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PARTICLE SPECTRUM 

What is the nucleus made of ? 

Heisenberg: Protons and electrons (4 protons and 2 electrons)? 

For example: He-4 has only Z=2; what are the other two units of mass due to ? 

Did not work - the uncertainty relation forbids the presence of electrons 
in the nucleus! 

1932 n 

Chadwick (1932): The neutron 

From kinematics: Mass of neutron ~ mass of proton 

What keeps everything together? Strong short-range interaction? 



PARTICLE SPECTRUM 

Fundamental particle spectrum 
(1932) 

Simple, easy to remember 
Still taught at schools 

(usually in chemistry lessons) 



Fields 
‘Strong’ interaction 

What keeps the protons and neutrons together in the nucleus? 

Yukawa (1934) 

Yukawa’s idea:  

a massive particle (“pion”) is exchanged between two nucleons 

1) This force must be stronger than the electromagnetic repulsion 

2) It must be of short range (~ 1-2 fm) to explain the size of nuclei 

The “Strong Interaction” - Nuclear forces 



Nuclear vs 

Yukawa potential ~ Modified “Coulomb” law 

Electromagnetic 

   

V (r) =  - e2 
1

r
Coulomb law 



Fields 
‘Strong’ interaction 

Allowed by uncertainty relation: 1.4 fm ~ 140 MeV 

Metaphors for ‘particle exchange’ 

G. Gamov 



PARTICLE SPECTRUM 

1913: Cosmic Rays were discovered 
 

Physicists went on mountain tops for experiments! 
 
 
1937: New particle discovered: negative charge, ~ 200 me 

 
Very longe range in matter !? Not Yukawa’s “pion” ! 

μ - 

Muon = ‘heavy electron’  
 
I. Rabi: “Who ordered that ?” 

1937 

1948: The “pion” was finally discovered (emulsions) 



PARTICLE SPECTRUM 
1948 

In 1948, the particle spectrum started to look ugly: 



Fields 

The “Weak Interaction” - Radioactivity 

‘Weak’ interaction 

1896: Henri Becquerel discovered radiation from U crystals 
         
1898: Marie and Pierre Curie : ionizing radiation from ‘Pechblende’ (U + Polonium) 

Back to the beginning of the century - another interaction was being discovered 

1911: Continuous (?) energy spectrum of ‘beta’-rays (electrons) - energy conservation? 

Z --> (Z+1) + e  ? 

1930: Wolfgang Pauli postulates existence of ‘neutrino’: n --> p + e  + ν 



Fields 
‘Weak’ interaction 

Enrico Fermi 
(1934) 

p n 

ν e 

Proposed a phenomenological model of weak interaction 

Point-like coupling with strength GF ~ 10-5 of e.m. interaction 

Coupling of two ‘currents’  (proton-neutron / electron-neutrino) 

Ok until ~1960 



Fields 

 
Weak interaction transmitted by massive vector bosons 

(in analogy to photon exchange!) 
 

Large mass (80 GeV) explains  
short range (2·10-18 m) and small cross-sections 

 
probability of this reaction > 100% for E > 300 GeV 

p n 

ν e 
Fermi model Glashow model 

p n 

ν e 

W- 

Back to the weak interaction: there was a big (theoretical) problem 

1958 Glashow 

New Idea 



Fields 
Electroweak Interaction 1968 
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 Neutral current 

Glashow, Salam, Weinberg (1968) - Electroweak Force 

• The electromagnetic and weak interaction are different aspects of the same 'electroweak' force 

• All quarks and leptons have a 'weak' charge 

• There should be a 'heavy photon' (Zo) and two charged vector boson (W±) of mass ~ 50-100 GeV 

• The W,Z bosons acquire their mass by interacting with the "Higgs field" (1964) 

ν 

e 



Fields 
Electroweak Interaction 1983 

“They really exist” : Discovery of the W, Z bosons at CERN (1983) 

(Carlo Rubbia - leader of UA1 collaboration, and proponent of proton-antiproton collider in SpS) 
(Simon van der Meer - inventor of stochastic beam cooling) 



Higgs 

Sir Peter Higgs 

The Higgs field fills the entire Universe, since the Big Bang 

By interacting with the field, some particles acquire mass 

( The Higgs field represents some kind of ‘cosmic DNA’ ) 

A cocktail party 

The Higgs field... 

.. a famous guest wants to 
walk through the room... 

... a new (massless) particle 
enters ... 

but a cluster of guests forms 
and he acquires ‘inertia’... 

... interacts with the Higgs field 
and acquires mass ... 



100 GeV 

1 GeV 

1 MeV 

0.01 eV 

1 TeV 

15 

*All* particles obtain their mass by the Higgs field 

Higgs 



Higgs 

The Higgs boson 

A rumour originates ... 

The energy of a particle 
collision... 

.. the party guests cluster 
together and form a ‘clump’. 

... excites the Higgs field and 
creates 

the Higgs boson. 



Number of events 

σ = cross-section ~ 100 milli-barn = 10-25 cm2 

Luminosity =  “intensity” of collision between 

beams 

1 ‘inverse femto-barn’ = 1 fb-1 =  
 

= 100,000,000,000,000 events 

1 femto-barn = 10-15 barn = 10-39 cm2 



Luminosity and number of events 



Luminosity and number of events 
2012 



How can a Higgs boson decay into two massless particles ? 

Answer: through intermediate ‘loops’ of heavy particles 



Higgs 

The last update on 13 December 2011 



Higgs boson decay 

Since the interaction of particles with the Higgs field is 
proportional to their mass: 
 
- the Higgs boson decays preferably into particles with large mass 
- provided the Higgs mass is sufficient 
 
- not into top-antitop, since m=350 GeV 
 
- Zo Zo  --> µ+µ-µ+µ- or µ+µ-e+e- (only for m > 180 GeV, but o.k. via Z*) 

- W+ W- (difficult to detect) 

- b + anti-b quark 

- c + anti-c quark 

- tau + anti-tau lepton 

- gamma + gamma (only 0.2% probability, but little background) 



1. It is a statistical fluctuation above the expected background processes. 

2. It is a systematic problem due to an imperfect understanding of the background processes. 

3. The excess is due to some different new physics (than that hypothesized) that would predict a 

smaller excess 

 

How are the data presented? 

Three possible explanations: 

Invariant mass of decay particles 





Higgs 

 

 

2012: 20 fb-1 (8 TeV) = Final verdict on existence (or not) of Higgs boson 

The last update on 13 December 2011 


