
5. QuantumCromoDynamics(QCD)

Resultsof high-energy experimentsinvolving hadronscanbedescribedbestwhen
hadronsareconsideredto beboundstatesof partons.We foundthatpartonstake
part in theelectroweakinteraction,have spin1/2 andcarry thequantumnumbers
of quarks,i.e. fractional electric charge. We also learnedthat quarkshave an
additionaldegreeof freedomcalledcolor.

Whatis thedynamicsthatis responsiblefor bindingpartonsin hadrons?

Thepropertythatdistinguishesquarksfrom leptonsis color.
Thus,we will constructa theoryof stronginteractionamongquarksthat is based
upona local colorgaugesymmetry.

Gaugeprinciple:

Werequireinvarianceunderlocalgaugetransformationsin thecolorspace:
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Thequarksform a triplet undercolorSU(3)
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Thegeneratorsof thealgebraof thegrouparetheeight
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Gell-Mannmatrices

���

���

	

�

���

� �

�

�

���

�

�

�

�

�

�

	

�

�

� ��

�

�

�

where
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(realandtotalantisymmetric)aretheSU(3)structureconstants.

ThefreeLangrangian
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is not invariantunderlocal gaugetransformations,which requirestheintroduction

of masslessvector�elds, thegluons.

PHY521 ElementaryParticlePhysics



We introduceonevector �eld for eachgeneratorof the group,
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with thegluon�eld strengthtensor
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whichtransformundercolorSU(3)asfollows(
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is thestrongcouplingconstant.

Then, the gaugeinvariant Lagrangiandescribingthe strong interactionsamong
quarksandgluonsis obtainedby minimal substitution, i.e. we replace
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by the
gaugecovariantderivative
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Finally, theQCDLagrangianreads
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5.1 Therunningcouplingconstantin QCD

The U(1), SU(2) andSU(3) gaugecouplingsarenot constantsbut dependon the
momentumtransferin theprocessunderconsiderationdueto higher-ordercorrec-

tionsin perturbationtheory.

Considerthe one-loopQCD correctionsto the
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vertex. They consistof one-
loop insertionsinto thegluon�eld, thequark(anti-quark)�eld andthe
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vertex.

After the UV divergentcontributionsareremoved via a suitablerenormalization
procedureone�nds for the
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vertex function at one loop QCD (in Landauor

unitarygauge,i.e. thegaugeparameter
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denotesthenumberof light quark�a vors, � thenumberof colors,

�

	




�

�


��

�

the four-momentumof the gluon, and
	

the renormalizationscale, i.e. the

momentumscaleat which theUV polesaresubtracted(or at which the�nite parts

of thecountertermsarede�ned).
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Thehigher-orderQCDcorrectionsto the

�
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%
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vertex canbeabsorbedinto thestrong

couplingconstantby de�ning a runningcouplingconstantasfollows
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where� � � denotecontributionsin higher-orderperturbationtheory(two-loopand

higher).Theleadinglogarithms,i.e. the �
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terms,canberesummedto
all ordersin perturbationtheoryby using
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One �nds that as long as � � �
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, the strongcoupling constantbecomes
weaker(stronger)thelarger(smaller)themomentumtransfer

�

� (or thesmaller(larger)

thedistanceatwhichweprobethe
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interaction).

Consequently, thereis an energy regime where



�

�

� and the quarkscan be

treatedas quasi-freepointlike particles. This so-calledasymptoticfreedomis a

featureof any Yang-Mills gaugetheory, i.e. non-Abeliangaugetheory, asshown

by ' t Hooft, Gross,WilczekandPolitzerin 1973.
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Exper iment al Det er minat ion of  s
in all t ypes of  r eact ions which cont ain gluons:

• e  e   annihilat ion+   –
– t ot al hadr onic cr oss sect ion
– hadr onic decay widt h of  Z bosons and ' lept ons
– j et  r at es and event  shapes obser vables

• deep inelast ic lept on-nucleon-scat t er ing
– scaling violat ions of  st r uct ur e f unct ions
– sum r ules of  st r uct ur e f unct ions
– j et  r at es and event  shapes obser vables

• pr ot on-(ant i-)pr ot on collisions
– j et  r at es
– phot opr oduct ion
– inklusive pr oduct ion of  b-quar ks

• heavy quar konia decays
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