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Introduction to Particle Physics



Inside Matter

Everything is made of
the same LEGO pieces

What are they?
What holds them together?



All the different 
Elements …

… are made
of atoms …

… whose
nuclei
contain
Protons &
Neutrons …

… whose
structure
we study
at CERN



The Fundamental Forces of Nature
Electromagnetism:

gives light, radio, holds atoms together

Strong Nuclear Force:
holds nuclei together

Gravity:
holds planets and stars together

Weak Nuclear Force:
gives radioactivity

together
they make
the Sun
shine



From Cosmic Rays to CERN

CERN was established in 1954 to study these particles in detail

Discovered a century ago …

… cosmic-ray
showers were 
found to 
contain many
different types
of particles …



Landmarks in Particle Physics

Nucleus

1897 :1897 : Electron discovered by Thomson

1910 :1910 : Nucleus discovered by Rutherford
1960’s :1960’s : Quarks (aces) proposed by Gell-Mann (Zweig @ CERN)

1970’s :1970’s : Experimental evidence for quarks at SLAC (CERN)

1973 :1973 : Discovery of neutral weak interactions at CERN

1983 :1983 : Carriers of the weak interactions discovered at CERN

1990’s :1990’s : Standard Model established at CERN

1996 :1996 : Discovery of  the last quark (top) at FNAL (USA)
≥ 2007 : CERN will explore why particles weigh



The Standard Model of Particle 
Physics

Proposed by Abdus Salam, 
Glashow & Weinberg

Key tests in 
experiments
at CERN

In perfect agreement with all
laboratory experiments



Some CERN Contributions



Early Days @ CERN
The construction site

The early π eν experiment

An early Council meeting

Energy record

CERN’s first 
major result:
Confirmed
theory of

weak force

1959



Discovery of Neutral Weak 
Interactions

Using Gargamelle
bubble chamber

ν – nucleus
scattering

ν – e
scattering

1973

A new type of radioactivity: opened way to Standard Model



Neutral Currents help Supernovae 
Explode

Two-dimensional simulations

Janka et al., 2004



Multiwire Proportional
Chambers (MWPCs)

Electronic detectors connected directly to computers:
revolutionized data-taking in particle physics

- and medical physics

1968

Georges Charpak



The Discovery of the W and Z

Tracks in the 
central detector

Energy deposits

W Z

1983

Carlo Rubbia et al



Some Nobel Prize-Winners

Carlo Rubbia&
Simon van der Meer
Proposed and led 

the discovery of the
W & Z particles

Georges Charpak
Inventor of

electronic tracking
detectors (MWPCs):

used to discover
W, Z, etc.

Martinus Veltman&
Gerardus `t Hooft

Showed how to calculate
the Standard Model

accurately:
tested at LEP at CERN



Neutrinos and the Early Universe

LEP experiments
@ CERN 
determined the 
number of 
neutrino species

These controlled 
the expansion of 
the early Universe 1989



The Light Elements in the Universe

Knowing number of 
neutrino species, can 
calculate abundances of
light elements: He4, …

… in agreement with 
measured abundances,
IF just three neutrinos (LEP)



Matter and Antimatter Particles Decay 
Differently

NA48 experiment 
on K � 2 pions…

…shows that
K and anti-K
decay
Differently …

…ingredient in calculating the 
amount of matter in the Universe? 1993



Discovery of Quark-Gluon Matter ?

Colliding 
heavy 
Nuclei …

…protons
& neutrons
dissolve … …fewer

mesons
produced -
in plasma?

2000
State of matter in first

microseconds of the Universe?



Anti-Hydrogen @ CERN

First fabrication of a 
handful of 

anti-hydrogen atoms

‘Industrial’ production of 
Hundreds of thousands of anti-hydrogen atoms

Compare hydrogen and anti-hydrogen spectra?

2002



Impact on Society: Computing



Computing: from Supercomputers to 
the World-Wide Web & the Grid

Stages in computing @ CERN:
1 – Supercomputer on site
2 – World-Wide Web to share data
3 – PC farm @ CERN
4 – Connect PCs around world to

share computing resources



From Small Beginnings …

The first download, in California … … from the first WWW server

1990



CERN’s Role in the WWW

Invented @ CERN to enable physicists’ collaborations to share data
First EU project @ CERN
Free release to the world



On-demand creation of powerful virtual computing systems

From the Web to the Grid

http://

http://

Web: Uniform access 
to HTML documents

Grid: Flexible, high-
performance access 
to all significant 
resources

Sensor 
nets

Data archives

Computers

Software
catalogs

Colleagues

2004



LHC Computing Grid Project - LCG
Collaboration

LHC Experiments

Grid projects: Europe, US

Regional & national centres

Choices
Go for a “Tier” hierarchy.

Intel CPUs in standard PCs

LINUX 

Goal
Prepare and deploy the 
computing environment for 
analyzing LHC data.

grid for 
a physics
study 
group

Tier3
physics

department

αααα

ββββ

γγγγ

Desktop

Germany

Tier 1

USA
UK

France

Italy

Taipei

CERN
Tier 1

JapanCERN 
Tier 0

Tier2

Lab a

Uni a

Lab c

Uni n

Lab m

Lab b

Uni bUni y

Uni x

grid for a 
regional group



Current LCG Deployment Status

2004



• Medical/Healthcare (imaging, diagnosis and 
treatment )
• Bioinformatics (study of the human genome and 
proteome to understand genetic diseases)
• Nanotechnology (design of new materials from the 
molecular scale)
• Engineering (design optimization, simulation, failure 
analysis and remote Instrument access and 
control)
• Natural Resources and the Environment
(weather forecasting, earth observation, 
modelling and prediction of complex systems, 
earthquakes) 

Most LCG work is also useful for …



Impact on Society: Medicine



CERN & Medical Physics

• Accelerators for hadron therapy
– Benefits, design, status of projects

• Imaging detectors for diagnostics
– PET

– Pixel detectors

– Crystal detectors

• Isotope production

• A Grid application to Medicine

- MammoGrid



Hadron Therapy vs. Radiotherapy

Ideal cancer treatment would be to eliminate all tumour cells, not 
normal cells

• Physical dose high near surface
• DNA damage easilyrepaired
• Biological effect lower
• Needpresence of oxygen
• Effect not localised

• Dose highest at Bragg Peak

• DNA damage not repaired

• Biological effect high

• Do notneed oxygen

• Effect is localised

Photons                  vs.          Hadrons



• Facility for hadrontherapy (Carbon, protons)
• Fixed beam lines and gantries for maximum flexibility 
• Collaboration >1996 (Med-AUSTRON (A) and TERA (I))
• CERN hosted and supported the study
• Later joined by ONKOLOGY 2000 (CZ)  - Contacts with 

GSI (D) 

Injection Chain 

Treatment rooms

Main Accelerator

Slow Extraction

C-ion
sourcedump

dump
proton
source

C-ion  linac

proton  linac

Synchrotron

protons and
C-ions

beam
diagnostic

p+C-ions

room 1

proton
gantry

room 2
proton

horizontal

room 3
proton
gantry

room 4

C-ion
horizontal

room 5

C-ion
gantry

Proton-Ion Medical Machine Study (PIMMS)



Positron-Emission Tomography (PET)

• Early detection of defects
• Started by Hoffmann et al.
• Parallel work at CERN:

Townsend, Jeavons, 
Geneva Hospital

• Early work using MWPCs
• Continuation using crystals, cf, L3, CMS

Crystal Clear Collaboration
• Data acquisition, Image analysis
• FP6 project on image analysis for PET 1977



Medipix

• Improved medical x-ray imaging

• Based on semiconductor pixel 
detectors developed @ CERN

• Count single photons, unlike film or 
CCD

• Transfer of technology to third 
parties for medical and industrial 
applications is under way



Crystal Clear LuAP production



Grid for Medicine: MammoGrid

• A 2 M€ European FP5 
project to build a pan-
European distributed 
database of 
mammography images 
using GRID technologies

• Aim: To provide a 
demonstrator for use in 
epidemiological studies, 
quality control and 
validation of computer 
aided detection algorithms

• A consortium of CERN 
with Italian and UK 
universities, hospitals and 
SME

•Project concentrates on applying emerging GRID 
technology rather than on developing it
•MammoGridheavily relies on technologies developed 
primarily in the field of High Energy Physics



CERN as Educator



Educational Programmes @ CERN



Age Distribution of Scientists using CERN

Total = 5628 
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Impact on International Relations



Accelerating Particles across Frontiers

• First European international organization
before EU, model for ESO, EMBL, …

• East-West meeting ground during Cold War
Soviet Union/US, experiments in Russia in 1967

• Opened to Central Europe after Berlin Wall:
CZ, HU, PL, SLO from 1991, BG from 1999

• LHC is the first global scientific project
• Bridging many political divides:

US/Iran, Israel/Morocco, China/Taiwan, 
India/Pakistan, …



Open Questions in Particle 
Physics



Open Questions beyond the 
Standard Model

• What is the origin of particle masses?
due to a Higgs boson?
solution at energy < 1 TeV (1000 proton masses)

• Why so many types of matter particles?
matter-antimatter difference?

• Unification of the fundamental forces?
at very high energy ~ 1016 GeV
indirect @ accelerators, ν physics

• Quantum theory of gravity?
additional dimensions of space?



Some particles have mass, some do not

+1 0 -1

W+ Z 0 W -

Mass 80.419    91.188   80.419

0
photon

Mass 0

Where do the masses 
come from?

Newton:
Weight proportional toMass

Einstein:
Energy related toMass

Neither explained origin of Mass

Are masses due to Higgs boson?
(yet another particle)



Illustration of the Higgs Idea

The `vacuum’ is a non-trivial mediumParticle excites the `vacuum’
Particle slowed down = gains massA rumour excites the `vacuum’ medium

The excitation crosses the room = the Higgs boson



Astronomers tell us 
that most of the 
matter in the 
universe is 
invisible

We will look for it

with the LHC

Dark Matter in the Universe

Astronomers say
that most of the
matter in the
Universe is
invisible 
Dark Matter
Lightest Supersymmetric particles ?

We shall look for 
them with the 

LHC



What is Supersymmetry (Susy)?

• Unifies matter and force particles?

• Links fermions and bosons

Exclusion principle vs laser coherence

• Relates particles of different spins

0   - ½     - 1    - 3/2    - 2
Higgs - Electron - Photon - Gravitino- Graviton

• Helps fix masses, unify fundamental forces 

1973



How do Matter and Antimatter Differ?

Dirac predicted the existence of antimatter:
same mass
opposite internal properties:

electric charge, …
Discovered in cosmic rays
Studied using accelerators

Matter and antimatter not quite equal and opposite: WHY?

Why does the Universe mainly contain matter, not antimatter?

Experiments at LHC and elsewhere looking for answers



Generating the matter in the 
Universe

• Need difference between matter, antimatter

charge symmetry broken in laboratory

• Need matter-creating interactions

present in unified theories – not yet seen

• Need breakdown of thermal equilibrium

possible when particle masses generate
e.g., in decays of heavy particles

Sakharov

Can we calculate from laboratory measurements?



The LHC Programme


