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Lecture 3

Colour in QCD

Asymptotic freedom



First difference :

colour enters the quark-gluon interaction
colour

Dirac matrixind-us

µ canna - TY ÷
✓ Epinor indices
t

colour matrix

The colour changes in the interaction

second difference

Gange bosons self - coupling

Gluons interact with themselves →
→ direct consequence of non-abelian'ty



Third difference
Need for

"
ghosts

" to cancel inphysical
degrees of freedom that would
otherwise propagate in covariant gauges

Example : in a the level calc .

,
we

can either sumn only over physical
gluon polarisation,

I

KM-fr-0.si/--(k9kYkn=Cri,-ri)--(k9-ri)



or explicitly include the ghosts

In a loop calculation, we have no
choice : we MUST include ghost
diagrams, e.g.

sorryson AND son son



Consequences of colour

First
,
consider

This is essentially the statement that

3 ④ 5 = I ④ 8 (tensor productdecomposition)
Now



N=3 is a largish number :
gluons like to emit gluon !



https://arxiv.org/pdf/hep-ex/9705016.pdf

The effects of colour factors can
clearly be seen in observables

,

and experimentally tested . Many
measurements have been performed
at LEP

,
that clearly established SUCH

as the correct group for the theory
of strong interactions

.

For instance (see e.g. )

2nd
,
for gluon - gluon

self - interactions ,

Bengtsson - terwas angle

(ordered moments in
4-jet events )



From PDG 201g

2s(Mz) = 0.117-910.0010



Asymptotic freedom is what makes

QCD a viable theory of strong interactions
,

as it can become strong at large
distances ( 210-15 m )

,

while allowing
perturbative calculations at smaller
distances ( ⇐ to-15m)

Asymptotic freedom is driven by the
sign of the 13 function of the RGE
for the strong coupling :

Midge =p(g) eo
It is more common to write this
for

as -=¥=
,

µi¥÷ =p (4) = - bots - b. B- - . .
and with bo> o (and good perturbative
behaviour

,
i. e. Lse 1) we predict

perturbative ly asymptotic freedom ,
the solution of the RGE at the

lowest order being



dscmo )
4cm ) =

I + bods log (%)
and as (a) eds Go) for 9>90
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this behaviour is opposite to the
one of QED

,
that has positive p

function and therefore increasing
coupling with scale [ i. e. decreasing
coupling with distance → vacuum

screening from virtual et e- pairs ]



QED

Ren
. coupling at one loop

mÉ = mf + irony+ m§+m€\
+¥

cancel due to

award identity
in QED

=p in QED the P function at one
loop is given only by

mom

=D P ( dem ) = ¥ them t - - - 70
QED

T
Ctimes number of

particles species circulating
in the loop )



QCD

tote diagrams to consider

room oomf + mom +Y +☒
,
- -
- - - - - - - - - - front

☒
'

+mBfK + nitrosyli.
- .
. I

1

"

non- abelia,
I

1 diagrams "'
+ mFz[ i1-
- - - - - - - - - - .

The result for the Pac, function is ( Gross,
Wiktor

,
Politter 1973 ) NB

.
Wilczek and

Politter PhD students(Nobel prize ) at the line
,
like

Peebles and Silk

ra
number of quark flavours

Pa = - (
" CA - ↳ "FTF ) 2,2 + . .12 IT

I 0 for 24ft 33 =D if less
than 16

quark
flavours



The solution of the RGE
,

%(m) =
ds(Mo)

I + bods log¥, )
can also be rewritten as

gin ,Dimensional
transmutation I

dsfn) =
1 !:\

.
bolos ¥2 i

n
^

where 1 is defined as the scale

at which the expression for 414
diverges :

✗sa) → is ← It bods h(É)=o
I

=D 1 =µ,
e- Zbods Cmo)

1 is where perturbation theory (which
we used to calculate the P function /
breaks down ( the coupling used

in the power expansion diverges,
=p certainly > 1)



What is the value of the scaler ?
→ it's where strong interactions
become strong

Estimate it using LEP data
.

↳ ( Ht) can be measured from
sr ( eté → hadrons) at Tse Mz

Encore on this later)

→ Ls( Mt -- 91 GeV) = 0.12

bo with 5 flavours ( Wtop >> Mt ) is

F-"
= 33,2¥ +0.6

1 I

=D A = µ,
e- 2502s (Mo) = 91 e- 2--0.0×0.12

= 100 Her

This is a typical hadronic scale,
of the order of the pion mass

(mite 139 MeV ) and of the proton
radius (~ 200 Her)
=D not surprisingly , PQCD breaks down
at the scale of the site of had tons



A very important point .

We said earlier that confinement
is not proven in QCD

We are observing her that the

coupling increases ( and diverges)
at Sarah energy scales f- large distances)

Is this a proof of confinement !
No !

The result for 2s is a perturbative
one

.

It is only valid when ↳ ⇐ 1

Perturbation theory can indicate
where it breaks down (note on this
later ) , but it cannot make reliable

predictions in such regions.

At best
,
we can take the d

,
behaviour

as an indication that confinement

may be predicted by full QCD



One should vote that n is not a

physical observable . It depends on

order of perturbation theory and oh

tenorwalisatioh scheme
.

If we go beyond leading order in the

Bad, function we have

Ñd¥= Reasons ) = - bodi -5,4't - - .

with b
,

=
17cal -59-4+-34+4.

241T

and a conventional solution for dscn)
is (w exact closed form beyond LO)

b
, hogcbg )

↳(a) =
'

biog I wgm÷
and note that this 1

,
extracted from

data
,
will be different from the Lo

one ( but still ~ 100 - zoo teeth


