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Where we started from: 
electricity and magnetism

• Electricity and magnetism, well understood one
century ago

• Most of our present technology is based on them!

• Example: Repulsion of electric charges at rest

• But how does this really happen?
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Forces as exchanges!

These bits of energy are carried by 
particles of light, the photons

No! It happens in many steps, in 
many exchanges of small, 
indivisible bits of energy!

University of Birmingham, 
MasterClass, 24th April 2007

Pablo del Amo Sanchez 4

Forces as exchanges!

These bits of energy are carried by 
particles of light, the photons

No! It happens in many steps, in 
many exchanges of small, 
indivisible bits of energy!

Both attraction
and repulsion
between charges
are explained
like this.
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Now we do know EM!
• One kind of charge (electric charge), of

which we can have excess (+) or defect (-)

• Force arises from exchange of photons, that
are born from charges, and carry energy to
another charge where they die.
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What if… 3 charges?
• What if instead of one kind of charge, we

had EM but with three different types of
charge?

* Particles with color not responsible for colours of light!

• EM with three different types of charge

• Let’s call them red, green, blue, just for fun…*

“Positive” charge is then red whereas “negative”
is anti-red (cyan, in this analogy).

• Call “quark” a particle with color charge

E&M 3 charges
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What if… 3 charges?
• As in EM, charges attract(repel) if they are 

the opposite(same), e.g. red and red repel and
red and anti-red attract.

• Also happens by exchange of particles.

• Charges attract(repel) if opposite(same), e.g. 
red and red repel, red and anti-red attract.

• Also through exchange of particles (gluons)

• But red and green(blue) attract as well. In EM 
attraction or repulsion was given by the sense
of the field lines: outwards or inwards. Now
there are more possibilities, and this is not
enough: the exchanged particles must carry
charge (color) themselves!

• Charges attract(repel) if opposite(same), e.g. 
red and red repel, red and anti-red attract.

• Also through exchange of particles (gluons)

• But red and green(blue) attract as well. More 
possibilities: the exchanged particles must
carry charge (color) themselves!

So quarks
change color after
emitting gluons!
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What if… 3 charges?
• Neutrality (neither excess nor defect) of these

color charges is got from:
– color+anti-color

– red+green+blue since anti-red=cyan=green+blue

• Since in EM where we find particles is in neutral
arrangements (atoms), if we find these special
charges will be in neutral arrangements too! 
(hadrons: two or three particles with color)
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• Only fiction?

What if… 3 charges?
• When fired electrons into protons

found 3 particles inside!

• Theory of particles with color describe

protons, neutrons and nuclei of atoms

• Protons and neutrons bound by residual force
between quarks, same as atoms in molecules
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Strong but short…
• Residual force between protons and

neutrons called “Strong nuclear force”

• Since gluons carry color charge, are attracted
by quarks and other gluons and won’t go very
far… Short range!

• Also concentrate around line between quarks

• Pull quarks apart and there’ll be more gluons
so force will be stronger! No quark on its own!

• Keep pulling and energy between them will be 
enough to create a quark and an antiquark:

Quark confinement!

• Since gluons carry color charge, are attracted
by quarks and other gluons and concentrate
around line between quarks

• Pull quarks apart and there’ll be more gluons so 
force will be stronger! No quark on its own!
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How many quarks?
• To get electric charge of hadrons

(proton,neutron…) right, quarks must have
electric charge: at least, one with

(quark “u”)

and

(quark “d”)

e
3
2

e
3
1

−
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Puzzle #1
• Why is it, then, that in 

experiments we find
three versions
(“generations”) of the
quarks u and d?

• They are heavier (more 
mass) as we go from
left to right, but
otherwise the same!
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• EM with two different types of charge and
heavy “photons”.
Call them “Z”, “W+” and “W-”

• If masses of Z, W are very high, gathering
the energy to emit them will be far less likely
than to emit a normal photon

• So Z and Ws will only play a role when EM
and strong force don’t!  Hence called “weak
force”!

What if… heavy “photon”?
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What if… heavy “photon”?

• Only fiction?• Some radioactive processes happen like that! 
E.g. neutron goes to proton and electron

• Same as a quark changes color when
emitting a gluon, a particle emitting a W will
change! (d→u in this case!)
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What if… heavy “photon”?

• Some radioactive processes happen like that! 
E.g. neutron goes to proton and electron

• Same as a quark changes color when
emitting a gluon, a particle emitting a W will
change! (c→s in this case!)
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• What is a neutrino?

• Very light, only affected by Z and Ws

• Thus hard to see…

Puzzle #1 (cont’d)

• Paired with electron, also light and without
color

• Just as happened with the quarks, heavier
versions of electrons and neutrinos have
turned up in experiments!
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Puzzle #1 (cont’d)
• So matter seems to come in three different

flavours or “generations”

• Those without color

are called “leptons”

WHY????
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• Have seen that Ws turn into quark and anti-
quark, or leptons (e.g. muon plus neutrino)

• Zs are a bit different: turn into particle plus 
its antiparticle (eg u and anti-u, electron and
anti-electron, neutrino and anti-neutrino).

• Also, a particle doesn’t change when emitting
a Z

What if… heavy “photon”?
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Puzzle #2
• How heavy are Z and W?
• About 100 and 85 times heavier than proton!

• How can photons and
gluons have nearly no 
mass and Z and W 
have so much?

• The Higgs boson!

(see Neil’s talk)
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Recap…
• The world of particles works vith variations of

EM!

• EM: 1 kind of charge, transmitted by photons

• Strong: 3 kinds of charge, exchange gluons

• Weak: 2 kinds of charge, heavy particles Z, W

• Still many puzzles! Generations, mass of par-
ticles, why matter and anti-matter not same…


