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SUMMARY Today’s lecture

• Renormalisation

• The running of the coupling strength


• Asymptotic freedom

• Confinement

Last lecture

• Inelastic ep scattering


• Structure of protons

• Deep inelastic scattering 

experiments

• Parton model

• Parton distribution functions
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In QED a charged particle is surrounded by a cloud of virtual 
photons and electron-positron pairs continuously pop in and out 
of existence


• Because of attraction and repulsion in case of an electron, the 
positrons of the pairs tend to be closer and “screen” its charge

• This is called vacuum polarisation and is analogous to the polarisation of 

a dielectric medium

• This gives rise to the notion of an effective charge  that becomes 

smaller at large distances

• One defines the β-function that is positive in QED (as we will see 

later)

QED CHARGE SCREENING
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Likewise in QCD a quark is surrounded by quark-
antiquark pairs and if this would be the only thing 
then the effect would be similar to the one we see in 
QED


• the strong coupling constant would be small at large 
distances


QCD CHARGE ANTISCREENING
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However, due to the gluon self-coupling the vacuum is also filled 
by gluon pairs


• Due to the colour charge that quarks and gluons carry, the effective 
charge becomes larger with increasing energy

• the β-function is negative in QCD

• The effect is called anti-screening


• The negative contribution from the colour charge wins over the 
positive contribution of the normal charge and the quark colour 
charge

• the strong coupling constant becomes small and short distances

QCD CHARGE ANTISCREENING
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Charge (anti-)screening in (QCD)QED leads naturally to the concept of the running 
coupling constant

In QED, screening leads to the increase of α at short distances or at large momentum 
transfers

In QCD, anti-screening leads to the decrease of αs at short distances or at large 
momentum transfers


• Quarks fly as free particles within the hadron when probed at large Q ➡︎ asymptotic freedom!

• Since αs is small at large Q, one can use perturbation theory and come up with predictions of e.g. 

DIS x-sections

At large distances (or small Q) αs becomes large and the strong interaction is indeed strong


• it is impossible to isolate a quark from a hadron ➡︎ confinement!

• Although confinement is verified in lattice QCD, since it is not perturbative, it can’t be proven 

from first principles

THE RUNNING OF THE COUPLING STRENGTHS



Particle Physics 2 - 2023/2024 - QCD7

THE RUNNING OF THE COUPLING STRENGTHS

Asymptotic freedom!
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ASYMPTOTIC FREEDOM
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RENORMALISATION
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The (-1)n factor comes from the number 
of fermions in loops


• The matrix element contains the 
integral over d4P due to higher order 
corrections

• The four-momentum P is part of the loop 

and it is unrestricted 

• It can take any value

• Since it is not observed, we need to 

integrate it out as for every internal line

QED 1-LOOP CORRECTION
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This calculation can be considered as a 
modification of the lowest order diagram 
and in particular of its initial propagator

QED 1-LOOP CORRECTION
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QED 1-LOOP CORRECTION
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The integral contains terms 

• The correction due to the loop diverges


Iµν is a function of q2 and can be written in its most 
general form as


• where I(q2) and J(q2) are some unknown functions of 
q2


The term containing J(q2) does not contribute to the 
matrix element

QED 1-LOOP CORRECTION
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QED 1-LOOP CORRECTION - CUTOFF SCALE

Imposing a cutoff so that the first integral becomes finite:
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The modification of the propagator can now be written as


Since the propagator comes always with a factor of ge, the 
modification above can be considered as a loop correction to 
coupling constant


The first term is the normalised coupling constant


Setting ge4 = g04


The cutoff is now absorbed inside g0!

RENORMALISATION
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Our theory can not describe 
physics at asymptotically small 
distances or at extremely large 
energy scales


We must replace the divergent part 
of the calculation with a 
measurement


• Renormalisation!!! 

GAUGE THEORIES ARE RENORMALISABLE
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HIGHER ORDER CORRECTIONS

For 1-loop corrections:
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Considering higher order 
corrections introduces a series


For a full calculation


The expression blows up for 

HIGHER ORDER CORRECTIONS
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Let’s calculate the coupling 
constant not at Q2 = 0 but at an 
arbitrary scale Q2 = µ2 called 
the renormalisation scale


• Handy for QCD, since there 
we can not use the reference 
scale of Q2 = 0

RENORMALISATION SCALE
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Writing the coupling constant as


And differentiating wrt to 


Where we have introduced the β function 


For 1-loop corrections:

THE QED RUNNING COUPLING STRENGTH
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Nc: number of colours

nf: number of flavours


Introducing the scale parameter Λ aka QCD scale 
(~200-300 MeV)

THE QCD RUNNING COUPLING STRENGTH
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PROBING THE STRONG COUPLING STRENGTH
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EVIDENCE OF COLOUR
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THE STRONG COUPLING STRENGTH
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Confinement

(e.g. hadrons)

Asymptotic freedom 
(e.g. DIS)
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CONFINEMENT

For small values of momentum transfer, large spatial 
range*, the strong interactions are exceptionally 
strong


• as >> 

• Quarks are bound together within hadrons

• We can not find quarks and gluons moving freely in 

nature

QCD �  (�  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

�s (Q)

1 10 100Q [GeV]

Heavy Quarkonia
e+e–  Annihilation
Deep Inelastic Scattering

July 2009



Particle Physics 2 - 2023/2024 - QCD26

CONFINEMENT

Breaking the colour string that connects a pair of 
quark and antiquark is not easy


• At some point, it is energetically more favourable to 
create a new pair of quarks and antiquarks

• Quarks and gluons can not move freely

q q

q q q q
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CONFINEMENT

A crucial property of colour is 
that it leads to a confining 
force at large distances 


Since the interaction strength 
increases with the distance, we 
cannot completely separate 
two quarks apart since that 
would require an infinite force 

The strong interaction is therefore a 
confining force: only hadrons which are in a 
colour-singlet state are physically allowed
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CONFINEMENT
The strong interaction is therefore a confining force: only hadrons 
which reside in a color-singlet state are physically allowed
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Thank you for 
your attention!
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LATEX

\int P^3dP/P^2

\Big(\frac{-ig_{\mu\nu}}{q^2}\Big)

M_{if} = \frac{g_e^2}{q^2}(\overline{u}_3\gamma^{\mu}u_1)(\overline{u}_4\gamma_{\mu}u_2)

\beta = -\frac{de(r)}{d(lnr)}
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LATEX

\frac{1}{x}F_2^p(x) = \sum_{i=1}^Ne_i^2f_i^p(x)

\frac{1}{x}F_2^p(x) = \Big(\frac{2}{3}\Big)^2[u^p(x) + \overline{u}^p(x)] + \Big(\frac{1}{3}\Big)^2[d^p(x) + \overline{d}^p(x)] + \Big(\frac{1}{3}\Big)^2[s^p(x) + \overline{s}^p(x)]

\frac{1}{x}F_2^n(x) = \Big(\frac{2}{3}\Big)^2[u^n(x) + \overline{u}^n(x)] + \Big(\frac{1}{3}\Big)^2[d^n(x) + \overline{d}^n(x)] + \Big(\frac{1}{3}\Big)^2[s^n(x) + \overline{s}^n(x)]

\frac{d^2\sigma}{dxdQ^2} = \frac{2\pi a^2}{Q^4}\Big[1 + (1 - y)^2\Big]\sum_{i=1}^Ne_i^2f_i(x)

\frac{d^2\sigma}{d\hat{t}} = \frac{2\pi a^2e_i^2}{\hat{s}^2}\Big(\frac{\hat{s}^2 + \hat{u}^2}{\hat{t}^2}\Big)

y = \frac{Pq}{Pk} = \frac{Q^2}{(s - m_p^2)x}

\frac{d^2\sigma}{dxdQ^2} = \frac{4\pi a^2}{Q^4}\frac{[1 + (1 - y)^2]}{2x}F_2(x)
F_2(x) = \sum_{i=1}^Ne_i^2xf_i(x)

d\sigma = \sum_{i=1}^N d\hat{\sigma}(\hat{s},\hat{t},\hat{u})f_i(x)dx

\hat{s} = 2xpk = xs

\hat{t} = (k - k^{'})^2 = t

\hat{u} = -2xpk^{'} = xu

\Big(\frac{d\sigma}{d\Omega}\Big)_{cm} = \frac{a^2}{2s}\Big(\frac{s^2 + u^2}{t^2}\Big)

\sum_{i=1}^N\int xf_i(x)dx = 1

\sum_{i=1}^N\int_0^1xf_i(x)dx \approx 0.5

\sum_{i=1}^N\int_0^1xf_i(x)dx + \int_0^1xg(x)dx = 1

F_2^{ep}(x) - F_2^{en}(x) = \frac{1}{3}x[u_{\rm v}(x) - d_{\rm v}(x)]

F_2^{ep}(x) = \sum_qxe_q^2[q(x) + \overline{q}(x)]

F_2^{ep}(x) = x\Big[\frac{4}{9}(u + \overline{u}) + \frac{1}{9}(d + \overline{d})\Big]

F_2^{en}(x) = x\Big[\frac{1}{9}(u + \overline{u}) + \frac{4}{9}(d + \overline{d})\Big]

F_2^{eN}(x) = \frac{5}{18}F_2^{\nu N}(x)

\int_0^1u_{\rm v}(x) dx = 2

\int_0^1d_{\rm v}(x) dx = 1

\frac{1}{x}F_2^p(x) = \frac{1}{9}[4u_{\rm v}(x) + d_{\rm v}(x)] + \frac{4}{3}S(x)
\frac{1}{x}F_2^n(x) = \frac{1}{9}[u_{\rm v}(x) + 4d_{\rm v}(x)] + \frac{4}{3}S(x)

S(x) \equiv u_{\rm s}(x) = \overline{u}_{\rm s}(x) = d_{\rm s}(x) = \overline{d}_{\rm s}(x) = s_{\rm s}(x) = \overline{s}_{\rm s}(x)

u^p(x) = d^n(x) = u(x)
d^p(x) = u^n(x) = d(x)

s^p(x) = s^n(x) = s(x)

u_{\rm v}(x) = u(x) - \overline{u}(x)
d_{\rm v}(x) = d(x) - \overline{d}(x)

s_{\rm v}(x) = s(x) - \overline{s}(x) = 0

u_{\rm s}(x) = 2\overline{u}(x)
d_{\rm s}(x) = 2\overline{d}(x)

s_{\rm s}(x) = 2\overline{s}(x)

u(x) + \overline{u}(x) = u_{\rm v}(x) + u_{\rm s}(x)


