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Elementary particle physics 
This course will introduce the Standard Model of particle 
physics and both theoretical foundations and experimental 
techniques. Main aim is to introduce phenomenology side of 
particle physics.   

– Most of the presented experimental material will come from up-
to-date measurements at LHC experiments. 

–  The theoretical foundations will follow book by D. Griffiths, 
„Introduction to Elementary Particles”.  

When preparing those slides, I have borrowed some material 
from lectures or courses by: F. Krauss, C. Williams, P. Bechtle, 
R. Otario, Ch. Sanders, and others.  
  



Constituents of matter along History 
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The earlies fundamental particle 
discovery was the electron, by J. 
J. Thomson in 1987 

 

Followed by the discovery of 
proton by Rutherford in 1917 

 

The atomic model was 
completed in 1932 when 
Chadwick discovered the 
neutron. 

Early fundamental particles 
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Observation: 1897 
• Constituents of cathode rays 

deflected by electric field 
• Constituents of cathode rays 

deflected by magnetic fields + 
heating of thermal junction -> first 
mass/charge ratio 

• Higher precision of mass/charge 
from comparing deflection by 
electric and magnetic field 

The Electron  
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Quantum Mechanics 
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Solvay Physics Conference 1927:  Electrons and Photons 
29 attendants,  17 became Nobel Prize winners 



• This was achieved by Dirac in 1927, 
 
 

It permits (demands)  solution with negative energy! 
• Dirac proposed that the vacuum is made up of a 

„sea” with energy electrons 
• What in 1930 was a huge issue for Dirac’s equation 

became in 1931 its greatest's triumph, Andersen 
discovered the positron  

Anti-particles 

7 Curvature (mass to charge ratio) matches that of electron  but with opposite charge! 



What force binds protons and 
neutrons together to form 
the elements of the periodic 
table and just the world 
around us 

The strong force 
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We know it has to be a force which  is considerably 
stronger than the electric force since atoms made of 10’s-
100’s protons stick together 

 

We also know, from daily experience that a long distance 
(~> a few 10-13 m) we do not experience the nuclear force 



Yukawa was the first to propose a model of 
strong force, in 1934. Proposed a new field, 
which mediated the interaction between the 
proton and the neutron 
 
Since the force is short range, Yukawa made the 
mediator heavy, so it cannot propagate to long 
distances  

The mesons 
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Yukawa reasoned this bosonic meson 
must be about 300 heavier than electron  

 

The proton and neutron are examples of 
baryons which are fermionic   



Around this time, one of the primary particle physics 
laboratories was the study of energetic particles hitting 
the earth’s upper atmosphere.  
 
In 1937 Anderson (again) and Neddermeyer discovered a 
particle which appeared consistent with Yukawa’s meson.  

Pion discovery? 
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This particle has a 
mass of around 200 
times the electron. 



The problem with this new particle was that it 
did not interact strongly enough with nuclei to 
be the carrier of the strong force.  

 

In fact, what was discovered was the muon, a 
heavier copy of the electron.  

 

The actual pion (lightest mezon) was found in 
1947 by Powel  

A puzzle 
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The muon 
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The discovery of the muon was completely unexpected. 

The world of leptons was becoming increasingly more 
interesting … 

Radioactive decays provided a mystery, if a heavy nuclei A 
decays at rest into an electron and a lighter nuclei B then 
the conservation of energy fixes the energy of the 
electron    

A puzzle 
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This is not what is actually observed! 

Neutrinos 
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Pauli proposed that a new, very 
weakly interacting neutral 
particle is present, and restores 
the conservation of energy.  
Fermi constructed a beautiful 
description of beta decay which 
incorporated Pauli’s neutrino in 
1933.  



Neutrinos appear everywhere 

Neutrinos 
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This is all nice theoretically, but is there any experimental 
evidence?  
Are neutrinos and anti-neutrinos different particles?   



In the 1950’s Cowan and Reines used the inverse 
beta decay 
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Neutrinos 

To conclusively prove the existence of anti-neutrinos 

 

The non-observation of process  

proved that neutrinos and anti-
neutrinos  are fundamentally 
different particles   



The non-observation of the crossed process was 
theoretically expected based upon the idea of Lepton 
number conservation. 
Matter particles (electrons, muons, neutrinos) are 
assigned lepton-number L=+1, whilst anti-mater 
particles (positrons, anti-muons and anti-neutrinos) are 
assigned L=-1, all other particles have L=0 
Lepton number conservation then ensures that both LHS 
and RHS of reactions have the same total Lepton number.  

Lepton Number  
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Lepton number conservation allows us to 
rewrite the decay of muon 

Lepton Number 
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What about? 



The lack of muon decays to electron and a photon 
suggests a conservation law of „mu-iness”  

But what about regular muon decays? 

Lepton Number  
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There must be (at least) two types of neutrinos 



We know now that there are 3 families of 
leptons, the tau lepton was discovered in 1975 
and tau neutrino in 2000 (DONUT experiment) 

The Lepton Family  
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However in 1947 it was 
no idea „what for” are 
muons (I. Rabi) 



In December 1947, Rocheter and Butler observed 
a „strange” new particle in cosmic ray 
experiments. 

 

The particle appeared to be a new type of meson! 

The strange tide 
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The Kaon was not the last „strange” particle to be 
discovered, in 1950 Anderson (again!) discovered a 
new heavy baryon through its decay products.  
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The strange tide 

How do we know this is a Baryon? 
Similarly why are we here? 

These are pretty catastrophic processes for the Universe. 



In a similar fashion to what we saw for leptons, we introduce 
the concept of baryon number conservation 
 
Proton and neutrons have a Baryon number of +1 (anti-
baryons have a Baryon number of -1)  
 
There is no corresponding meson number conservation, for 
example we already now how pions decay 
 
 
Baryon number thus give a mechanism to quantify whether 
hadrons are baryons, or mesons, based on the production 
and decay mechanism, and baryon number conservation 
(you can use spin too, baryons are fermions, mesons are 
bosons).    
 

Baryon Number 
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The new strange particles are indeed „strange” 
• They are copiously produced in energetic 

collisions (with timescales around 10-23 
seconds). But relatively long-lived, with lifetimes 
around 10-10 second.  

• This suggests that maybe there is different 
production mechanism and decay mechanism 
(i.e. two separate forces) 

• This is further backed up by noting that strange 
particles are produced in pairs e.g. 
 

• But we can never singly produce a strange 
particle  
 
 

The strange particles 
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• All this suggests yet another quantum number, strangeness, 
which is conserved by the strong nuclear force, but not by 
the weak force.  

• The K’s have strangenes S=+1 and the ∑ has S=-1, ordinary 
matter has S=0. 

• The strong and electromagnetic force conserve 
strangeness,  but the weak force doesn't which allows 
strange particles to decay.  
 
 

• The introduction of a new force should not be surprising, 
we know that neutrinos, exist, but they are a) not charged, 
b) not strongly interacting, so one expect some new type of 
force, this is indeed the same weak force we see above.   

The weak force and strangeness 
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• We learned that there were strange hadrons, which are 
pair produced in strong interactions, but decay via a 
new weak force. 

• On the other hand, there are some hadrons, which are 
not strange, and decay via the strong force, for 
example lifetime ratio below: 
 
 
 
 
 
 

• We want to understand this better: The Quark Model  

We are around 1950’ties 
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The first person who made significant progress on forming a 
„periodic table” for hadrons was Murray Gell-Mann   1961 
The mesons can be grouped into the octed, based on charge 
and strangeness 

The „Eightfold way” 
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A similar octed appears for baryons, which 
includes also our friends: p and n 

(note the shift in scale for the strangeness) 

The „Eightfold way” 
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Nonet is not the only structure, spin 3/2 baryons form a decoupled.  

More baryons 
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The „Eightfold Way” 
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In 1964 Gell-Mann proposed a model to explain observed 
in the hadron spectrum. He postulated that there are 3 
quarks, with the quantum numbers shown above. Using 
these quarks and corresponding anti-quarks ) he was able 
to reproduce the observed spectrum of hadrons.    

The Quark Model 
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In the quark model the hadrons are constructed 
according to the following rules: 

1) Baryons are made of three quarks (qqq), 
anti-baryons are made of anti-quarks 

 

 

 

2) Mesons are made of quark anti-quark pair. 

 

The Quark Model 
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The quark model has a serious flaw as it currently stands, 
namely it predicts: 
 
 
 
Worse still, such a doubly charged spin 3/2 baryon was 
observed by Fermi in 1951, and lives in our decoupled 
As it stands our states are completely symmetric 
indistinguishable quantum state made up of spin ½ fermions, 
and is in complete violation of our understanding of spin 
statistics 
A second less catastrophic problem, is the lack of existence of 
qq and other allowed states. Foe example n uu charge 4/3 
meson has ever been observed, but there is no reason to not 
construct it in our simple quark model.  

Problems for the Quark Model 
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We solve both of these problems with the 
introduction of the color charge. 

We re-write the wave function as follows, 

 

 

We introduce three color charges, and assign a 
different one to each up quark, now the 
particles ar distigushable and the spin-statistics 
theorem is satisfied. 

Color: the „charge” of a strong force  
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Since we don’t „see” color like we do charge, we 
also enforce that all observed hadrons are 
„white”, i.e. color neutral combinations 

 

Color neutral (white) combinations are given by 
either combining RGB, a=ro a color wit its anti-
color (in a meson) e.g. R R 

Color: the „charge” of a strong force  
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Here we discuss it only heuristically, I will come 
back to it latter 

The gluon: the „photon” of the strong force 

36 



The gluon: the „photon” of the strong force 
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The gluon: the „photon” of the strong force 
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The gluon: the „photon” of the strong force 
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The gluon: the „photon” of the strong force 
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There must be an equivalent messenger of the strong force. Since it is 
responsible for „gluing” quarks together inside hadrons, we call it the 
gluon. 
However, unlike the case of electron scattering, there are multiple 
color charges that interact with each other. In the above a red quark 
scatter  off an anti-red anti-quark, producing new blue quark/anti-
quark in the final state.  
Therefore in order to mediate the strong force, it is clear that  the 
gluon itself must be colored, and it carriers two indices.   



The gluon: the „photon” of the strong force 
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Simple counting suggest there should be nine combinations of 
gluons pairings  
 
However, we already know that the combination 
 
Is a color singlet (this is a color charge of a pion), so we can 
actually eliminate one color combinations from the basis. 
Therefore ther are 8 gluons!  



A further, fundamental difference between photons and 
gluons, is that gluons, which are charged under the strong 
force (i.e. are colored objects) can interact with themselves. 
This results in dramatically different physics from 
electromagnetic interactions and ultimately leads to the 
bounding of nuclei together. 
Theories, like electromagnetism, in which the boson mediator 
is not charged under the interaction are called Abelian, 
theories like the strong force, in which gluon boson itself 
carries the color charge, are called Non-Abelian    

Self interactions of gluons 
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Initially reaction to the quark model was mixed, its simplicity 
and predictivity was admired. But the inability to produce 
free quarks, and the ad hoc nature of the color interpretation 
were serious issues. 
In 1974 the game changed with the discovery of a new very 
heavy meson (3 times heavier than the proton). This particle 
was (almost) simultaneously discovered at Brookhaven and 
SLAC 

The J/Y discovery  

43 

It was easy to incorporate this new 
meson into the quark model, by adding 
in a new heavy quark, the charm quark  
 
 
The quark model then predicts many 
new baryons and mesons which contain 
charm quark 



Since then two additional quarks have been discovered, 
the bottom quark (1977) and top quark (1995) were 
discovered at Fermilab. 
The third generation of quarks are very heavy, the bottom 
quark has a mass around 5 x the mass of the proton, 
whilst the top quark has a mass around 175 times that of 
the proton! 

Completing the quark story 
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We still believe  that 
quarks are fundamental 
and that Standard Model 
includes a fundamental 
particle heavier than a 
Gold nuclei! 



Fermi’s theory for muon decay related the decay to a 4 
fermion contact interaction.  
However, we know that this is only true at low energies, 
we know that there has to be force carrying boson, like 
the photon and the gluon. 

Massive vector bosons 
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The hunt for the W and Z bosons was finished in 
1983, when they were discovered at CERN. The 
bosons are heavy, with masses,  

The W and Z boson 
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The final piece of the Standard Model was the Higgs 
boson. 
Theoretically it was desperately needed, it provided 
a mechanism in which the W and Z could require 
masses without spoiling theory. 
You’ve probably heard, but the Higgs was 
discovered in 2012 at CERN. 

The Higgs boson 
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The Standard Model 
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Fermions and Boson 
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Quantum Field Theory 
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QFT – Gauge Interactions 
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Feynman Diagrams/Renormalisation 
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Quantum Electro Dynamics 
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Electroweak Theory 
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Electroweak Gauge Bosons 
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The Higgs mechanism 
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EW Decay – C and P violation 
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Quantum Chromodynamisc 
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The Standard Model 
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Large Electron Positron Collider 
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Electroweak precision data 
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The neutrino 
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Nobel Prize in physics in 2015  

   

   Takaaki Kajita and Artur B. McDonald 

 

for  discovery of the neutrino oscillations, 
which shows that neutrino has mass.   
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The neutrino oscilation  
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Nobel Prizes in Elementary Particle Physics  

1957 – C. N. Yang, T. Lee 
1965 – S. I. Tomonaga, J. Schwinger, R.P Feynman 
1969 – M. Gell-Mann 
1976 – B. Richter and S. Ting 
1979 – S.L. Glashow, A. Salam, S. Weinberg 
1980 – J. Cronin,  V. Fitch 
1984 – C. Rubbia, S. van der Meer 
1988 – L. M. Lederman, M. Schwartz, J. Steinberger 
1990 – J. Friedman, J. Kendall,  R. Taylor 
1992 -  G. Charpak  
1995 – M. Perl,  F. Reines 
1999 -  G. tHooft, M. J. Veltman 
2004 -  D. J. Gross, H. D. Politzer, F. Wilczek 
2008 – Y. Nambu, M. Kobayashi, T. Masakawa 
2013 – F. Englert and P. Higgs 
2015 -  T. Kajita and A. B. McDonald M. Gell-Mann 

GREEN   - theoretical  
BLUE      - experimental 

1964: „Higgs mechanism” 
             was born 

2012: „Higgs particle” 
             was discovered 



Is the end of the story? For the SM yes, but for 
fundamental physics, No!  

We know that SM is not the complete theory of 
nature, some of tis problem are: 

– No dark matter  

– Not enough CP violation to account for Matter/Anti-
Matter asymmetry in the Universe. 

– No explanation of the particle specrum, why is the 
Higgs so light? 

– Neutrinos? 

– . . . 

 

 

And then what? 
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