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Some fundamental questions 
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•  Why does the electroweak force have quanta with such different masses                 
(photon = 0, W ~ 80 GeV, Z ~ 91 GeV)? 

•  Is this THE “standard model” Higgs field (origin of all masses)? - or New Physics? 
•  What are the precise properties of the Higgs discovered at the LHC? 
•  Is the universe supersymmetric?  - with a parallel spectrum of particles matching all 

known particles (fermions <-> bosons)? 
•  What is the source of dark matter detected by astrophysicists? 
•  Why is the universe dominated by matter over anti-matter? 
•  What is the origin of dark energy? 
•  Why are there 3 generations of particles? Or a 4th? Or 5th? 
•  Why is the top quark so heavy (>300,000 me)? 
•  What is scale of neutrino mass (<me/1,000,000)?   Why is it so light? 
•  Why is all charge quantized?  Why q(e) ≣ −q(p)? 
•  Why is the spin of the electron ħ/2? 
•  Is quantum gravity relevant to the question of particle mass and other particle properties 

- String Theory?  - are there more than 3 spatial dimensions?   - are any large? 
•  Does Dark Energy relate to quantum gravity? 
•  Is the proton unstable? 
•  How did the universe begin? – what was role of gravity in early universe? 
•  Is new theory of matter and light needed at highest energies? 
•  How do cosmic accelerators work? 
•  Are there new states of matter at high density and temperature? 

 ⇒  Higgs Field 
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Introduction to Quarks and Leptons 

–  Elem. Particles and High Energy Physics 
–  Fixed Targets and Colliding Beams 
–  The Standard Model 

•  fundamental fermions, interactions, time scales 

–  Limitations of the Standard Model 
–  Fermions and Bosons 
–  Particles and Antiparticles 
–  Lepton Flavors 
–  Quark Flavors 
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Elementary particles  
and High Energy Physics 

•  In order to explore the substructure of matter 
we need to go to high energy 
–  resolution is limited by deBroglie wavelength 
–   λ = h/p 

•  Also, in order to produce new high        mass 
particles we need higher energy 

E=mc2 
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Fixed Target and  
Colliding Beam Accelerators 

•  Early experiments were done with a beam of 
particles and a fixed target 
–  The energy in the center-of-mass is 
   s ≡ Ecm

2 = (Ebeam+ mtarget)2 - pbeam
2  

        = 2 Ebeam mtarget + mtarget
2 + mbeam

2 

–  Ecm only increases as the square root of Ebeam 
      (note √ s ≡ Ecm) 

•  By colliding beams of particles,                  
Ecm increases linearly with Ebeam

 

   s ≡ Ecm
2 = (Ebeam+ Ebeam)2 - (pbeam - pbeam)2  

       = 4 Ebeam
2  
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Colliding Beam Experiments 
•  Many experiments use colliding beams 

–  ATLAS & CMS (CERN - LHC) 
•  p p @ 3.5, 4.0, 6.5 TeV/beam 
•  World’s highest energy  
•  Going to 7 TeV/beam 

–  CDF & D0 (Fermilab) 
•  p p @ 1 TeV/beam 
•  Was highest energy 

–  KEKB (Japan)     
•  3.5 GeV e+   ⊗   8 GeV e- 

•  B Factory 

–  International Linear Collider (ILC) – future 
•  e+  ⊗  e-      ECMS  = 0.5 TeV (250 GeV start – 1 TeV eventual) 
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The Standard Model 
A very successful model of elementary particles 

and their interactions (the Standard Model) 
has been developed (~1970s).  It has stood 
up to all experimental tests, but we know it is 
incomplete 

•  The fundamental fermions 
•  The interactions 
•  The limitations 
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The Fundamental Fermions 
•  All matter is built from small number of 

fermions (spin 1/2) particles 
•  Leptons (integer charge) - six ‘flavors’ 

–  charged leptons (electron, muon, tau) 
•  τ(muon) = 2.2 microsec  τ(tau) = 0.3 picosec. 

–  neutral leptons (electron-neutrino, muon-
neutrino, tau-neutrino) 

•  Quarks (fractional charge) - six ‘flavors’ 
–  up-type quarks (up, charm, top) 
–  down-type (down, strange, bottom) 

•  only up and down are stable 
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The Fundamental Fermions 
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Fundamental Fermions in Nature 
•  Leptons exist as free particles 
•  Quarks have never been observed as free 

particles, only bound within composites, such 
as the proton (uud), the neutron (udd), the 
pion (u, anti-d), etc. 

•  This property of quarks is called 
‘confinement’ and it is an important property 
of the strong interaction 

•  The stable particles are the lightest: the 
electron, u and d quarks, neutrinos. 
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The Interactions 
•  Strong 

–  binds quarks,  
–  mediated by gluon (massless, spin 1) 

•  Electromagnetic 
–  binds electrons in the atom  
–  mediated by photon (massless, spin 1) 

•  Weak 
–  responsible for b decay;  
–  mediated by W±, Z0 (massive, spin 1) 

•  Gravity 
–  force between all matter,  
–  mediated by graviton (massless, spin 2) 



J. Brau                                           Physics 661, Introduction 

The Electroweak Lagrangian 

•  KE and mass 

•  Charged weak 

•  Electromag. 

•  Neutral weak 

Fermion Lagrangian 

= 0.23

15 
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  Gravity  Electromag.  Weak  Strong 
field boson  graviton  photon  W±,Z  gluon 
spin-parity       2+       1-   1-, 1+     1- 

mass, GeV       0       0   Mw=80.2     0 
     MZ=91.2 

range, m       ∞        ∞   10-18     ≤10-15 
source     mass      electric    ‘weak’     ‘color’ 

         charge      charge       charge 
coupling     5 x 10-40      1/137     1.2 x 10-5       ≤ 1 
   constant 
typical cross-        10-33       10-39       10-30 
  section, m2 
typical        10-20     10-10       10-23 

  lifetime, s   

The Interactions 
Table 2.2, Perkins 
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The Limitations of  
the Standard Model 

•  Gravity is not explicitly included 
•  Neutrinos are assumed to be massless 
•  Many arbitrary constants (http://math.ucr.edu/home/baez/constants.html) 

–  masses (12)       quarks and leptons 
–  mixing angles (8)     CKM matrix for the quarks 
                                    &  PMNS matrix for leptons 
–  Higgs (2)              mass and expectation value 
–  coupling constants (3)    GF, α, αs, sin2θw  

–  Cosmological constant (1) 
•  Six ‘copies’ of quarks and leptons assumed without 

understanding of reason for six 
•  Dark matter is not understood (or dark energy) 



Natural Units used in HEP 
 Energy units -  GeV = 109 eV 
  h = 1  c=1 
 mass (E/c2) and momentum (E/c)              
  can be expressed in GeV 

 
 length has units of hc/ E,  
  so units of length are GeV-1 

 
 time has units of h/E,  
  so units of time are GeV-1 
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Bosons and Fermions 
•  The fundamental particles are fermions (spin 

1/2), but bosons can be constructed from even 
numbers of the fund. fermions 

•  For example, the pions are bosons and obey 
bose-statistics 

•  The application of Fermi-Dirac and Bose-
Einstein statistics is important in the study of 
the fundamental particles, and we will make 
use of it: 
–  an example is the understanding of the Δ++ = (uuu) 

particle, which led to the realization of a new 
quantum number, color 
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The particles and antiparticles 
•  Every particle has a corresponding antiparticle, with 

the same mass and lifetime, and opposite charge 
and magnetic moment 

•  Dirac predicted this from fundamental 
considerations of relativity and quantum mechanics 

•  The first antiparticle,  
 the positron, was discovered  
 in 1932 in a cloud chamber  
 experiment with cosmic rays 
 (Carl Anderson) 
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Particle and antiparticles 
•  Both bosons and fermions have antiparticles, 

however for fermions there is a conservation 
law: the difference in the number of fermions 
and antifermions is a constant 

•  This law is the origin of the conservation of 
baryons number and lepton family number: 
–  n → p e- νe 

–   π- → µ- νµ

–   µ- → e- νe νµ 
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Particle and antiparticles 
•  This conservation law does not exist for 

bosons, so that the following reactions are all 
possible 
–  p p → p p π  
–  p p → p p π π 
–  p p → p p π π π 

•  A boson may be its own antiparticle 
–  eq. π0 


