
Lecture 3 



• Antiparticles 

• Leptons 

• Quarks and hadrons 

• The strong force 
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Consider  electron moving  backwards in time dt  -dt . 

An electron moving backwards in time looks 

like a positively charged electron moving  

forwards in time! 

+ - 



Antiparticles 

Special relativity permits negative energy solutions and  
quantum mechanics demands we find a use for them. 

 
(1)The wave function of a particle with negative energy moving  

forwards in time is the same as the wave function of a particle  
with positive energy moving backwards in time. 

 
(2)A positive energy particle with charge -q moving backwards in  

time looks like a positive energy particle with charge +q  
moving forwards in time. 

 
We expect, for a given particle, to see the ”same particle” but  
with opposite charge: antiparticles. 
Antiparticles can be considered to be particles moving  
backwards in time - Feynman and Stueckelberg. 
Hole theory (not covered) provides an alternative, though  
more old fashioned way of thinking about antiparticles. 
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Feynman diagrams 

Important mathematical tool for calculating  

rates of processes - Feynman rules. 

Qualitative treatment here 

Represent any process by contributing  

diagrams. 
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One possible diagram for 

e 
 e  e  e 
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Electromagnetic processes 

Convention - time flows to the right  

The lines do not represent trajectories  

of a particle. 

Arrow for antiparticle goes "backward in time". 

Lines should not be taken as "trajectories" of particles 

2 

Interactions occur at a vertex. 

t t t 

Rule of thumb: a vertex carries a factor  associated  

with the probability of that interaction taking place. 

Probability ∼  

ℏ 

 

  e  e 

A basic process. 
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Consider all electromagnetic processes  

built up from basic processes: (a) to (h) 

(e) and ( f ) 

The basic processes are never seen since  

they violate energy conservation (next slide) 

 

They can be combined to make observable processes: 

e  e  e  e 

Basic electromagnetic diagrams 
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Using Feynman diagrams 

 

 

 

Q i t 

i . 

 3 

e 
 e       

Three vertices  probability   3 

Rate e   e         
R   

 2 
Rate e   e       

   0.7 102 

Observed R  103 

 li i 

 l l t i 

+ other contributions 
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Using Feynman diagrams 
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Two electrons are observed to repell 

Many different indistinguishable processes,  

eg one-photon, two-photon exchange,    

e- can contribute to the scattering 
 

l i 

    each other: e  e  e  e 

 higher order processes contribute  

less and less to the calculation and can  

be safely be neglected in any  

approximate solution. 
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The charged leptons 
• Three types of 

charged lepton 

• Electron,muon,tau 

• e-, e+,   ,   

• Charged leptons  
interact via the weak  
and electromagnetic  
forces 

Lepton Charge (e) Mass  
(GeV/c2) 

e- -1 0.0005 

- -1 0.105 

- -1 1.8 

+ antiparticles 



Heavier leptons 
• Muon  (Stevenson and Street, 1936) 

• Measurements of energy loss of  
cosmic-ray particles. 

• New particle with mass between e- 

and p (106 MeV/c2) 

• Interacts like a heavy electron 
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Evidence for neutrinos 

 

 
n → p + e- +  

• Electrons produced by beta decay do not all  
have the same energy. 

– Pauli proposed the existence of an unseen neutral  
particle to explain the observed electron spectrum. 











Limits on lepton number violation in charged lepton decays 

Decay Violates Limit on  
branching ratio 

   e  e  e L , Le  1.0 1012 

   e   L , Le  1.2 1011 

 

   e   
 

L , Le 

 

 1.1107 

       
 

L , L 

 

 6.8108 

   e       

 

L , L 

 

 2 107 
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Interactions of leptons 
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- - 

Lepton interactions 

e   

Electromagnetic 

In: Le  1; L  1; L  0 

Out: L  1; L  1; L  0 

In: Le   1; L  0; L  0 

Out: Le  1; L  0; L  0 

e - e- 

e- 

W- 

 

+ 

 

Charged leptons interact via the em and weak forces.  

Neutrinos only interact via the weak force. 

Lepton number is always conserved at a vertex and in the whole process.  

As for all forces: 

Charge conservation and energy-momentum  

conservation for incoming and outgoing particles. 

Charge is conserved at a vertex though energy can appear to be  

violated when dealing with ”internal lines” (lecture 1). 

Weak: neutral current  

In: Le  2; L  0; L  0 

Out: Le  2; L  0; L  0 

Weak; Neutral current  

In: Le  2; L  0; L  0  

Out: Le  2; L  0; L  0 

Weak: charged current 

In: Le  1; L  1; L  0 

Out: Le  1; L  1; L  0 



Question 

Draw a Feynman diagram for a muon decay  
process. 
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The quarks 

Quark Q (e) Mass  
(GeVc2) 

u- up 2/3 0.003 

d- down -1/3 0.005 

s- strange -1/3 0.15 

c- charm 2/3 1.2 

b- bottom -1/3 4.2 

t-top 2/3 171 

Spin ½ particles 

Multiplets: 

 u  c  t  
 d  s  b  
    

+ antiquarks: u , d , s , c , b , t opposite charge: Q  -Q 



Mesons and baryons 

Meson 

(quark-antiquark) 

Baryons 

(quark-quark-quark) 

Strong force is a short range (~1fm) force which acts to confine  
quarks and antiquarks in hadrons. ”Bare” quarks are not seen. 



Hadrons 
Two types: mesons quark+antiquark and  

baryons quark+quark+quark 

Full particle listings from the 

Review of Particle Physics: 
http://pdg.lbl.gov/2008/listings/contents_listings.html 
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http://pdg.lbl.gov/2008/listings/contents_listings.html










Evidence for quarks 

Periodic structure of hadrons (SU (3) multiplets). 
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Evidence for a new quantum number: colour 

(4.03) 
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Hadrons and the strong force 
The strong force occurs between particles carrying  

"colour" charge. 

Coupling at a vertex: 

A quark can carry 3 colours: Red (R), Green (G), Blue (B) 

Range of the strong force  1015m. 

There are eight gluons:  

Gluons themselves carry colour and self-interact: 

f t 

q (G) 

q(R) 

q (R) 

Gluon (RG) 

s 
s 

   

q (G) 
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Colour combinations 

We have never seen a quark or gluon!  

Nature abhors naked colour. 

Every particle in nature is colourless/colour singlet 



QCD Description of the Strong Nuclear Force 

Yukawa model proposed pion exchange  

Interaction results from internal gluon lines and  

quark exchange 
37 



0 2 v t o n ? 0 a G r g ( 1 / r ) n o L o n a l 1 0 G r a v t a t i 

The fundamental forces 
Different exchange particles mediate the forces: 

strong 
electromagnetic 

weak 

3 8 2 

Interaction Relative  
strength 

Range Exchange Mass  
(GeV) 

Charge Spin 

Strong 1 Short  
(º fm) 

Gluon 0 0 1 

Electromagnetic 1/137 Long 
(1/r2) 

Photon 0 0 1 

Weak 10-9 Short 
(º 10-3 fm) 

W+ W-,Z 80.4,80. 
4, 91.2 

+e,-e,0 1 

i - i No quantum field  

theory yet for  

gravity 



Next  
lecture 



Particles in nature 

175000 

small 

small  

small 

More information available from the  

Review of Particle Physics:  

http://www-pdg.lbl.gov/ 

http://www-pdg.lbl.gov/
http://www-pdg.lbl.gov/
http://www-pdg.lbl.gov/


Summary 
Anti-particles for every particle - required by QM+special relativity. 

Feynman diagrams - powerful tool for particle interactions.  

Three families of leptons and quarks. 

 

Hadrons formed from quarks. 

 

Three forces in the Standard Model of particle physics. 


