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Quantum Chrom Dynamics (QCD): only three
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The future: physicdeyondthe Standad Model?

Resourceson the web

PSS L H



What Is the world made of?

The ancient Greeks. Air, Eath, FireandWater

ch Andy Brice 19958

They already(Leucippusof Miletus and Dema@ritus of
Abdera{8" century BC) had the idea of the atom
( ,\ that whichcannotbe divided)

Mendeleev's periodic table (1871)
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% Numnbering systemn recornmended by the International Union of Pure and applied Cherniztry CIUP&C)
% Previous |UPAC numbering system
##% Numbering systemn recornrmended by the Chemical sbstracts Service
#%%% For the names of elements 104-112, zee Table 27,
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The Rutherford Experiment

1911: atoms can be divided after all. Sir
Ernest Rutherfod perfams the rst

experiments.

Prevailingnodelat the time: theatomis a blobof neutral
chagewith nodistinctcompnentg maodel).
Rutherfod probesthis by scattering (Helium

nuclei)througha thin gold Im.

The Eesult:
The Predicted Besult:
Expected
Fath
Gold Foil
Radioactive Source i ] : =
I g Al
R f Z’
Alphn Perticles | & Expected
Zine Sulfide Coated Screer Marks an screen harks on Screen

The resultingatomicmodel small,positivenucleuswith
electron®rbitingit (a ).




Understanding the Nucleus

At this point we canask: is the nucleugust a point with
positivechage (the )?

Ansver. No. The Proton and the Neutron (James
Chadwick1932)shav up in the nucleus.

Two problemsarise:
1. Whydoesn'tthe nucleusxplale?

o &

@7
[ I

2. Nucleonganbe divided too manypaticled

Modelsof nuclea structurewere developd by assuming
the existenceof some type of

which could hold them together against
electrostaticepulsion.
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Quarks: Nature's Lego

M. Gell-ManandG. Zweig(1964): protons,neutronsand
mostotherknavn paticlesare madeup of somethingven
smaller:

1. Onlyafew(6) are neededo explainthe paticle zoo:

o S

2. Theyinteractviathe , andtheresidualorce
holdsthe wholenucleugogether:
-« + + —
— & U
L[f-f@- » & "U@
3. Quaks would haveto be paticles.

Why havewe neverseensucha thing? Later...

Our currentviewof the atom:

et
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The fundamental blocks

We'veseerthe folloving physicakcales:

size in atoms and in meters
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1 Atoms(electromagnetiforces). Chemistry
1/10,000 Nuclei(residualstrong force). Radioactive
phenomen&neakforce).

1/100,000 Protons& neutrongstrongforce).
1/100,000,000 Quaks & electronsfundamenta{we think).

Matterin the universe{that we knawv about):
& N
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‘The Generations of Matler
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Theory: constructing
the Standard Mo del

Special Relativity: Einstein1905.Massandenergyare
ultimatelyequivalent:

E = mc?

Quantum Mechanics: 1900-1925.

All matter exhibits (interference,
di raction, etc.)
Classicallforbidderprocessemay occur(smallprob.).

Anythingthat is will happgen.
We can only predict the of eachpossible
outcome.

Relativistic Quantum Mechanics: Dirac,1928

For every theremustbe an anti-paticle.
was naturally explained: fermions(spin 5 =
%; %; .. 1) andbosongintegerspin).

Quantum Field Theory: 1928-1972. Everything
(particles, energy{fece) is a whose\ intensiy"
determinefonv manypaticleswe nd.

It providesa naturallanguagéo descrile paticle creation
andannihilatiorprocessegnatter, antimatterandenergy
In a single cleanframewark.

IRy g W
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The \Standa rd Mo del"

Theworld as(we think) we knaw it, minusgravit

ELEMENTA
PARTICLES

\Matter" : Quaks andLeptonsthreegenerationwith 2
gquaksand?2 leptonsper generation.

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

Name Acts on Gauge Boson Range Strength
Weak Force Everythingbut w z0 3) <10 10 °
Electromagnetism Chagedmatter Photon, (1) Long: F ro2 1=137
Strong Force Quaks andgluons Gluonsg (8) 10 15nm 1
Graviy Everything Gravitong (1) Long: F ro 2 10 39

The Standad Model descrilbsthe rst threein a very
coherenmannerput graviy doesn't t into the picture.




What about mass? The Higgs boson

A (technicalproblemwith the Standad Model: it doesn't
like paticlesto havea mass.Yet the quaks, the leptons,
the andthe Z" are all massiveWhatto do?

Suggestiona newpaticle, the Higgsboson:

(a) Quaks & leptons(b) Gaugebosons(c) Higgs+ ?
Havewe seent? Maybe, maybe not...
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Quantum Chrom: Dynamics (QCD)

6 quarks: the commnentsof all {sensitiveto
the strongforce{ matter.

(uud), (udd), (uu + dd)

Problem: Quaks are fermionicpaticles, so they can't
pile on top of one another. But there'sa paticle (the
) with 3 identicalguaks, uuu. How canit exist?

eachquak comesn threa colas' (red :
blug.

The forcebetweenquaksis mediatedyy exchange.
Gluonsare like the photonof QCD, but they alsocary
colo (and ).
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Con nement: the world I1s white

A fundamental property of QCD: theworld is white
we neverseeisolatedquaks.

All hadronsare eithermadeof:

(RCGB). Thebayons(heavypaticles)like

++

the proton, neutron, R

A pair (R, GG, B ). The mesons
(mediumweightparticles):the pions %; ...

The gluon energyincreaseswith distance: think of
con nementsthestretchingfarublkerbanawhichsnaps
whenstretchechad enough.
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QCD: a Non-Perturbative theory

Considethe expnentiafunctionwritten asa series

Rooyn
eX - W
n=0
Now look at what hapg@nswhenwe suma numker

of terms(n = 0:::N) for di erent valuef x :

N | x=05| x=5

1 1.5 6

2 1.625 18.5

3 | 1.6458 | 39.333

4 | 1.6484 | 65.375
The and forceshavechaacteristic
paameteroforder and whileQCD'scoupling
Is of order1.:
Thismales calculationgn theformofa nite

seriedike above)verydi cult for QCD.
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Now considernding a serieexpansiofor the function
1

f(x)=e X
A Tayla seriesaat x = 0 for f (x) isin principlegivenby

f(x)_f(o)+df +1d2f .
- dX 2 )

— X
x=0 d x=0

But for our functionf (x) we immediatelgeea problem:

of 1 1
_ = _Ze X =0
dx yx=o X x=0

Andthe samething will hapgento all orders,sowe can't
male a serieexpansioat all!

Thefunctionf (x) = e X is non-analytiat the origin, it
hasno powerseriegsepesentatiomt all. All its derivatives
vanishgeventhoughit looksperfectlywell behaved:

exp(—‘llx) —_—
0.6

0.5 -

0.3 -
02 r

0.1 r

QCD su ersfrom both of theseproblems:

1. Perturbative(series)alculationsre slov anddi cult
becauséhe relevanpaametensn't small.

2. Worse,manyquestiongroducenon-analytidunctions,
whereserieexpansionare simplyimpossible
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Lattice QCD: computational QFT

Discretizespace-timasa grid: computehe propertiesof
QCD onit.

With the best supercomputersthe space-timeayrid can
haveasize 48 96

CU-Boulder: develop algaithms: put as much
physicsas possibleinto the cade, then work on smaller
computergdesktopworkstations,clustersof inexgnsive
PCs).We cando simulationsvith lattices 122 24

Thingsthat canbe computedn the lattice:

of QCD (paticle masses).
for certainprocesses.
Basicpropertiesof the {
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The largest experiments on Earth:
CERN (Switzerland/F rance)

The 20" century: from bubble chamlers to huge

undergrountunnels.

ISa accelerato

Hydrogenbubblechamter image

CERNmainring (27km circ.)

The LHC detecta

An eventat LEP
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And SLAC (Stanford)

SLAC: a accelerato(lessradiationproblems):
SLAC accelerato (3km) BaBa detecta
SLAC structure BaBa detecta diagram
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Beyond The Standard Mo del

There are still many unanswred questiondeft by the
Standad Model:

4 Whydo we observe andalmostno antimatter

If we believethereis a symmetrybetweenthe two in
the universe?

What s this "dak mattefl' that we can't seethat has
visiblegravitationak ects in the cosmos?

Why can't the Standad Model predict a paticle's
?

Are quaksandleptonsactually ;lor made
up of evenmae fundamentapaticles?

Why are thereexactly of quaksand
leptons?

4 How doesgravity t into all of this?

Answers: y String Theay? A topic for
anotherday...
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Web Resources

http://ParticleAdventure.org
Main sourceof imagedor this talk, excellensite.

www?2.slac.stanford.edu/vvc/home.html
Nicedescriptionsf BaBa.

public.web.cern.ch/Public/SCIENCE/TutorialWelcome.html
CERNo cial educatiorsite.

hepwww.ph.gmw.ac.uk/epp/higgs.html .
Onepageessys explaininghe Higgs.

Www.superstringtheory.com .
Veryniceanimation®f paticle physicgopics.

casa.colorado.edu/~ajsh/sr/sr.shtml : Prof.

AndrewHamilton'srelativiy site (CU Boulder).

pdg.lbl.gov/particleadventure/other/othersites.html
List with manymare links.
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