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Consequences:

e At short distances the strong potential between two quarks separated by r is Coulomb-like

as(q? ~r7?)
T

If we separate them apart r grows, and so does «
= effective strong potential grows (predicted to grow linearly) with the separation
= quarks cannot escape the potential

= quarks are confined inside the hadrons

e [f we insist in breaking the hadron, once the quarks are at sufficient distance from each other the

potential energy is huge
= Energetically favorable to create a gq and bind them to the original quarks to form hadrons

= quarks cannot be observed in isolation



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.

= quarks behave as free asymptotic states when probed at very high energies.



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.

= quarks behave as free asymptotic states when probed at very high energies.

We say that QCD is an asymptotically-free theory.



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.

= quarks behave as free asymptotic states when probed at very high energies.
We say that QCD is an asymptotically-free theory.

Asymptotic freedom:

= We can treat quarks as free outgoing fermions when produced in high energy collisions



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.
= quarks behave as free asymptotic states when probed at very high energies.
We say that QCD is an asymptotically-free theory.
Asymptotic freedom:
= We can treat quarks as free outgoing fermions when produced in high energy collisions

= We can treat quarks as free incoming fermions inside the hadrons when we collide the hadrons

at very high energies



Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.
= quarks behave as free asymptotic states when probed at very high energies.
We say that QCD is an asymptotically-free theory.
Asymptotic freedom:
= We can treat quarks as free outgoing fermions when produced in high energy collisions

= We can treat quarks as free incoming fermions inside the hadrons when we collide the hadrons

at very high energies

= We can use Feynman calculus to compute perturbatively the expectation from QCD



e Conversely going to smaller and smaller distances, or equivalently, to larger and larger energies,

the strong coupling constant becomes weak.
For example at ¢* = (91 GeV)?, o, ~ 0.12.

= perturbation theory can be trusted.
= quarks behave as free asymptotic states when probed at very high energies.
We say that QCD is an asymptotically-free theory.
Asymptotic freedom:
= We can treat quarks as free outgoing fermions when produced in high energy collisions

= We can treat quarks as free incoming fermions inside the hadrons when we collide the hadrons

at very high energies
= We can use Feynman calculus to compute perturbatively the expectation from QCD

Ultimately it was the reason why QCD was accepted as the theory of strong interactions which

unified the hadronic low energy physics with the very high-energy strong interaction effects.



6.4 Some tests of QCD: eTe™ — jets
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The strong coupling constant becomes small at high energies

= one can calculate perturbatively the expectations in QQCD for quarks and gluons at high energies.

But in the real world the quarks and gluons have to hadronize (= become real white hadrons)

=> comparison is not straight-forward

The cleanest data to do this comparison is to use data on

ete” — hadrons  atlarge s=(p] +p,)’

and see if it can be understood in terms of

e"e” — quarks and gluons
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In QED+QCD the asymptotic free picture for eTe~ — 2 hadron; jets is

L — L
So we predict
do, | _ , do, | _ _ . .
—(e" e — 2 jets) = Z —(e" e —qq) x Prob(final ¢ — jet) x Prob(final § — jet)
s COM ds2 COM

where the sum extend over all possible quark flavors light enough to be produced
But quarks and gluons always hadronize = Prob(final ¢ — jet) = Prob(final ¢ — jet) = 1

So we predict
d
%( TeT — 2 jets)

do
= > —(e"e” = qq)
COM zq: dS2 COM
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We predict
d
—O( Tem — 2 jets)

e =) —le"e” = qq)

com S d COM

We compute the cross section for et e~ — ¢ ¢ from lowest order diagram in QED
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If quarks are fermions that amplitude is totally analogous to the one for
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up to the number of colors and the charge of the quarks.



So

do
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So

g—g(ﬁ e~ — 2 jets)

COM ds?
q

Comparing with data from ALEPH experiment
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So

do do
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Next we can look at the process with thee hadron jets in the final state. In COM
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In QED+QCD the asymptotic free picture for this process is that the third jet comes from a gluon

So the cross section can be predicted at lowest order from the diagrams

®
£

QAQ

which involve the QCD vertex of quarks to gluons

= comparing to data we can verify that gluons are vector particles and test gluon-g-g QCD vertex
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et e” — 3 jets first observed at the PETRA collider in DESY in Hamburg, Germany in the late 70’s.

More precise data from ALEPH: Ordering Ejer1 < Ejer, < Ejerg

Study the Z = % (

0.02

2Ejety, 2 Ejet,

Vs Vs

Corrected Data 1992

Vector Gluon, LO

ALEPH

Vector Gluon, LO + Fragment. ‘ :

- Scalar Gluon, LO
-~ Scalar Gluon, LO + Fragment.

S
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1
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) distribution of events compared to QCD prediction

Z distribution would be different if gluon had spin=0
Data agrees with the QCD prediction

of a vector gluon-g-¢ coupling.
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In QED+QCD the asymptotic free picture for e™ e~ — 4 jets the four jets can be either four quarks
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In QED+QCD the asymptotic free picture for e™ e~ — 4 jets the four jets can be either four quarks
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In QED+QCD the asymptotic free picture for e™ e~ — 4 jets the four jets can be either four quarks
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e : _ q_ e q
Besesie e
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or 2 quarks and 2 gluons and there are very different diagrams contributing
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e = test of the gluon self-coupling
oF = test of symmetry group SU(N)color
9 o It to data:

q Ca=N=29+06and Cp= Nl =1.35+0.27
In agreement with QCD prediction :
Ca=3Cr=5=133



