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Search for the elementary building 
blocks of nature 

-  What do particle physicists 
  do they at CERN ?   
-  Applications 
-  A few buzz-words 

To remember: 



Ivo van Vulpen 

Who am I 

1991 physics and astronomy at the University of Utrecht 

own internet-company 

consultancy/banking ? 

PhD research at Nikhef in 
particle physics 

Post-doc (CERN) 

Post-doc (UvA) + Vidi 

Assistant professor (UvA) 
researcher (Nikhef) 

? ? 

Nikhef = National Institute for subatomic physics (Amsterdam Science Park) 



CERN in Geneva, Switzerland 

Theory-guys 

ATLAS experiment 

director hotel 

meetings 
cantine 

My old house 



atom                                nucleus 

What are the building blocks of things around us ? 

What forces describe their interactions ? 

10-15 m 

Particle physics 



What are the rules ? 



Gravity compresses 
the gas 

warmer 

2H  He + radiation Radiation pressure > gravity 

colder 

Gravity > radiation pressure 

Fusion stops 

Gas expands  

How does the sun ‘burn’ and why does it burn so slow ?  

Nobody knew this 100 years ago … not even Albert Einstein 



From what to how 

DNA: GTCA double helix 

papa     mama      baby eye colour probability 

=       ? 

colour of the eyes 



Why does the electron not fall onto the nucleus ?  

electron: charge -1 

proton:charge +1 

What were the problems 100 years ago ? 



nucleus 

- 

+ 

electron 

Satellite 
any possible distance 

Atom 

Fixed distances 

Extra rule:  velocity is quantised  quantum mechanics 
Why:          no idea! 

Idea (and observation) 

Velocity increases if distance 
decreases 



“Quantum mechanics and understanding 
atoms is crucial for making transistors.” 

Quantum mechanics ?  

Niels Bohr 

Quantummechanics  … usefull ? 



Speed  ? 

  20      299.792.458 

Speed of a tennis ball and ray of light as seen from the eyes 
of a moving observer 

   balll      light 

v = 20 [m/s] 

v = 299.792.458 [m/s] 

How does this change if the observer moves ?  

Theory	  of	  rela+vity	  
“structure	  of	  space	  and	  +me”	  	  	  	  	   



relative speed 
ball       light 

v = 20 [m/s] 
v = 299.792.458 [m/s] 

v = 20 [m/s] 
v = 299.792.458 [m/s] 

v = 20 [m/s] 
v = 299.792.458 [m/s] 

v = -10 [m/s] 

v = +10 [m/s] 

“speed of light is constant for 
every observer” 

Idea (and observation) 

Albert Einstein 

Consequences: 
Space and time are connected, same-time not 
well defined, … 

Special/general theory of relativity: 
Time slower in a gravitational field ….  

  20 299.792.458 

  30 299.792.458 

  10 299.792.458 



“Without the theory of relativity, a GPS 
system would be off by 10 km each day!” 

Theory of relativity ?  

Theory of relativity … usefull ? 



Newton                                

Maxwell 

Einstein                                

Theory of relativity 

Quantummechanics 

Bohr                               

Gravity and electromagnetism 

“same forces … new models” 



The nuclear forces 

10-10 m 

10-15 m 

1] Didn’t positive particles repell 
    eachother ? 

2] What keep the neutral particles 
    together ?  

2 new forces of nature: 

   - weak nuclear force 

   - strong nuclear force 
Atomic nucleus 



Nuclear forces 



Where are we: 25 September 2012 

http:// pdg.lbl.gov 



up 

down 

elektron 

The elementary  particles 

Proton 

up 
up 

down 

Neutron down 
down 

up 

+ 4 forces 



Mendeleev periodic 
system 

What can you make with these 3 building blocks ? 

Everything! 

Everything we need ! 
Edward Witten 



Particles 

Quarks 

Leptons 

Forces 

1) Electromagnetism 

2) Weak nuclear force 

3) Strong nuclear force 

Anti-
Quarks 

Anti-
Leptons 

Anti-particles 
neutrino 

electron 

Building blocks of protons/neutrons 



Standard Model Lagrangian Classical music (J.S. Bach) 
bladmuziek 

Abstrac+on	  in	  science	  



What do we not understand yet: 



… we’ll not solve this today 

Is the volume of the universe (in)
finite ? 
How was it created ? 

Did time evert start ? 



    80% of matter in the universe is unknown 
           dark matter 

    Where did all the anti-matter go ? 

     Higgs boson (how do particles acquire mass) ? 

-  why does gravity not fit in the SM, extra dimensions, why 3 families, fermionen fundamentalparticles, supersymmetrie,  
  protonen stable, quantisation electrical charge, exploding quantumcorrections, small neutrino masses, string theory, … 

Few ‘small’ loose ends: 

1 

2 

3 



3 The Higgs boson 



Comes	  at	  a	  price:	  extra	  scalar	  
par9cle	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  The	  Higgs	  boson	  	  

€ 

SU(2)L ⊗U(1)Y ⊗ SU(3)C

The Standard Model: 

Theory Reality 

Massive (force-)particles Massive (force-)particles 

≠ 
Describes all phenomena in nature 



-‐	  September	  1964	  -‐	  	  

Higgs field in the vacuum 

“If I’m right there should be a new 
 particles: the Higgs boson” 

= 

The Higgs mechanism 

Comes	  at	  a	  price:	  extra	  scalar	  
par9cle	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  The	  Higgs	  boson	  	  

€ 

SU(2)L ⊗U(1)Y ⊗ SU(3)C

The Standard Model: 

Theory Reality 

Massive (force-)particles 



The Higgs boson                          Paris Hilton 

(In)famous Higgs boson 

Being famous is not the same as being important 



The	  last	  piece	  of	  the	  puzzle	  



Par9cle	  Physics	  	  

atom                                nucleus                                      

10-15 m 

How do you actually look at such small things ? 



Looking at things without using your eyes 



IR             UV                                   
        10-6 m                                         

1] Looking with light 
Light scatters off things that are larger than its wavelength 

With your eyes you can not 
see objects that are smaller 
than 10-6 m 



Quantummechanics: particles are waves 

 microscope for very small distance scales: 
    - small:       electron microscope 
    - smallest:  proton micsoscope 

IR             UV                                  Röntgen  
 Energy 

       10-6 m                                         10-11 m 

2] Looking with particles 

De Broglie: 

1] Looking with light 
Light scatters off things that are larger than its wavelength 



Top-view 

? 

How do the marbles scatter ? 

Unknown object behind a curtain 
… and 100 small marbles 



? 

? 

? 

? 

Situation 1 

Situation 2 



? 

? 

Situation 1 

Situation 2 



Röntgen photo 

 Visualising and analysing (non-)scattered particles 

Hypothesis: 

6 MeV alpha particle: very short wave 

The atom: Rutherford scattering 

This turned out to be right 

A marble that is more solid 
the closer you get to the core 



80 µm 

300 µm 

Breast cancer cell Microelectronic system 

Ant Red blood cells 



? ? 

Situation 3 

1)  Prepare small marbles:       particle accelerator 
2)  Compute what you expect for each hypothesis:  Theory   
3)  Collecting scattered marbles (different kinds):   Detector 

Quantum-model 
And nuclear forces 

‘Looking’ at sub-nuclear structures: 

You can actually 
make new particles 



A
lb

er
t E

in
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n 

Energy and mass are equivalent  

 you can produce new particles 



Transform energy into mass and vice versa 

E = mc2 

1 gram = 21 kiloton TNT 1 gram = 25 GigaWatt hour 

At CERN we do the opposite 
Luckily particles hardly weight anything:  
0.00000000000001 gram   not dangerous 



Largest microscope in the world  
The Large Hadron Collider (LHC)  

at CERN near Geneva 



The Large Hadron Collider 

ATLAS 

CMS 

LHCb 

Alice 



The	  Large	  Hadron	  Collider	  

Geneva Amsterdam 

LHC: 27 km A10: 32 km 





2005: 1232 blue dipole magnets 



Logistic nightmare 

… but we did it 



The start of the LHC 

“On 10 September 2008 the protons made 
their first tour around the LHC in Pays de Gex” 

Cut-through view of the 
LHC beam-pipe 



Energy 1 proton (LHC) 

Beam 1 

Beam 2 

Cut-through view of the  
LHC beampipe 

Energy full LHC beam 

3000 x 100.000.000.000 protons 



Beam 1 

Beam 2 

40 million collisions per second 



Classic collisions 

Quantummechanical collisions 
proton proton 



What do you expect ? 

                         And ? Correct ? 

Did you make new particles ? 



Many many collisions 



proton 

proton 

quark 
neutrino 

electron 

quark quark 

quark 

Simulation top quark production 

What do these collisions look like ? 



µ+ 

µ- 

‘picture’ of a 
real collision 



Rabbit, car of man ? 



Our ‘camera’s’ 



The four experiments 

ATLAS  

LHCb  

Alice  

CMS  



A hole in the ground … approximately 100 meters deep 





ATLAS detector 

Paleis op 
de dam 



The Atlas detector really exists 

current boss 

old boss 



80 MegaPixel camera 

The Atlas pixel detector 

40.000.000 pictures per second 





Medical applications 

Many many more applications in industry:  
electronics, seismology, data-processing/computing, seismology, …  

medipix Hadron-therapy 

protons 

photons 

Depth in ‘water’equivalent [cm]  

R
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tio
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se
 



… the real work! 



Normal 

How do you discover new things: the Higgs boson 

New ? 

New distance scale AND new detector 

muon 

muon 

muon 

muon 

Higgs particle ? Yes … probably 



µ+ 

µ- 



2-muons as seen in the ATLAS detector 

proton 

proton 

muon 

muon 

How do you prove that a Z boson exists ?  
Look for deviations from a prediction that does not use the Z boson 

Z-boson ? 



N
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be
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di-muon mass (GeV) 

2-muon invariant mass 

Z-boson:   predominantly same mass 
‘normal’:    no structure 

‘normal’ 

Z-boson 

  N
um

be
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an
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te
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2-muon invariant mass 

2-muon invariant mass (GeV)  

2-muon invariant mass 



proton proton 

How many Higgs bosons were 
produced at the LHC up to now 

0 
If the Higgs does not exist 



proton proton 

mh = 120 GeV:   120.000 

If the Higgs boson does exist 

mh = 200 GeV:     60.000 

How many Higgs bosons were 
produced at the LHC up to now 



  0  50 100 150 200 250 300 350 400 450 500 

Early	  2011	  

Theorie: mh ≤ 600 GeV 

Electrozwakke precisie- 
metingen: mh ≤ 185 GeV 

Indirect: 

uitgesloten  
 door LEP 

114.4 156 177 

TE 
VA 
TR 
ON 

Experimenten bij de LHC gevoelig in het gebied 114-1000 GeV 

Higgs boson massa (GeV) 



  0  50 100 150 200 250 300 350 400 450 500 

uitgesloten  
 door LEP 

 h2 fotonen 

hZZ4 leptonen 

hW+W-2 leptonen en 2 neutrinos 

Higgs boson massa (GeV) 

De duidelijkste vingerafdruk van het Higgs boson 
Voor elke massa zijn er meerdere kanalen: dit zijn de belangrijkste 



  0  50 100 150 200 250 300 350 400 450 500 

The mass of the Higgs boson 

Higgs boson mass (GeV) 

W/Z boson 

Alpha particle 

Gold atom 

Fingerprint: 

   - peak in 2 photon (easy to spot) 
   - peak in 4 muon   (rare, so difficult to spot) 



Selection:  2 isolated photons: PT > 40 (25 GeV)

 39% selection efficieny 

Photon identification and event selection 

e+ 

e- γ 

γ 
	  γγ event	  classifica+on	   Frac+on	  	  

Both	  unconverted	   36%	  

At	  least	  1	  converted	   64%	  

“Elk nadeel hep z’n voordeel” 



Photon	  conversions	  

Clean electron sample 
Good material description in MC 

SCT layer 
1 beampipe 

Conversion radius 

π0γγ signal 

background 

π0 reconstruction 



γγ	   	  	  3650	  	  	  	  ±100	  	  ±290	  

γ	  +	  jet	  	   	  	  1110	  	  	  	  ±	  	  60	  	  ±270	  

Di-‐jet	   	  	  	  	  	  220	  	  	  	  ±	  	  20	  	  ±130	  

Drell-‐Yan	   	  	  	  	  	  	  	  86	  	  	  	  	  ±	  	  	  1	  	  ±	  	  	  14	  

‘normal’	   	  	  	  5066	  

Higgs	  signal	   	  	  	  	  	  17.6	  

Event-‐type	   Number	  of	  	  events	  

Other origin 

Higgs 

2-photon mass 

100        110         120         130         140        150         160 

2-photon mass 
(GeV) 

# 
ev

en
ts

 

No structure 

2-photon mass (GeV) 

Peak 

   
   

“#
 e

ve
nt

s”
 

2-photon mass 



Higgs  2 photons 

Yes, a peak  !!! Or not ?  

Do we also see a hint 
(excess) at this mass in 
4-muon events ? 

The results of the ATLAS experiment - july 2012 - 



Higgs boson candidate 

muon 

muon 

muon 
muon 



Higgs  2 photons Higgs  4 leptons 

Probability that you would observe such an excess in both distributions if there 
would be no Higgs boson is 1 in a billion  we discovered something new ! 

The results of the ATLAS experiment - july 2012 - 



Presentation CMS en ATLAS experiment: Higgs boson discovery 

Jos Engelen (director NWO) 

Netherlands Organisation for 
Scientific Research 



    80% of matter in the universe is unknown 
           dark matter 

    Where did all the anti-matter go ? 

     Higgs boson (how do particles acquire mass) ? 

-  why does gravity not fit in the SM, extra dimensions, why 3 families, fermionen fundamentalparticles, supersymmetrie,  
  protonen stable, quantisation electrical charge, exploding quantumcorrections, small neutrino masses, string theory, … 

Few ‘small’ loose ends: 

1 

2 

3 



1 Dark matter 



0% ANTI  
      MATTER 

Only 4% is normal matter … 



2012 

  The Standard Model is only an ‘effective’ 
model for a more fundamental theory 

   Model loses predictive power around 
 1-10 TeV 

Supersymmetry ? 

Extra dimensions ? 

Edward Witten’s 
latest insight 

String theory ? 

New phenomena at  ~ 10-19 m 



New	  models,	  new	  forces,	  new	  insights	  ??	  

2	  	  Forces	  
	  Newton/Maxwell	  

2	  forces	  
Einstein/	  Bohr	  

4	  forces	  
Standard	  Model	  

10-‐10	  m	   10-‐15	  m	   10-‐19	  m	  

?	  

Let’s	  see	  what	  nature	  has	  in	  store	  
for	  us	  

…	  and	  whose	  model	  works	  

…	  and	  whose	  models	  doesn’t	  	  

	  	  	  E.	  Verlinde	  	  	  	  	  	  	  	  	  	  	  	  	  L.	  Randall	  	  	  	  	  	  	  	  	  	  R.	  Dijkgraaf	  	  	  	  	  	  	  	  E.	  WiQen	  

Refine	   New	  forces	  



particles 

Super-symmetry: every particle 
has a brother/sister 

Theoretical idea: Supersymmetry: 

Anti-particles 

Producing dark matter yourself 

As the LHC we could produce these 
particles 

The lightest and stable one could be 
the dark matter we are looking for 

Direct:    LHC + Xenon + … 
Indirect: astro-particle physics   



Hunting dark matter 
underground experiments dark matter particle 

Patrick Decowoski 

Xenon experiment 



LHC works!  

How do particles acquire a mass 

Smart people and applications for 
society 

The universe is a strange place 

What do we know: 

What is dark matter made of ? 

Why is gravity so different ? 

Where did all the anti-matter go ? 

Volume of the universe: (in)finite and how 
did it all start ? 

What do we not know: 

Ivo.van.Vulpen@nikhef.nl 

Fantastic adventure 
to unravel its secrets 


