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Outline

� What is the world made of? An overview

� Air, Earth, FireandWater
� Mendeleev'speriodic table(1871)
� The 20th century: atomscan be dividedafter all

(protons,electronsandneutrons)
� Andthen,evenprotonsandneutronscanbe divided

! too manyparticles!
� The fundamentalblocks:QuarksandLeptons.

� Theory: understandingourworld

� TheTheory of Relativity
� QuantumMechanics
� RelativisticQuantumMechanics
� QuantumFieldTheory

� The Standard Mo del

� Electromagnetism:light andchemistry
� Theweakforce: radioactivedecay
� Thestrongforce: holdingthe nucleustogether
� Gravity: planetsandthe universe(doesn't �t in)

� What about mass? TheHiggsboson
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� Quantum Chromo Dynamics (QCD) : only three
colors, but plenty of work to do!

� Quarks and gluons: a strangetheory of thingswe
can't see

� Non-perturbativebehavior: a hard theory of things
we can't computewith standard methods

� Lattice QCD: solvingthe theory (or a versionof it)
on a computer

� Theoreticalproblems
� Numericalproblems

� Experimental particle physics: the largestexperi-
mentson Earth

� The future : physicsbeyondthe Standard Model?

� Resourceson the web
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What is the world made of?

� The ancient Greeks: Air, Earth, FireandWater

They already(Leucippusof Miletus and Democritus of
Abdera{5th century BC) had the idea of the atom
(� � o�o� , \ that whichcannotbe divided")

� Mendeleev's periodic table (1871)
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The Rutherfo rd Experiment

1911: atoms can be divided after all. Sir
Ernest Rutherford performs the �rst \ particle physics"
experiments.

Prevailingmodelat thetime: theatomisa blobof neutral
chargewithnodistinctcomponents(plumpuddingmodel).

Rutherford probes this by scattering� particles(Helium
nuclei)througha thin gold�lm.

The resultingatomicmodel: small,positivenucleuswith
electronsorbiting it (a\ mini solar system").
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Understanding the Nucleus

At this point we canask: is the nucleusjust a point with
positivecharge(the\ newatom")?

Answer: No. The Proton and the Neutron (James
Chadwick,1932)show up in the nucleus.

Two problemsarise:

1. Whydoesn'tthe nucleusexplode?

2. Nucleonscanbe divided! too manyparticles!

Modelsof nuclear structureweredeveloped by assuming
the existenceof some type of interaction between
the nucleonswhich could hold them together against
electrostaticrepulsion.
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Quarks: Nature's Lego

M. Gell-MannandG.Zweig(1964):protons,neutronsand
mostotherknownparticlesaremadeupof somethingeven
smaller:quarks.

1. Onlya few(6) are neededto explainthe particlezoo:

2. Theyinteractviathestrongforce, andtheresidualforce
holdsthe wholenucleustogether:

3. Quarks would haveto be fractionalcharge particles.
Whyhavewe neverseensucha thing?Later...

Our currentviewof the atom:
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The fundamental blocks

We'veseenthe followingphysicalscales:

1 Atoms(electromagneticforces).Chemistry

1/10,000 Nuclei (residualstrong force). Radioactive
phenomena(weakforce).

1/100,000 Protons& neutrons(strongforce).

1/100,000,000 Quarks & electrons:fundamental(we think).

Matter in the universe(that we know about):
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Theory: constructing
the Standard Mo del

Special Relativit y: Einstein,1905.Massandenergyare
ultimatelyequivalent:

E = mc2

Quantum Mechanics: 1900-1925.

� All matter exhibitswave-like properties (interference,
di�raction, etc.)

� Classicallyforbiddenprocessesmay occur(smallprob.).
� Anythingthat is not forbiddenwill happen.
� We can only predict the probability of eachpossible

outcome.

Relativistic Quantum Mechanics: Dirac,1928

� For everyparticle theremustbe ananti-particle.
� Spin was naturally explained: fermions(spin n

2 =
1
2; 3

2; : : :) andbosons(integerspin).

Quantum Field Theory: 1928-1972. Everything
(particles, energy{force) is a �eld whose\ intensity"
determineshow manyparticleswe �nd.

It providesa naturallanguageto describe particlecreation
andannihilationprocesses,matter,antimatterandenergy
in a single,cleanframework.
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The \Standa rd Mo del"

Theworld as(we think) we know it, minusgravity

\Matter" : Quarks andLeptons, threegenerationswith 2
quarksand2 leptonsper generation.

\Energy" (Interactions): Gaugebosons, onetype per
fundamentalinteraction(force).

Name Acts on Gauge Boson Range Strength

WeakForce Everythingbut 
 W � ; Z 0 (3) < 10� 17 m 10� 5

Electromagnetism Chargedmatter Photon, 
 (1) Long: F � r � 2 1=137

Strong Force Quarks andgluons Gluons,g (8) 10� 15 m 1

Gravity Everything Gravitong (1) Long: F � r � 2 � 10� 39

The Standard Model describes the �rst three in a very
coherentmanner,but gravity doesn't �t into the picture.
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What about mass? The Higgs boson

A (technical)problemwith theStandard Model: it doesn't
like particlesto havea mass.Yet the quarks, the leptons,
the W � andthe Z 0 are all massive.What to do?

Suggestion:a newparticle, the Higgsboson:

(a) Quarks & leptons(b) Gaugebosons(c) Higgs+ ?

Havewe seenit? Maybe, maybe not...
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Quantum Chromo Dynamics (QCD)

6 quarks: the componentsof all hadronic{sensitiveto
the strongforce{ matter.

Proton(uud), Neutron(udd), Pions(u�u + d �d)

Problem: Quarks are fermionicparticles,so they can't
pile on top of one another. But there'sa particle (the
� ++ ) with 3 identicalquarks,uuu. How canit exist?

Solution: eachquark comesin three\ colors" (red, green,
blue).

The forcebetweenquarks is mediatedby gluonexchange.
Gluonsare like the photonof QCD, but they alsocarry
color (andanti-color).
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Con�nement: the world is white

A fundamental property of QCD: the world is white,
we neverseeisolatedquarks.

All hadronsare eithermadeof:

� Threequarks(RGB). Thebaryons(heavyparticles)like
the proton,neutron,� ++ , ...

� A quark/anti-quark pair (RR, GG, BB). The mesons
(mediumweightparticles): the pions� 0; � � , ...

The gluon energy increaseswith distance: think of
con�nementasthestretchingof arubberbandwhichsnaps
creatingnewquarks whenstretchedhard enough.
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QCD: a Non-Perturbative theory

Considerthe exponentialfunctionwrittenasa series

ex =
1X

n =0

xn

n!

Now look at whathappenswhenwe suma �nite number
of terms(n = 0: : : N ) for di�erent valuesof x :

N x = 0:5 x = 5
1 1.5 6
2 1.625 18.5
3 1.6458 39.333
4 1.6484 65.375
ex 1.6487 148.41

The electromagneticand weakforceshavecharacteristic
parametersof order1=137and10� 5 whileQCD'scoupling
is of order1:

Thismakesperturbativecalculations(in theformofa�nite
serieslike above)verydi�cult for QCD.
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Now consider�nding a seriesexpansionfor the function
f (x ) = e� 1

x

A Taylor seriesat x = 0 for f (x) is in principlegivenby

f (x ) = f (0) +
df

dx

�
�
�
�
x =0

+
1

2

d2f

dx 2

�
�
�
�
�
x =0

+ : : :

But for our functionf (x) we immediatelyseea problem:

df

dx

�
�
�
�
x =0

=
1

x 2 e� 1
x

�
�
�
�
x =0

= 0

Andthe samething will happento all orders,sowe can't
make a seriesexpansionat all!

The functionf (x) = e� 1
x is non-analyticat the origin, it

hasnopowerseriesrepresentationat all. All its derivatives
vanish,eventhoughit looksperfectlywell behaved:
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QCD su�ersfromboth of theseproblems:

1. Perturbative(series)calculationsare slow anddi�cult
becausethe relevantparameterisn't small.

2. Worse,manyquestionsproducenon-analyticfunctions,
whereseriesexpansionsare simplyimpossible.
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Lattice QCD: computational QFT

Discretizespace-timeasa grid: computethe propertiesof
QCD\ exactly" on it.

With the best supercomputers,the space-timegrid can
havea size� 483 � 96:

CU-Boulder: develop\ smart" algorithms: put as much
physicsas possibleinto the code, then work on smaller
computers(desktopworkstations,clustersof inexpensive
PCs).We cando simulationswith lattices� 123 � 24:

Thingsthat canbe computedon the lattice:

� Spectrumof QCD(particlemasses).
� Decay constantsfor certainprocesses.
� Basicpropertiesof the vacuum{ con�nement.
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The largest experiments on Earth:
CERN (Switzerland/F rance)

The 20th century: from bubble chambers to huge
undergroundtunnels.CERN is a circular accelerator:

Hydrogenbubblechamber image CERNmain ring (27km circ.)

The LHC detector An eventat LEP
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And SLAC (Stanfo rd)

SLAC: a linear accelerator (lessradiationproblems):

SLAC accelerator (3km) BaBar detector

SLAC structure BaBar detector diagram
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Beyond The Standard Mo del

There are still many unanswered questionsleft by the
Standard Model:

4 Why do we observematter andalmostno antimatter
if we believethereis a symmetrybetweenthe two in
the universe?

4 What is this "dark matter" that we can't seethat has
visiblegravitationale�ects in the cosmos?

4 Why can't the Standard Model predict a particle's
mass?

4 Arequarksandleptonsactuallyfundamental, or made
up of evenmore fundamentalparticles?

4 Whyare thereexactlythreegenerationsof quarksand
leptons?

4 How doesgravity �t into all of this?

Answers: Super Symmetry, StringTheory? A topic for
anotherday...

18



Web Resources

� http://ParticleAdventure.org : Welcometo the Particle Adventure.

Mainsourceof imagesfor this talk, excellentsite.

� www2.slac.stanford.edu/vvc/home.html : SLAC Virtual Visitor Center.

Nicedescriptionsof BaBar.

� public.web.cern.ch/Public/SCIENCE/TutorialWelcome.html : Ex-

plore the Atom - Introduction. CERNo�cial educationsite.

� hepwww.ph.qmw.ac.uk/epp/higgs.html : The WaldegraveHiggs Chal-

lenge. Onepageessaysexplainingthe Higgs.

� www.superstringtheory.com : The O�cial String Theory Web Site.

Veryniceanimationsof particlephysicstopics.

� casa.colorado.edu/~ajsh/sr/sr.shtml : Special Relativity. Prof.
AndrewHamilton'srelativity site(CU Boulder).

� pdg.lbl.gov/particleadventure/other/othersites.html : Particle

PhysicsEducationSites. List with manymore links.
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