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1.1   Why Hadron Collider?  

Key questions investigated in particle physics: 
  
(i) Structure of matter; fundamental constituents                         = h / p 

(ii) Search for new particles, new types of matter                      E  = m c2  

For the investigation of both questions, high energies  and  thereby  
particle accelerators are needed   
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High Energy Particle Accelerators (last 20 years):  

Accelerator type, laboratory 
 

  energy 
    s 

years of  
operation 

LEP-I e+e- collider, CERN     91 GeV  1989 - 1994 

LEP-II e+e-    collider, CERN 209 GeV  1995 - 2000 

HERA-I ep collider, DESY  27 + 800 GeV  1992 - 2000 

HERA-II ep collider, DESY  27 + 920 GeV  2002 - 2007 

TeVatron Run I ppbar collider, Fermilab 1.8 TeV  1987 - 1996 

TeVatron Run II ppbar collider, Fermilab 1.96 TeV  2002 - 2011 

LHC, phase I  pp collider, CERN 7 TeV  2010- 2012 

LHC, phase II  pp collider, CERN 14 TeV  2014- . 
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Important parameters of accelerators: 
 
 
• Beam energy,   centre-of-mass energy s 

• Type of particles  (ee, ep, or pp) and form of accelerator  
     (circular or linear accelerator)   

• Luminosity L, or integrated Luminosity 
     (measured in units of cm-2 s-1)    



Where do we stand today?  
 
e+e- colliders LEP at CERN and SLC at SLAC  + the Tevatron pp collider  
+ HERA at DESY + many other experiments (fixed target .)  
have explored the energy range up to  ~100 GeV  with incredible precision 
 
•  The Standard Model is consistent 
    with all experimental data ! 
 
•  No Physics Beyond the SM observed 
   (except clear evidence for neutrino masses)   

•  No Higgs seen (yet)  

Direct searches:  (95% CL limits)  

mH > 114.4  GeV/c2    

mH < 163 GeV/c2   or   mH > 166 GeV/c2  

Summer 2009 

Only unambiguous  
example of observed  

Higgs 

 

(P. Higgs, Univ. Edinburgh) 



Consistency with the Standard Model 

mH  =   87 (+35) (-26)    GeV/c2  

mH  <   157 GeV/c2        (95 % CL) 

Interpretation within the Standard Model 
(incl. new (2009) mW and mt measurements)  

Sensitivity to the Higgs boson and other new particles via quantum corrections:  
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Why a hadron collider ?  

e+e- colliders are excellent machines for precision physics !! 
          - e+ e- are point-like particles, no substructure  clean events  
          - complete annihilation, centre-of-mass system, kinematic fixed  
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Proton proton collisions are more complex  
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Simulation of a pp collision at the LHC:   

s = 14 TeV,    L = 1034 cm-2 s-1 

Reconstruction of particles with high transverse momentum reduces the  
number of particles drastically  
(interesting object largely kept, background from soft inelastic pp collisions rejected)  



Main drawbacks of e+e- circular accelerators: 
 
1. Energy loss due to synchrotron radiation  
        (basic electrodynamics: accelerated charges radiate,  
         x-ray production via bremsstrahlung, synchrotron radiation )  
   
        - Radiated power (synchrotron radiation):  
           Ring  with radius R and energy E  
  
 
        - Energy loss per turn:  
            (2 GeV at LEP-II)  
 
        - Ratio of the energy loss between protons and  
           electrons:   

Future accelerators:    
•  pp ring accelerators   (LHC, using existing LEP tunnel) 

•  or e+e- linear accelerators, International Linear Collider ILC or CLIC 
   (under study / planning)  
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Limiting factors:  

e+ e- accelerators:  

- Energy loss is circular rings 
- Acceleration gradient in linear accelerators  
     (ILC  design, 40 MV / m) 
-   Fixed centre-of-mass energy .  
 
 
 

pp accelerators:  
 
- More  complex interactions due to proton substructure  
- Only part of the pp centre-of-mass energy available in the hard scattering 
     process (see later)  
     however: higher mass values can be reached with longer running times  
- Magnetic field in bending magnets (8.3 T in LHC magnets)    



Accelerators at the energy frontier  

Livingston plot  
 
Exponential growth of  
s with time 

(at least in the past)  
 
Factor 4 every 10 years 

 
 
pp:   discovery machines  
        (W/Z, top, .)  
 
e+e-: precision  
        (LEP, QCD and el.weak) 
  
Both required ! 



Today’s open questions 

                in particle physics    



Key Questions of Particle Physics  

1.  Mass:    What is the origin of mass?  

   -  How is the electroweak symmetry broken ?  
   -  Does the Higgs boson exist ?             

 

2. Unification: What is the underlying fundamental theory ?   

    -  Can the interactions be unified at larger energy?  

    -  How can gravity be incorporated ? 

    -  Is our world supersymmetric ?                 
    - .  
 

3. Flavour:  or the generation problem    

   -   Why are there three families of matter?  
   -   Neutrino masses and mixing?  
   -   What is the origin of CP violation?              

Answers to some of these questions are expected on the  
TeV mass scale  LHC 



The role of the present Hadron Colliders  

1. Explore the TeV mass scale    
 
    - What is the origin of the electroweak  
      symmetry breaking ?   
 
   - The search for “low energy” supersymmetry 
      Can a link between SUSY and dark matter be  
       established?   
 
   - Other scenarios beyond the Standard Model  
   - . 
 
      Look for the “expected”, but we need to be  
      open for surprises  
      

 
2. Precise tests of the Standard Model 

- There is much sensitivity to physics beyond the  
   Standard Model in the precision area  
-  Many Standard Model measurements can be  
   used to test and to tune the detector performance 

The link between SUSY and Dark Matter ?

M. Battaglia, I. Hinchliffe, D.Tovey, hep-ph/0406147 



Erwartete Produktionsraten am LHC 

• Inelastische Proton-Proton Reaktionen:         1  Milliarde / sec 
•  Quark -Quark/Gluon Streuungen mit        ~100  Millionen/ sec 
   großen transversalen Impulsen   
 
• b-Quark Paare                                                5  Millionen / sec  
• Top-Quark Paare                                            8                 / sec 

•  W   e                                                             150                / sec 
•  Z   e e                                                         15                / sec 

•  Higgs (150 GeV)                                           0.2               / sec 
•  Gluino, Squarks (1 TeV)                               0.03              / sec 

Dominante harte Streuprozesse:  Quark - Quark 
                                                      Quark - Gluon  
                                                      Gluon - Gluon 



1.2 Principles of particle accelerators 



Circular accelerator principles 

• Cyclotron:   constant RF 
                            magnetic field radius  increases with energy  
                            used for smaller machines  
 
 

•  Synchrotron:    = const  
                                 B increases with energy  
                                 RF frequency adjusted slightly (  = 0.999 ..1.0)  
 
      Most High Energy accelerators and all CERN ring accelerators  
      (PS, SPS, LEP, LHC) are of this type 
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Particles on orbit due to Lorentz force  



Luminosity and collision rates  

High luminosity:   Large number of particles (N1, N2) 
                            Small beam dimensions (A) in the interaction point  
                            Large f (large number of bunches,  
                                           small time difference between bunch crossings)  

LHC:     N = 1.15 1011 ,   nb = 2808  (number of bunches) 
                                       bunch separation: 25 ns     (corresponds to 7.5 m) 
              A:  beams squeezed (using strong, large aperture quadrupoles close to 
                   the interaction region) from  = 0.2 mm to 16 μm     
 



for N = N1 = N2 particles per bunch with  
transverse r.m.s. beam size  = x = y 

and frequency f   

Accelerator physicist express this often using the transverse emittance  and the  
 function:   

where 
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The CERN accelerator complex: injectors and transfer 



1.3 The Large Hadron Collider (LHC)  
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28 

Begin of a  new era in particle physics    

CMS 

ALICE 

LHCb 

ATLAS 
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Beam energy         3.5 TeV   (nominal)  

                               
SC Dipoles              1232, 15 m, 8.33T 
Stored Energy         362 MJ/Beam  
 
Bunch spacing          25 ns 
Particles/Bunch        1.15 1011 

 

Design luminosity    1033 - 1034 cm-2s-1 

Int. luminosity       10- 100 fb-1 / year 

The Large Hadron Collider  

… became a reality in 2008  
  after ~15 years of hard work  



Important components of the accelerator  

•  Superconducting dipole magnets 
    (the largest challenge)  
  
     -  Magnetic field of 8.33 Tesla   
     -  in total 1232,  15 m long   
     -  Operation temperature of 1.9 K     

 
 
 
•   Eight acceleration structures,   
     Field gradient of 5 MV/m  


