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ÅWhat constitutes our universe - what makes it 
work at all scales of energy, distance and 
time ?

Cosmology and particle physics are disciplines 
that address these questions today but the 
questions are very oldé
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Antiquity

ÅStarting around 600 B.C. the Greeks began to make 
very good use of observations

ÅSeeing that food is converted to bone, sinew, muscle... led 
Anaxagorasto conclude that there must exist common 
basic elements

ÅNoting that streets and stone walkways wear out over 
time in imperceptible increments led Lucretius to deduce 
that matter can be broken down into invisibly small pieces

ÅFrom eclipses they deduced: 

ÅThe sun is more distant than the moon and larger than earth. 

ÅThe earth is round and larger than the moon

ÅThe Pythagoreansshowed that musical harmony is the 
result of simple numerical ratios
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Brilliant Insights
ÅThe Sun is at the center of the solar system - Aristarchus

ÅDemonstrated in 1543 ( Copernicus,  Brahe) 

ÅAll things are composed of Atoms - Leucippus, Democritus
ÅProven at the end of the 19 th century (Boltzmann)

ÅThe Universe is filled with an invisible substance which gives 
matter its qualities - Stoics
ÅParticles acquire mass as a result of the Higgs field which permeates  

the entire Universe (Glashow, Salam, Weinberg,...1970s)

ÅThe basis of reality is number and harmony - Pythagoreans
ÅAlmost all mathematics has some relationship to physical reality

ÅParticles are now thought of as vibrating strings (string theory )
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and not so brilliant...
ÅThe earth is the center of the Universe é 

ÅRefuted in 1543 ( Copernicus,  Brahe) 

ÅHeavier objects fall faster ...

ÅRefuted in the 17th century (Galileo)

ÅRest is the natural state of motion of objects. Movement 
requires the continual application of a force 

ÅCorrected by Galileo

ÅWrong ideas are correlated with an absence of observation. 
These ideas prevailed for over 1000 years ! 

ÅSome people understood but were ignoredé
ÅPhiloponusof Alexandria (6th century) realized Aristotle was 

wrong and came up with the right concepts of impetus and 
inertia.

ÅGiordano Bruno realized that stars are like our sun and could also 
have planets. He was burned at the stake...
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The Quantitative Era

ÅMiddle Ages: progress mostly in Arab world.  

ÅPicked up again in the West in the 16th century.

ÅCopernicusand then Kepler rediscovered the powerful 
combination of observation and mathematical analysis. 

ÅThey started a revolution !

ÅGalileo expanded upon this to invent the modern scientific 
method: Simplify, Hypothesize, Observe

ÅHis writings very clear and he made many contributions:

Åtime as a coordinate, relative motion and inertia

ÅNewton later created the 1 st complete theory

ÅHe unified all mechanical phenomena. 

ÅHis equations and new mathematics allowed detailed predictions.

ÅHe also understood this was not the whole story.



The American International Club of Geneva,  CERN  April 14, 2008 J.R.Incandela

7

Beyond Common Sense

ÅElectric and Magnetic Phenomena were studied extensively in 

the 18th and 19th century.

ÅA variety of laws were established. 

ÅFaraday made detailed measurements that revealed its true nature

ÅMaxwellpaid very close attention é

ÅHe unified all electric and magnetic phenomena into the 

mathematically complete theory of Electromagnetism. 

ÅAt that time, all common sense was ñmechanicalò. 

ÅBut Maxwell could not describe all of the data in mechanical terms. 

ÅHe made a leap of faith and arrived at the idea of displacement current

òxB = J + (1/c) ×E/×t

ÅScientists began to think more abstractly. 
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Relativity

ÅMichelson & Moreley showed there is no ñaetherò, which 

means there is no fundamental frame of reference.

ÅEinstein then postulated that the speed of light is constant in 

all reference frames 

ÅContradicts Galilean relativity with important consequences

ÅSimultaneity is not well defined 

ÅSpace and time cannot be separated 

ÅEverything moves at the speed of light in 4-dimensional space-time

ÅThe faster you are moving, the slower time is passing.

ÅFor something moving at the speed of light, time stops altogether. 
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Quantum Mechanics

ÅPlanck Energy is not continuous 

ÅHeisenberg Uncertainty Principle

ÅSome Consequences for the sub-atomic realm

ÅWe canôt know exactly what will happen, but we can know 

the probability that it will happen.

ÅThereôs a limit to what we can measure. 

ÅMatter can come into and out of existence.

ÅAn material particle has also a wavelike identity
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Quantum Mechanics

ñThere was a time when the newspapers said that only twelve 

men understood the theory of relativity. I do not believe there 

ever was such a time. There might have been a time when only 

one man did because he was the only guy who caught on, 

before he wrote his paper. But after people read the paper a lot 

of people understood the theory of relativity in one way or 

other, certainly more than twelve. On the other hand I think I 

can safely say that nobody understands quantum mechanics.ò

Richard Feynman
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Relativistic Quantum Mechanics

ÅEnergy and matter are equivalent (E = mc 2)

ÅParticles have charges Fields are associated with charges. 
Fields are themselves made up of particles.

ÅThe repulsion of two electrons by the exchange of a photon

ÅA particle-antiparticle pair can pop out of the vacuum even if the 
particles are very massive - but only for a short time. Called virtual 
particles. 

ÅReal particles can also sometimes disintegrate into virtual particles for 
a short time even if the virtual particles are more massive.

ÅConsequence of the Heinsenberg uncertainty principle
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The Birth of Particle Physics

Å In the late 19 th century and 
early 20th century

ÅBoltzmann - Greek atomists 
were right: Atoms exist!

Å Thompson discovered the 
electron in 1897

Å Lenard used electrons to show 
matter is mostly empty

Å Einstein (c. 1907) & Compton 
(c. 1922) demonstrated the 
existence of the photon 

Å Rutherford (1910) fired alpha 
particles at gold foils and some 
bounced back, proving the 
existence of the nucleus 

Electron (e): Thompson & Lenard

Nucleus: Rutherford

Photon (g) : Einstein & Compton
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Particle physics

ÅFor ~100 years our focus has been sub-atomic, sub-nuclear, 

and now even smaller particles and their interactions.

ÅSymmetry has been a key to much of our understanding 

ÅE.g. The laws of physics are the same at all times and all locations

ÝThe law of conservation of Energy and Momentum 

ÅFor every symmetry there is something that is conserved - Noether.

ÅIn the sub-atomic realm we have found a number of conservation laws 

that relate not to our familiar space-time but to some other space -

sometimes refers to as an ñinternal spaceò 
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The history of the Standard Model (SM)

g
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The Standard Model

Confirmed at sub% level!

One missing piece
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A Missing Ingredient: The Higgs

ÅMassless force carriers Ý infinite range:

Åphoton, 8 types of gluons, and graviton are all massless

ÅMassive force carriers Ý short range:

ÅWeak nuclear force is short range 

ÅQuantum field theory doesnôt accept massive force 

carriers!

ÅBut thereôs a loophole: If the universe is filled with a field that 

attenuates the weak force, that would make it short-ranged. 

ÅThis is the Higgs field. 

ô70ôs: Using this concept theorists predicted W°& Z particles 

exist with masses of 80 & 91 times the mass of theproton. 

ó80ôs: They are found at CERN with the expected masses!
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W&Z - right where they should beé

March 2008: 
http://lepewwg.web.cern.ch/LEPEWWG/

c
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Peter Higgs at CERN- April 4, 2008


