TAP 540 - 2: Quark models

Hadrons and quarks

This simple physical model allows construction of baryons (hadrons containing three quarks) using the basic up (u) and down (d) quarks or antiquarks (the same letters with bars above them – here called ubar or dbar quarks) to form equilateral triangles containing red, green and blue.  The antiquarks have the same colours in opposite arrangement on the models.  Quarks and antiquarks can combine to give mesons (hadrons containing two quarks).   Quarks aren’t really 'coloured' of course.  But each has a property that is an analogue of colour with a rule that says that to make a valid particle these properties must combine to give a colourless (white) result. No one can see these colours – or even investigate the properties of single quarks because they can’t exist on their own.  The colours have to be worked out 'backwards' – from seeing what combinations actually exist in nature to make hadrons.

Historically, the names baryons, mesons and leptons are descriptions of observed particles in terms of their masses.  Baryons are heavy, leptons are light, and mesons are in-between.  It was later realised that leptons (electrons and neutrinos) were fundamental particles, while both baryons and mesons were combinations of smaller particles — quarks.   This led to the introduction of the term hadrons (‘dense particles’) for both baryons and mesons.

You need

· Triangular models of the six possible u and d quarks and their six possible antiquarks. Each triangle labels the quark (u or d), whether it is a quark or an antiquark, gives its charge and its colour.

TAP 540-1: Quark triangles
Rules of the game: building up hadrons from quarks

When quarks combine to form stable matter they have to satisfy two basic conditions: 

· the net electric charge must be zero or a whole number of the electronic charge e;

· the final colour must be 'white'

Physicists knew that three primary colours make white: red, blue and green.  Each of the primary colours has it complementary colour, which when added also makes white: yellow and blue make white because yellow is a combination of red and green.  Yellow is sometimes called antiblue for this reason.  The other two complementary colours are magenta (antigreen) and cyan (antired).  This means that to make a stable combination of quarks we have one of three possibilities.

1.
Three quarks of different primary colours, one red, one blue and one green.

2.
Three antiquarks of different complementary colours, one antired, one antiblue and one antigreen. (The antiquarks each have a bar above the letter u or d)

3.
A quark and an antiquark of the primary colour and its complement: e.g. red and antired.

The three-quark and three-antiquark combinations each form triangles with circles at their centres.  The quark–antiquark combinations are made by placing the long edges together.

What to do

1.
Produce three-quark combinations (baryons) with charge 0 (a neutron) and with charge +e (a proton).  

2.
What are the charges of the antiparticles to these two baryons?

3.
Are there any other different combinations of three quarks?  What is the resulting charge of each hadron?

4.
Now produce quark–antiquark combinations (mesons) with charge 0, +e and –e.

5.
Can you make or think of any other different combinations of quark and antiquark that 
make viable hadrons? Do they actually exist – or have they been discovered in 
experiment?

You have seen that

1.
Deep inelastic scattering experiments showed that the proton and neutron have a sub-structure – they are made of smaller particles.  With this simple model it can be seen that different combinations of two quark ‘building blocks,’ with charges of +2/3 e and –1/3 e, give the expected proton and neutron.

2.
The quark–antiquark combinations give the pions (π -mesons).  Two of the possible 
combinations give the neutral π0, while the other two combinations give the π + and 
π – particles.

3.
Other combinations of three quarks are possible: the ddd combination, with charge –e 
and uuu with charge +2e are predicted. These particles are the unstable  and 

Practical advice

The six possible u and d quarks and their six possible antiquarks are best printed on card and laminated. 

Teachers may choose between two versions of the antiquarks: in one, each antiquark has the same colours as the quark but in the opposite sections of the triangle, whereas in the other, the same section is coloured but with the complementary colour, cyan for red, magenta for green, and yellow for blue.

These could be backed if wished (each antiquark on the reverse of its quark), which does emphasise their complementary nature, but it will restrict the production of mesons, so extra sets will be needed.  Note that there is a choice of two antiquark styles as detailed in the requirements section above. Have handy a table of discovered particles so that students may check what it is they have constructed.

Although this model can readily be extended to strange and charmed hadrons, this is likely to extend it beyond its value, and to give undue emphasis to a ‘stamp-collecting’ approach to particle physics.  A more useful extension could be to explain the creation of pions in high energy interactions via the creation (ΔE = Δmc2) of quark–antiquark pairs, e.g. in the decay Δ ( p + π+ where (u+u+u) becomes (u+u+d) + (dbar+u).  This would involve starting with a hadron, and adding an extra (quark + its antiquark) pair to make new combinations using the colour combination rules. 
External resources

Useful additional information can be gleaned from PPARC materials.

http://www.pparc.ac.uk/ 

Frank Close 1983 The Cosmic Onion (London: Heinemann)

External reference

This activity is taken from Advancing Physics chapter 17, 60P

