5. QuantumCromoDynamics(QCD)

Resultsof high-enegy experimentanvolving hadronscanbe describedestwhen

hadronsareconsideredo be boundstatesof partons.We found that partonstake

partin the electraveakinteraction,have spin 1/2 andcarry the quantumnumbers
of quarks,i.e. fractionalelectric chage. We also learnedthat quarkshave an

additionaldegreeof freedomcalledcolor.

Whatis thedynamicgshatis responsibldor bindingpartonsn hadrons?

Thepropertythatdistinguishegjuarksfrom leptonsis color.
Thus,we will constructa theoryof stronginteractionamongquarksthatis based
uponalocal colorgaugesymmetry

Gaugeprinciple:

We requireinvarianceunderlocal gaugetransformationsn the color space:

wherethe unitary matrices (with det ) form the SU(3) group of
rotationsin the color space
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Thequarksform atriplet undercolor SU(3)

Thegeneratoref thealgebraof thegrouparetheeight Gell-Mannmatrices

where (realandtotal antisymmetriclarethe SU(3) structureconstants.

ThefreeLangrangian

2.

Is notinvariantunderlocal gaugetransformationsywhich requirestheintroduction
of masslessector elds, thegluons.
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We introduceonevector eld for eachgeneratorf the group,
with thegluon eld strengthtensor

whichtransformundercolor SU(3)asfollows ( : )

sothat

IS the strongcouplingconstant.

Then, the gaugeinvariant Lagrangiandescribingthe stronginteractionsamong
guarksandgluonsis obtainedby minimal substitutioni.e. we replace by the
gaugecovariantderivative

Finally, the QCD Lagrangiarreads

Z - _
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5.1 Therunningcouplingconstanin QCD

The U(1), SU(2) and SU(3) gaugecouplingsare not constantdut dependon the
momentuntransfernn the processinderconsideratiordueto higherordercorrec-
tionsin perturbatiortheory

Considerthe one-loopQCD correctionsto the vertex. They consistof one-
loop insertiongnto thegluon eld, thequark(anti-quark) eld andthe vertex.
After the UV divergentcontributions areremoved via a suitablerenormalization
procedureone nds for the vertex function at oneloop QCD (in Landauor
unitarygauge,.e. thegaugeparameter )

__<_> L

denoteghe numberof light quark avors, thenumberof colors,

the four-momentumof the gluon, and the renormalizationscale i.e. the
momentumscaleat whichthe UV polesaresubtractedor atwhichthe nite parts
of thecountertermsrede ned).
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ThehigherorderQCDcorrectiongothe  vertex canbeabsorbednto thestrong
couplingconstanby de ning arunningcouplingconstanasfollows

— (=)

where  denotecontritutionsin higherorderperturbatiorntheory (two-loop and

higher). Theleadinglogarithms,i.e. the terms,canberesummedo
all ordersin perturbatiortheoryby using as
One nds thataslong as , the strong coupling constantbecomes

wealer(strongerjhelarger(smallerfhemomentuntransfer (orthesmaller(lager)
thedistanceatwhichwe probethe interaction).

Consequentlythereis an enepgy regime where andthe quarkscanbe
treatedas quasi-freepointlike particles. This so-calledasymptoticfreedomis a
featureof arny Yang-Mills gaugetheory i.e. non-Abeliangaugetheory asshavn
by 't Hooft, Gross,Wilczek andPolitzerin 1973.
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Experiment al Det er mination of o
In all types of reactions which contain gluons:

g « ete—annihilation
e . .
—total hadronic cross section
/ Z ’ —hadronic decay width of Z bosons and leptons
© —jet rates and event shapes observables

—~— 5 » deep inelastic lept on-nucleon-scattering
—scaling violations of structure functions

e \
g [ 1 -
N g q —sum rules of structure functions
—C% } X
}X

—jet rates and event shapes observables
\:@\ —jet rates

P
q g
D gg q — phot oproduction
tX —inklusive production of b-quarks

Y .
Eg:ﬁ;: g e heavy quar konia decays

=

 proton-(anti-)proton collisions
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