark form a proton, or when two down quarks and an up quark form a neutron, the strong interaction has, largely, done its job, in much the same way, for example, that the electric interaction between a proton and an electron does its job by forming a hydrogen atom. 
In addition, there is a residual strong interaction between nucleons, which you can imagine as ‘leaking out’ of the individual protons and neutrons. This is sufficient to bind them together in nuclei and is similar in nature to the residual electromagnetic interactions between atoms that are responsible for the formation of molecules. 
Start of Figure
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Figure 3 (a) The strong interaction binds quarks together in nucleons. A residual strong interaction binds nucleons in nuclei. (b) The electrical interaction binds electrons and nuclei together in atoms. A residual electrical interaction binds atoms together in molecules. 
End of Figure
[bookmark: Session6_Section1]6.1  Gluons
It is amazing just how strong the strong interaction between quarks is. At a separation of around 10−15 m – the typical size of a proton or neutron – the force of attraction between a pair of quarks is equivalent to the weight of a 10-tonne truck! As might be suggested by its name, the strong force of attraction between two up quarks is much larger than the electric force of repulsion between them. It is this strong force that prevents quarks from being liberated in high-energy collisions. Free quarks are never seen to emerge from such processes: quarks only exist confined within baryons or mesons. It is as if they are stuck together with very strong glue. 
Start of Figure
[bookmark: Session6_Figure2][image: D:\AaaF\OUT\httpswwwopeneduopenlearnocw_cmid75088_2021-08-11_14-40-54_js34827\word\assets\_45cc6a1c390766f1b3bcd4b0b11f56a9f8458b88_sm123_t06_p03_f03.tif.jpg]
Figure 4 Schematic image from an old-style television monitor of the particle tracks resulting from a collision in the Large Electron–Positron (LEP) collider at CERN. 
End of Figure
A clue concerning the nature of this ‘quark glue’ can be seen in high-energy experiments such as those conducted at CERN. When high-energy beams of electrons are collided with equally high-energy beams of positrons travelling in the opposite direction, it often happens that hadrons emerge as a pair of jets, with each jet made up of a number of hadrons. 
The basic interaction that produces the pair of jets is as follows. First, the electron (e−) and positron (e+) annihilate each other and produce what is known as a virtual photon. The reason for this name is that the virtual photon only has a temporary existence and immediately undergoes a pair creation event, giving rise to a quark–antiquark pair. Their kinetic energy and mass energy is almost immediately converted into the kinetic energy and mass energy of many more matter and antimatter particles, including lots more quarks and antiquarks. The many quarks and antiquarks then combine to form a variety of hadrons, and it is only the hadrons that then emerge from the collision as a pair of jets. 
Start of Figure
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Figure 5 An electron and a positron mutually annihilate each other to create a virtual photon which subsequently creates a quark–antiquark pair. The energy of the quark and antiquark are then transformed into many more quarks and antiquarks, which give rise to a pair of jets of hadrons. 
End of Figure
But this is not the whole story: sometimes three jets may be produced. This process involves a particle you haven’t met so far, the gluon. Gluons are the quanta of energy whose emission and absorption are regarded as the origin of strong interactions. They are responsible for ‘gluing’ the quarks strongly together inside hadrons. However, unlike photons – but like quarks and antiquarks – gluons cannot escape to large distances. 
Nonetheless, a quark (or indeed an antiquark) may emit a gluon. The mass energy and kinetic energy of the gluon is quickly turned into the mass energy and kinetic energy of further pairs of quarks and antiquarks. These in turn combine with each other to form various hadrons, and the hadrons produced from the gluon then give rise to a third jet emerging from the process. 
Start of Figure
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Figure 6 An electron and a positron mutually annihilate each other to create a virtual photon which subsequently creates a quark–antiquark pair. The quark emits a gluon, shown by the curly line. The energy of the quark, antiquark and gluon are then transformed into many more quarks and antiquarks, which give rise to three jets of hadrons. 
End of Figure
[bookmark: Session6_Section2]6.2  Quantum chromodynamics
The quantum theory of the strong interactions between quarks and gluons is called quantum chromodynamics (QCD), always something impressive to drop into those dinner party conversations! 
To understand why this theory is so called, you should note that ‘chromo’ comes from the Greek word for ‘colour’. The interactions between quarks and gluons are described in terms of a new property of matter that is called colour charge, by analogy with conventional electric charge. 
Just as electromagnetic interactions result from forces between electrically-charged particles, so strong interactions result from forces between colour-charged particles. However, whereas conventional electric charge comes in only one type that can either be positive or negative, colour charge comes in three types, each of which can be ‘positive’ or ‘negative’. 
These three types of positive colour charge are known as red, green and blue, and their negatives are antired (or the colour cyan), antigreen (or the colour magenta) and antiblue (or the colour yellow). Confusingly, it is important to disregard your ideas of colour and to note that colour charge has nothing to do with colours of light, it is merely a naming convention. 
Each quark can have any one of the three colour charges, and each antiquark can have any one of the three anticolour charges. So in effect, there are three versions of each type of quark: red up quarks, blue up quarks and green up quarks, for instance. 
Gluons each carry a combination of colour and anticolour charge (such as red–antiblue, blue–antigreen or green–antired), although they have zero electric charge. Leptons and photons do not have any colour charge associated with them. In all strong interactions there is therefore another conservation rule: colour charge is also conserved. 
Start of ITQ
· [bookmark: Session6_ITQ1][bookmark: Session6_Question1]A red up quark emits a red-antiblue gluon. What colour charge does the up quark now have?
· [bookmark: Session6_Answer1]Since colour charge is conserved, the up quark must now have a blue colour charge.
End of ITQ
Start of ITQ
· [bookmark: Session6_ITQ2][bookmark: Session6_Question2]A green down quark absorbs a blue-antigreen quark. What colour charge does the down quark now have?
· [bookmark: Session6_Answer2]Since colour charge is conserved, the down quark must now have a blue colour charge.
End of ITQ
This model helps to explain many phenomena, such as why the only possible hadrons are baryons (consisting of three quarks), antibaryons (consisting of three antiquarks) and mesons (consisting of one quark and one antiquark). 
Each of these composite particles has a net colour charge of zero. Any baryon must contain one quark with a red colour charge, one quark with a green colour charge, and one quark with a blue colour charge. By analogy with conventional colours: red + green + blue = white, a neutral colour with a net colour charge of zero. Likewise, antibaryons must contain one antiquark with an antired colour charge, one antiquark with an antigreen colour charge, and one antiquark with an antiblue colour charge. Again, this gives a net colour charge of zero. 
Start of Figure
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Figure 7 (a) Three colour charges combine to produce a net colour charge of zero (i.e. white). (b) Three anticolour charges combine to produce a net colour charge of zero (i.e. white). 
End of Figure
Similarly, the quark–antiquark pairs that constitute a meson must have the opposite colour charge to each other: red + antired (cyan) = white for instance, which is a net colour charge of zero again. 
Only particles with a net colour charge of zero are allowed to exist in an independent state, and this explains why single quarks and antiquarks are not seen in isolation. The locking up of quarks inside hadrons is referred to as confinement. Gluons do not have a net colour charge of zero either, so they too do not escape from strong interactions. Instead, gluons will decay into quark–antiquark pairs, which in turn create further hadrons. 


[bookmark: Session7]7  Beta-decay at the level of quarks and leptons
To conclude your exploration of the particle world, you will now examine more closely the radioactive processes in which particles change flavour, as this will lead you to the final type of fundamental interaction in which particles participate. 
A particular type of radioactivity is known as beta-decay, which occurs in three forms known as beta-minus decay, beta-plus decay and electron capture. In each form, protons convert into neutrons, or vice-versa. For instance, in beta-minus decay, one of the neutrons in a nucleus is converted into a proton in a process that may be written as: 
Start of Figure
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View description - Uncaptioned Figure
End of Figure
As a neutron has the quark composition (udd) and a proton has the quark composition (uud), at the level of individual quarks, a beta-minus decay must involve a down quark converting into an up quark as follows: 
Start of Figure
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End of Figure
This quark conversion therefore lies at the heart of all beta-minus decay processes. A quick check confirms that electric charge is conserved in this process. The charge on the left-hand side of the equation is , while the sum of the charges of the particles on the right-hand side is also. 
Following the example above, try to work out what quarks are involved in the conversions below:
Start of ITQ
· [bookmark: Session7_ITQ1][bookmark: Session7_Question1]In beta-plus decay, a proton is converted into a neutron with the emission of a positron and an electron neutrino:
Start of Figure
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View description - Uncaptioned Figure
End of Figure
What is the quark conversion process that lies at the heart of beta-plus decay? Confirm that electric charge is conserved.
· [bookmark: Session7_Answer1]At the level of individual quarks, this is: 
Start of Figure
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End of Figure
The electric charge on the left-hand side is while that on the right-hand side is , as expected. 
End of ITQ
Start of ITQ
· [bookmark: Session7_ITQ2][bookmark: Session7_Question2]In electron capture, a proton is converted into a neutron when it captures an electron, and subsequently emits an electron neutrino: 
Start of Figure
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View description - Uncaptioned Figure
End of Figure
Write down the quark conversion process that lies at the heart of electron capture. Confirm that electric charge is conserved.
· [bookmark: Session7_Answer2]At the level of individual quarks, this is: 
Start of Figure
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End of Figure
The electric charge on the left hand side is , while that on the right hand side is as expected.
End of ITQ
To end this course, you will consider the explanation for these flavour-changing reactions in terms of the final fundamental interaction found in nature, known as the weak interaction. 


[bookmark: Session8]8  Weak interactions
Weak interactions manifest themselves as reactions, or decays, in which some particles may disappear, while others appear. There is no structure that is bound together by a ‘weak force’, but weak interactions are vital for understanding the world around us. 
Weak interactions were involved in most of the reactions in the very early Universe by which particles changed from one sort to another. They are therefore largely responsible for the overall mixture of particles from which the current Universe is made. 
The most common example of a weak interaction is beta-decay and, as you saw earlier, there are three related processes, each of which is a different type of beta-decay. In each of these three processes the nucleus involved will change from one type of element to another, as a result of either increasing or decreasing its proton content by one. Each process relies on the weak interaction. 
[bookmark: Session8_Section1]8.1 W and Z bosons
In the same way that photons and gluons are the quanta involved in electromagnetic and strong interactions, respectively, weak interactions involve other quanta – known as W bosons and Z bosons. 
In fact, there are two types of W boson, one with negative electric charge, the W− boson, and one with positive electric charge, the W+ boson. The two (charged) W bosons each have a mass of about 80 GeV/c2 whereas the (neutral) Z boson has a mass of about 90 GeV/c2. In weak interactions, W and Z bosons interact with each other, as well as with all quarks and leptons. The Universe would be an impossibly boring place without them. 
As you know, the beta-minus decay of a nucleus occurs when a neutron turns into a proton, with the emission of an electron and an electron antineutrino. At most, a few MeV of energy are released in this process, corresponding to the difference in mass between the original nucleus and the resultant nucleus. At the quark level, the explanation is that a down quark, d, with a negative electric charge equal to one-third that of an electron is transformed into an up quark, u, with a positive electric charge equal to two-thirds that of a proton. 
A W− boson is emitted with one unit of negative electric charge, so conserving electric charge in the process. The mass energy of the W− boson is about 80 GeV, so it cannot possibly emerge from the nucleus as there are only a few MeV of energy available. In accordance with the energy–time uncertainty principle it therefore rapidly decays to produce an electron and an electron antineutrino, setting the energy accounts straight. 
Start of Figure
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Figure 8 A beta-minus decay process involves the creation and disappearance of a W− boson. A down quark decays into a W− boson and an up quark. The W− boson subsequently decays into an electron and an electron antineutrino. 
End of Figure
In weak interactions, the total number of quarks minus the total number of antiquarks is the same both before and after the interaction. The number of leptons is also conserved. In the example of beta-minus decay, there are no leptons initially present, and after the interaction there is one lepton and one antilepton – a net result of zero again. 
This is the explanation for why neutrinos and antineutrinos are produced in beta-decays. If they were not, then the rule of lepton conservation would be violated. Notice also that the production of a charged lepton is always accompanied by the corresponding flavour of neutrino. In all weak interactions: 
· electric charge is conserved
· the number of quarks minus the number of antiquarks is conserved
· the number of leptons minus the number of antileptons is conserved
· flavour changing of quarks or leptons is allowed, as long as these three rules are obeyed.
Start of ITQ
· [bookmark: Session8_ITQ1][bookmark: Session8_Question1]Following the example of beta-minus decay above, explain how beta-plus decay involves the creation and demise of a W+ boson. Check that electric charge is conserved, that the number of quarks minus the number of antiquarks is conserved, and that the number of leptons minus the number of antileptons is conserved. 
· [bookmark: Session8_Answer1]Start of Figure
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Figure 9 A beta-plus decay process involves the creation and disappearance of a W+ boson. An up quark decays into a W+ boson and a down quark. The W+ boson subsequently decays into a positron and an electron neutrino. 
End of Figure
The electric charge is initially that of an up quark (). The products of the initial decay are a down quark with charge , and a W+ boson with charge +e, so charge is conserved here. The W+  boson subsequently decays into a positron with charge +e and a neutral electron neutrino, so charge is again conserved. 
There is one quark present both before and after the decay, so the total number of quarks minus the number of antiquarks is conserved and equal to one. There are no leptons present initially, but one lepton (the electron neutrino) and one antilepton (the positron) are present at the end. Therefore, the total number of leptons minus the number of antileptons is also conserved and equal to zero. 
End of ITQ
The third of the quanta involved in weak interactions is the Z0 boson with zero electric charge. An example of the type of reaction involving the Z0 boson is a collision between an electron and a positron. This can create a Z0 boson from the mass energy of the electron–positron pair, which subsequently decays into a muon neutrino and a muon antineutrino pair. Notice that there is one lepton and one antilepton both before and after the interaction. 
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Figure 10 An electron–positron pair undergo annihilation, creating a Z0 boson which subsequently decays to create a muon neutrino and muon antineutrino pair. 
End of Figure
[bookmark: Session8_Section2]8.2 The survival of the neutron
You will now return to the puzzle mentioned at the start of this course. Apart from hydrogen, nuclei made solely of protons cannot exist. Neutrons are necessary to make nuclei stable, so the neutron is vital to the Universe. Without it there would be only a single element, hydrogen, making chemistry extremely dull, as it would be limited to a single molecule, H2, with no one to study it! 
The rules of strong interactions allow the construction of a neutron (udd) in the same manner as a proton (uud). Indeed, in the first moments of the Universe it is believed that protons and neutrons were created in equal numbers. Nowadays, however, the Universe as a whole contains only about one neutron for every seven protons, and the vast majority of those neutrons are locked up inside helium nuclei. Clearly then, at some stage, neutrons have ‘disappeared’ from the Universe. How has this happened? 
The mass energy of a free neutron is about 1.3 MeV larger than that of a free proton. This energy difference exceeds the mass energy of an electron (which is about 0.5 MeV) and means that free neutrons (i.e. neutrons not bound within atomic nuclei) can undergo beta-minus decay, with a half-life of about 10 minutes. 
This is believed to be the mechanism by which the proportion of neutrons in the Universe decreased from one in every two hadrons soon after the Big Bang, to only around one in seven today. Once neutrons are incorporated into helium nuclei they are immune from beta-minus decay, as helium nuclei are stable. 
Yet there is still a puzzle: if free neutrons can decay into protons, how did the neutrons form helium nuclei in time to avoid the fate of decay that affected them when they were free? The answer is, like much in life, that it was a question of timing. The temperature of the Universe had fallen to a value that allowed the formation of helium nuclei only a few minutes after the Big Bang. Because free neutrons survive for about 10 minutes before decaying, there were still plenty of them around at this time, and all those that had not yet decayed into protons were rapidly bound up into helium nuclei. 
But if free neutrons only survived for, say, one second, there would not have been many neutrons left to form nuclei a few minutes after the Big Bang. The vast majority of them would have long since decayed into protons. 
The relatively long lifetime of a free neutron is due to the fact that weak interactions (such as beta-minus decay) truly are weak, and therefore occur only rarely at low energies. 
So there is a vital condition for life in the Universe: weak interactions must be truly weak at low energies. If they were as strong as electromagnetic interactions at low energies, beta-minus decay processes would happen much more readily and the lifetime of a free neutron would be much shorter. As a result, the vast majority of the neutrons in the Universe would have decayed before it became possible for them to find safe havens in atomic nuclei, and there would have been no elements other than hydrogen in the Universe. 
The reason weak interactions are so weak results from the large masses of the W and Z bosons, which are each around 100 GeV/c2. In order for any weak interaction to occur, a W or Z boson must be created, but it is difficult to produce the massive W and Z bosons when the available energy is much less than this. 
Your entire existence therefore relies on the large mass of the W boson! And yet it’s a particle that many people have not even heard of… 


[bookmark: Session9]Conclusion
This free course, Particle physics, provided an introduction to studying particle physics and introduced you to the physics that operates at the smallest scales of the Universe. 
Delving inside the atomic nucleus, you have seen that protons and neutrons are composed of fundamental particles called quarks. Although everything around you is made up of just first-generation quarks (up and down) and first-generation leptons (electrons and electron neutrinos), you have seen that there are six flavours of quark and six flavours of leptons in total. Finally, you have examined the strong and weak interactions which govern how these particles behave. 
· What you have learned about leptons, quarks and hadrons: 
· There are six flavours of lepton, the lightest of which are the electron and electron neutrino; there are six flavours of quark, the lightest of which are the up and down quarks. 
· All leptons and quarks have corresponding antiparticles with the same mass but opposite electric charge and colour charge (in the case of quarks). 
· Combinations of three quarks are called baryons; combinations of three antiquarks are called antibaryons; combinations of a quark and an antiquark are called mesons. 
· As examples, a proton has the quark composition ‘uud’; a neutron has the quark composition ‘udd’; pions are mesons composed of up and down quarks and antiquarks. 
· What you have learned about strong and weak interactions: 
· The strong interaction binds quarks together inside nucleons, and binds nucleons together inside nuclei; all strong interactions involve gluons. 
· Quarks and gluons each carry a colour charge; baryons, antibaryons and mesons are all colour-neutral.
· In strong interactions: energy, electric charge, colour charge and the number of quarks minus the number of antiquarks are all conserved. 
· The weak interaction allows leptons and quarks to change flavour; all weak interactions, such as beta-decay, involve W or Z bosons. 
· In weak interactions, energy, electric charge, the number of quarks minus the number of antiquarks, and the number of leptons minus the number of antileptons are all conserved. 
This OpenLearn course is an adapted extract from the Open University course SM123 Physics and space. 
Start of Box
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End of Figure
Start to unlock the mysteries of the universe and the world we live in by studying IGCSE Physics online with the National Extension College (NEC). 
Physicists study intriguing aspects of our physical world, including matter, space, time and energy. Their discoveries shape everyday life. GPS navigation, smartphones, electric cars, cancer treatment and space exploration…all these innovative creations rely on physics. NEC's IGCSE Physics course offers flexible learning with course materials developed by subject experts and tutor-marked assignments. 
Enrol from £495.
Find out more about IGCSE Physics here.
End of Box


[bookmark: Glossary1]Glossary
antibaryon
A subatomic particle composed of three antiquarks. The antimatter counterpart of a baryon. A type of hadron. Examples include the antiproton and antineutron. 
antimatter
Every type of matter particle has a corresponding type of antimatter particle which has the same mass but opposite other properties, such as electric charge. 
baryon
A subatomic particle composed of three quarks. The matter counterpart of an antibaryon. A type of hadron. Examples include the proton and neutron. 
bottom
(b) A type of quark - a fundamental particle with electric charge –e/3. (The bottom quark is sometimes alternatively referred to as 'beauty'.) 
charm
(c) A type of quark - a fundamental particle with electric charge +2e/3.
colour charge
A property possessed by quarks (and antiquarks) and gluons. It plays a role in QCD equivalent to that of electric charge in QED. Quarks can possess any one of red, green or blue colour charge. 
confinement
The process by which quarks and antiquarks remain locked up inside hadrons.
down
(d) A type of quark - a fundamental particle with electric charge –e/3. One of the constituent particles of both the proton and the neutron. 
electron
(e-) One of the component particles from which an atom is made. Electrons have a negative electric charge, and they surround the atom's positively charged nucleus. Electrons carry the electric current in metals. An electron is a fundamental particle (a lepton) with electric charge –e and mass energy about 500 keV. Electrons are produced in beta-minus decay processes. 
electron neutrino
(e) A fundamental particle (a lepton) with zero electric charge. It is produced in beta-plus decay along with a positron. Its antiparticle is the electron antineutrino. 
electronvolt
(eV) The unit of energy corresponding to the energy converted when an electron moves through a voltage difference of 1V. The electronvolt is abbreviated to eV and 1 eV = 1.602 × 10-19 J. 
flavour
Somewhat whimsical name used to describe the different types of lepton (i.e. electron, electron neutrino, muon, muon neutrino, tauon, tauon neutrino) and the different types of quark (up, down, strange, charm, top, bottom). 
generations
(of fundamental particles) The electron and electron neutrino are referred to as first-generation leptons, whereas the up and down quarks are referred to as first-generation quarks. The muon, muon neutrino, strange and charm quarks belong to the second generation; the tauon, tauon neutrino, bottom and top quarks belong to the third generation. 
gluon
The quantum of energy associated with the strong interaction. It plays a role in QCD analogous to that of photons in QED. Unlike photons, gluons themselves experience the strong interaction (photons do not experience the electromagnetic interaction). This is because gluons possess colour charge. (Photons do not possess conventional electric charge.) Consequently, gluons have a very short range and are never observed in isolation. 
hadron
A composite particle composed of quarks and/or antiquarks. Baryons are hadrons consisting of three quarks.
meson
A subatomic particle composed of a quark and an antiquark. A type of hadron. Examples of mesons include the pions.
muon
(μ-) A fundamental particle (a lepton) with electric charge –e which is similar to an electron but with a mass about 200 times heavier. Its antiparticle is called the antimuon (µ+) 
muon neutrino
() A fundamental particle (a lepton) with zero electric charge. Its corresponding antimatter particle is called the muon antineutrino.
neutron
(n) One of the two types of particle found in the nucleus of an atom. The neutron has zero electric charge and a mass very close to that of the proton. As with the proton therefore, the relative atomic mass of a neutron is very close to unity on the scale of relative atomic masses. Neutrons are baryons, with the quark composition (udd). They have an electric charge of zero, and a mass energy of about 1 GeV. 
photon
A particle of light or other electromagnetic radiation. Monochromatic light consists of photons that each have exactly the same amount of energy, called a quantum of energy. Therefore also, the quantum of energy associated with the electromagnetic interaction. Photons have no mass or electric charge and do not experience the electromagnetic interaction. (Compare this behaviour with gravitons and gluons, which also have no mass or electric charge. 
positron
(e+) (antielectron) The antimatter counterpart to the electron. It has an electric charge of +e, but the same mass as the electron. It is produced in beta-plus decay processes. 
proton
(p) The nucleus of the hydrogen atom and one of two constituents of all other nuclei; the particle has a relative mass very close to unity on the scale of relative atomic masses. Protons are baryons, with the quark composition (uud). They have an electric charge of +e and a mass energy of about 1 GeV. 
quantum chromodynamics
(QCD) The theory that describes the strong interaction. It explains these interactions as arising due to the exchange of gluons between particles that possess colour charge. Compare with quantum electrodynamics. 
strange
(s) A type of quark - a fundamental particle with electric charge –e/3. 
strong interaction
The fundamental interaction between quarks and antiquarks responsible for binding them together as triplets inside baryons and antibaryons, or as quark–antiquark pairs inside mesons. A residual effect of the strong interaction is responsible for binding protons and neutrons together as nuclei. One of the four fundamental interactions, described by the modern theory of QCD. It describes interactions between particles that possess colour charge in terms of the exchange of quanta called gluons. Strong interactions get weaker with increasing energy of interaction. Compare with electromagnetic interaction. 
tauon
(-) A fundamental particle (a lepton) with electric charge –e which is similar to an electron but with a mass about 3500 times heavier. Its antiparticle is called the antitauon (+). 
tauon neutrino
() A fundamental particle (a lepton) with zero electric charge. Its antiparticle is called the tauon antineutrino.
top
(t) A type of quark - a fundamental particle with electric charge +2e/3. (The top quark is sometimes alternatively referred to as 'truth'.) 
up
(u) A type of quark - a fundamental particle with electric charge +2e/3. One of the constituent particles of both the proton and the neutron. 
virtual photon
A photon involved in carrying the electromagnetic force from one part of an interaction to another. Virtual photons do not escape from processes and are never detectable directly. 
W boson
One of the quanta associated with the weak interaction. W bosons come in two varieties labelled W+ and W-, where the superscripts denote the electric charge of the particles. Both W bosons have mass energies of about 80 GeV. 
weak interaction
Fundamental interaction involving both quarks and leptons. One of the four fundamental interactions. It describes interactions between particles in terms of the exchange of quanta called W bosons and Z bosons. There is no structure that's bound together by a 'weak force'. Weak interactions are responsible for processes such as beta-decay in which quarks change flavour and lepton–antilepton pairs are produced. 
Z boson
One of the quanta associated with the weak interaction. Z bosons are often labelled Z0, where the superscript denotes that it has zero electric charge. Z bosons have mass energies of about 90 GeV. 
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A neutron is converted into a proton plus an electron and an electron antineutrino. 
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A down quark is converted into an up quark plus an electron and an electron antineutrino 
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Description
A proton is converted into a neutron plus a positron and an electron neutrino 
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Description
An up quark is converted into a down quark plus a positron and an electron neutrino. 
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Description
A proton plus an electron is converted into a neutron and an electron neutrino 
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An up quark plus an electron is converted into a down quark and an electron neutrino 
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[bookmark: Session5_Transcript1]Video 1 Building the ATLAS detector.
Transcript
NARRATOR:
ATLAS is one of the biggest and most complicated machines ever built. The size of it is overwhelming, 48 metres long, 25 metres in diameter, in a cavern the size of a cathedral, and the whole thing built 100 metres underground. ATLAS sits in the 27 kilometre ring at CERN and it’s here that protons at nearly the speed of light smash into one another. 
ATLAS’s job is to detect fragments exploding out of the resulting mini Big Bang. One of the scientists building this vast machine is Pippa Wells. 
PIPPA WELLS:
If you can see, there’s a hole there...
NARRATOR: 
In the middle. 
PIPPA WELLS: 
...in the middle of that disc. That is where the beam pipe from the accelerator will finally go. 
NARRATOR:
So the protons are going to be whistling in and through and out of that hole in the middle? 
PIPPA WELLS:
That’s right. So bunches coming in from this side, same thing coming in from the other side. Forty million packets of protons every second have a chance to collide in the middle of the detector. And something like 20 of those protons will interact. So we’re looking at the remnants of what was briefly created in the middle, and then those remnants fly out in all directions. 
NARRATOR:
So you’re saying two protons hit, there’s a fireball, a massive, or minute, explosion. 
PIPPA WELLS:
A tiny fireball, yes. 
NARRATOR:
But that’d be incredibly hot. 
PIPPA WELLS: 
Yes. 
NARRATOR: 
And whatever is formed will then instantly break down into other bits. 
PIPPA WELLS: 
That’s right. 
NARRATOR: 
ATLAS is so huge because it’s made of layer upon layer of detector designed to work out what went where, and when. Pippa is responsible for the detectors at the very centre of ATLAS, closest to the collision. But detecting the particles is just the beginning. The next challenge is getting the information out, down 50,000 separate cables. 
PIPPA WELLS: 
What we then have to do is work out, was this an interesting event? Are these the remnants of some new particle we’ve never seen before? Is this a clue for the Higgs boson, or for dark matter, or is this just some ordinary interaction? It’s the sort of thing we’ve seen at previous accelerators, it’s just happening now at higher energy. 
NARRATOR:
Right. It won’t be humans deciding which collisions are interesting. ATLAS can handle 600 million collisions a second. Ultrafast computers analyse events as they happen and decide which are worth recording and which can be thrown away. 
This is a very big bit of apparatus you’ve got here, isn’t it? 
PIPPA WELLS:
It certainly is, yes. 
NARRATOR: 
Are you sure it’s going to work? 
PIPPA WELLS: 
Yes.
Back to - Video 1 Building the ATLAS detector.
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