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Part I

Emergence of Quantum ChromoDynamics (QCD)
as the theory of strong interactions
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The thesis

Particle Data Group, Ch 9

In pedestrian language,

Strong interaction is mediated by 8 massless spin-1 bosons: the gluons

The (spin 1/2) quarks are pointlike and can have 3 colours.

Only the quarks interact with the gluons, not the leptons, . . .

The gluons self-interact, as opposed to photons,
but QCD is otherwise rather similar to QED

and so on . . .

Obviously, this also means :

Hadrons are not elementary particles, but made of quarks and gluons

Their static properties and scattering should be understood within QCD
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Hadrons are not elementary particles

Hadrons are not elementary particles
Magnetic moments of nucleons should be µN = eN h̄

2mN
: exp. wrong !

proton: µp = 2.79µN and neutron µn = −1.9µN
R. Frisch,O. Stern, Z. Phys. 85 (1933) 4, L.W. Alvarez, F. Bloch, Phys. Rev. 57 (1940) 111

Zoo of hadrons: unlikely elementary particles
Already 20 discovered in the early 50’s

Symmetry of the hadron masses: approximate SU(3) flavour→ quarks
Gell-Mann, Zweig

Gell-Mann himself expresses doubts about quarks :

“Such particles [quarks] presumably are not real but we may use them in our
field theory anyway.” M. Gell-Mann Physics 1, 63 (1964).

but leaves the door open:

“Now what is going on? What are these quarks? It is possible that real quarks
exist, but if so they have a high threshold for copious production, many GeV”

M. Gell-Mann, Proc. ICHEP 1967, Berkeley, USA.

Issue: if they are very massive, they have to be strongly bound, but
too strong a binding would not explain hadron-hadron scattering results
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Hadrons are not elementary particles

Hadrons are not elementary particles, but what are the quarks ?

Further issue: the way in which the quark are combined in
baryons does not comply with the Pauli exclusion principle,

as required for spin one-half particles.

No fractionally charged objects had ever been identified ...
recall: lepton have integer charges ...

Search for quarks: (Gell-Mann about an atomic spectroscopic friend)

M. Gell-Mann, “Elementary Particles ?”, Proceedings of the Royal Institution, 41, no. 189 (1966).
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Arguments for colour and its introduction

Arguments for colour and its introduction

(Some kind of) Colour was introduced in 1964-1965
O.W. Greenberg Phys. Rev. Letters, 13, 598 (1964),
Y. Nambu, Procs 2nd Coral Gables Conf., 133, 1965
M.Y. Han and Y. Nambu, Phys. Rev., 139, 1006 (1965).

Nambu’s motivations: (i) explain why not all particle allowed by
SU(3) symmetry are observed (absence of the colored one which
are heavier since unbound), (ii) allow for charged integer quarks...
Greenberg’s motivation: explain the strange statistics of
non-relativistic quark models (motivation shared by Nambu).
Common illustration: ∆++: ground state (L = 0) of uuu with
J = 3/2 , thus with aligned spin quark
→ conflicting with Pauli exclusion principle: need for another d.o.f
Counting factor of 3 missing in π0 → 2γ

Bardeen, Fritzsch, Gell-Mann, Procs: SCALE AND CONFORMAL SYMMETRY IN HADRON PHYSICS. Wiley. 1973

Missing factor of 3 in R = σ(e+e−→hadrons)
σ(e+e−→µ+µ−) (see later)
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Bjorken scaling: pointlike and quasi non-interacting constituents

Point like objects in the proton
ep scattering at high energy deviates from Rutherford scattering

Nobel prize 1990 for SLAC-MIT experiment: J.I. Friedman, H.W. Kendall, R.E. Taylor, 1967

Q2(= −q2 = −(k ′ − k)2) dependence of the DIS cross sections: weak
DIS: Deep Inelastic Scattering

DIS form factors (W1,2) depends unexpectedly only on a single variable
(rather two 2)
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and pointlike constituents
Elastic vs Inelastic scatterings

dσ
dE ′dΩ = 4α2E ′2

q4 {. . . }

Þ Elastic eµ→ eµ: pointlike µ

{. . . }eµ→eµ = (cos2 θ

2
− q2

2m2 sin2 θ

2
)δ(ν +

q2

2m
)

Þ Elastic ep → ep: finite size proton (τ = −q2/4M2)

{. . . }ep→ep =
(G2

E + τG2
M

1 + τ
cos2 θ

2
+ 2τG2

Msin2 θ

2

)
δ(ν +

q2

2m
)

Þ Inelastic ep → eX :

{. . . }ep→eX =
(

W2(q2, ν)cos2 θ

2
+ 2W1(q2, ν)sin2 θ

2

)
Reminder: dσDIS ∼ Le

µνW µν where Gauge invariance and symmetries give:

Wµν = (−gµν +
qµqν

q2 )W1 +
PµPν

P.q
W2
M2 (hadronic current)

P = Pµ − P.q
q2 qµ
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µνW µν where Gauge invariance and symmetries give:

Wµν = (−gµν +
qµqν

q2 )W1 +
PµPν

P.q
W2
M2 (hadronic current)

P = Pµ − P.q
q2 qµ
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and pointlike constituents
Scattering on pointlike partons

Let’s consider an elastic scattering on a pointlike particle in the proton
as a contribution to the inelastic scattering

From the cross section for eµ→ eµ, we can extract W1 and W2:
{. . . }eµ→eµ = {. . . }ep→eX (with proper mass replacements)

sin2 θ
2 : 2W point

1 (ν,Q2) = Q2

2m δ(ν− Q2

2m )→ 2mW point
1 (ν,Q2) = Q2

2mν δ(1− Q2

2mν )

cos2 θ
2 : W point

2 (ν,Q2) = δ(ν− Q2

2m )→ νW point
2 (ν,Q2) = δ(1− Q2

2mν )

W point
1 and νW point

2 are now only functions of Q2

2mν ≡ ω: they scale !
Þ if one changes Q2 and ν leaving ω unchanged, Wi does not change !
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and the parton model
Putting the partons together in proton

Previous slide: Scattering on a pointlike particle exhibits scaling

The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x : we called it parton

Indeed we can show that x = 1/ω(= 2Mν
Q2 ): x fixed↔ ω fixed

Let’s proceed with some definitions:

MW1(ν,Q2)
large Q2

−→ F1(ω) & νW2(ν,Q2)
large Q2

−→ F2(ω)

Proton Parton
Energy E xE

Momenta PL xPL
PT = 0 PT = 0

Mass M m =
√

x2E2 − x2P2
L = xM

For one collision with a parton with a momentum xpL:
F1(ω) = MW1(ν,Q2) = m

x
Q2

4m2 δ(1− Q2

2mν ) =
1

2x2ω
δ(1− 1

ωx )

F2(ω) = νW2(ν,Q2) = δ(1− Q2

2mν ) = δ(1− 1
ωx )

Þ ω identifies to 1/x
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and the parton model
Parton Distribution and Callan-Gross relations

Let’s recall what we have for one parton with momentum xpL :
F1(ω) = 1

2 δ(x − 1
ω ) & F2(ω) = xδ(x − 1

ω )

Let’s consider all the partons of one proton by taking the probability to
pick up a parton of type i with momentum xpL, fi (x), ( ∑i

∫
dx fi (x) = 1),

F1(x) = ∑i e2
i
∫

dx fi (x) 1
2 δ(x − 1

ω ) & F2(x) = ∑i e2
i
∫

dx fi (x) xδ(x − 1
ω )

This gives F1(x) = 1
2x F2(x) where F2(x) = ∑i e2

i
∫

dx xfi (x)

The relation between F1 and F2 is the Callan-Gross relation,
typical of spin 1/2 partons C. Callan, F.Gross, 1968

Its experimental confirmation was a futher indication that
proton are made of quarks

fi (x) are called Parton Distribution Fonctions,
defined for all quark flavour and also gluons

PDFs give the probability to have a parton (quark or gluon) with a
momentum fraction x in the proton.
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and non-interacting constituents

The kinematics used here (esp. m = xM) only make sense
in the infinite momentum frame

Time is frozen when the photon interacts with the parton: we can neglect
parton-parton interactions and final-state interactions can be ignored

This is also known as the impulse approximation
Final-state interactions will necessarily take place due to confinement
This can however be neglected if they are carried out over a larger
space-time distance than the hard photon interaction
However, it is not trivial that we can neglect parton-parton interactions
After all, strong interaction is ... strong...
In its Nobel lecture, D. Gross said:

the vanishing of the effective coupling at short distances, latter called
asymptotic freedom, was necessary to explain scaling [...] One might
suspect that this is the only way to get pointlike behavior at short
distances D. Gross, Rev. Mod. Phys, 77 (2005) 837
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Bjorken scaling: pointlike and quasi non-interacting constituents

Summary of yesterday’s lecture

Hadrons are made of quarks and gluons

They carry a ”new” quantum number: the color

Bjorken Scaling in DIS indicates that the proton is made of
pointlike constituents

These are spin 1/2 particles following the Callan-Gross relation
experimentally verified ( Remember: photon do not probe gluons)

Asymptotic freedom (weak coupling at short distances) is needed
to explain scaling
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Bjorken scaling: pointlike and quasi non-interacting constituents

Outline

Emergence of Quantum ChromoDynamics (QCD) as the theory of strong interactions

1 Hadrons are not elementary particles

2 Arguments for colour and its introduction

3 Bjorken scaling: pointlike and quasi non-interacting constituents

4 Running of the coupling constant and asymptotic freedom in QCD

5 NEW: The discovery of heavy quarks: the quarks become real !

6 The ratio R

7 2-jet events in e+e− annihilation: ”seeing” the quarks

8 3-jet events in e+e− annihilation: ”seeing” the gluon

9 NEW: Measurement of αS

10 Confinement

11 Evidence for gluon self interaction

12 5 minute introduction to GPDs
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Running of the coupling constant and asymptotic freedom in QCD

The running of the (QED) coupling constant

The (bare) charge, e0 as defined in the Lagrangians is
screened by e+e− pair fluctuations and never observed

This screening depends on the scale at which we look at the charge, e
closer means Q2 larger, farther means Q2 smaller

Formally, if we look at a charge in a scattering process, we have
something like:

= 1−e e0
+

2

− . . .

Thinking in terms of a geometric serie, we can draw:

=
1 +

e e0
1

→ α(Q2) =
α(µ2)

1−α(µ2)
3π log(Q

2

µ2
)
(α = e2

4π)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 16 / 33



Running of the coupling constant and asymptotic freedom in QCD

The running of the (QED) coupling constant

The (bare) charge, e0 as defined in the Lagrangians is
screened by e+e− pair fluctuations and never observed

This screening depends on the scale at which we look at the charge, e
closer means Q2 larger, farther means Q2 smaller

Formally, if we look at a charge in a scattering process, we have
something like:

= 1−e e0
+

2

− . . .

Thinking in terms of a geometric serie, we can draw:

=
1 +

e e0
1

→ α(Q2) =
α(µ2)

1−α(µ2)
3π log(Q

2

µ2
)
(α = e2

4π)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 16 / 33



Running of the coupling constant and asymptotic freedom in QCD

The running of the (QED) coupling constant

The (bare) charge, e0 as defined in the Lagrangians is
screened by e+e− pair fluctuations and never observed

This screening depends on the scale at which we look at the charge, e
closer means Q2 larger, farther means Q2 smaller

Formally, if we look at a charge in a scattering process, we have
something like:

= 1−e e0
+

2

− . . .

Thinking in terms of a geometric serie, we can draw:

=
1 +

e e0
1

→ α(Q2) =
α(µ2)

1−α(µ2)
3π log(Q

2

µ2
)
(α = e2

4π)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 16 / 33



Running of the coupling constant and asymptotic freedom in QCD

The running of the (QED) coupling constant

The (bare) charge, e0 as defined in the Lagrangians is
screened by e+e− pair fluctuations and never observed

This screening depends on the scale at which we look at the charge, e
closer means Q2 larger, farther means Q2 smaller

Formally, if we look at a charge in a scattering process, we have
something like:

= 1−e e0
+

2

− . . .

Thinking in terms of a geometric serie, we can draw:

=
1 +

e e0
1

→ α(Q2) =
α(µ2)

1−α(µ2)
3π log(Q

2

µ2
)
(α = e2

4π)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 16 / 33



Running of the coupling constant and asymptotic freedom in QCD

The running of the (QED) coupling constant

The (bare) charge, e0 as defined in the Lagrangians is
screened by e+e− pair fluctuations and never observed

This screening depends on the scale at which we look at the charge, e
closer means Q2 larger, farther means Q2 smaller

Formally, if we look at a charge in a scattering process, we have
something like:

= 1−e e0
+

2

− . . .

Thinking in terms of a geometric serie, we can draw:

=
1 +

e e0
1

→ α(Q2) =
α(µ2)

1−α(µ2)
3π log(Q

2

µ2
)
(α = e2

4π)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 16 / 33



Running of the coupling constant and asymptotic freedom in QCD

The running of αS and the asymptotic freedom

In QED, the coefficient of the log: − α(µ2)
3π (in fact α(µ2)

4π (− 4
3 ))

In QCD, the coefficient of the log is α(µ2)
4π × (− 2

3nf − 5+16)
Gross, Wilczek, Politzer, Nobel Prize 2003

change in sign (term ”+16”) due to gluon loops: αS will decrease with Q2

Introducing ΛQCD as the scale where α blows up, we can write the
coupling for any scale Q2: α(Q2) = 12π

(33−2nF ) log( Q2

Λ2
QCD

)

Q2 � Λ2: αS(Q2)� 1 : perturbative region
Q2 ∼ Λ2: αS(Q2)� 1 : non-perturbative region
At short distances, the strong interaction is not as strong:

asymptotic freedom
Justification of the idea that the partons in the proton are

mostly behaving as free over a distance 1
Q � 1

ΛQCD

is justified !
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NEW: The discovery of heavy quarks: the quarks become real !

The discovery of heavy quarks: the quarks become real !
The November revolution (in 1974)

Simultaneous discovery of a sharp resonnance at SLAC (e+e−) and
BNL (p-nucleus) at

√
s = 3.1 GeV

Quickly intepreted as a bound state of a new quark ( mc ∼ 1.5 GeV)

This 4th quark, the charm quark with a charge 2/3, was expected from
the Glashow-Iliopoulos-Maiani (GIM) mechanism to explain K → µ+µ−

Additional heavier resonances were subsequently discovered
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NEW: The discovery of heavy quarks: the quarks become real !

The discovery of heavy quarks: the quarks become real !
The November revolution

All would then be easily described as analogous of a non-relativistic
positronium with a QCD potential with coulombic and confinement parts:

QED potential: V (x) = −α/r
QCD potential: V (x) = −4/3α/r + kr (4/3: more than 1 gluon can act in q → qg)

Discovery: 13S1 then 23S1 then 13P0,1,2 called charmonium

The first resonance at 3.1 GeV being discovered by 2 groups carries
two names:

The quarks acquire a physical existence !

B. Richter (SLAC) and S. Ting (BNL) got the Nobel prize in 1976
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The ratio R

The ratio R: σ(e+e−→hadrons)
σ(e+e−→µ+µ−)

Þ Let’s look at σ(e+e− → hadrons) without color

Each quark contributes with its charge squared: R = ∑q e2
q/e2

as soon as they can be produced: steps vs s (
√

s : c.m.energy )

3 quarks: R = (−1/3)2 + (2/3)2 + (−1/3)2 = 2/3

4 quarks: R = (−1/3)2 + (2/3)2 + (−1/3)2 + (2/3)2 = 10/9

5 quarks: R = (−1/3)2 + (2/3)2 + (−1/3)2 + (2/3)2 + (−1/3)2 = 11/9

Þ Some years later

This clearly does not work without colour: steps but normalisation is off
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The ratio R

The ratio R: σ(e+e−→hadrons)
σ(e+e−→µ+µ−)

Þ with coloured quarks: R is 3 times larger
3 quarks: R = 2

4 quarks: R = 10/3

5 quarks: R = 11/3

This clearly works better
The tiny gap about 3 GeV can be accounted by QCD corrections

(see later : e+e− → qq̄g)
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2-jet events in e+e− annihilation: ”seeing” the quarks

2-jet events in e+e− annihilation: ”seeing” the quarks

Þ e+e− annihilation may produce a qq̄ pair with opposite momenta
Þ Strong interaction confines quarks never alone, always bound !
Þ We say that they hadronise and we expect to observe

sprays/jets of hadrons along the original direction of the quark

Þ (Polar) Angular distributions: info on the nature of the particles involved
(Spin 1/2) muons and quarks: dσ(e+e− → µ+µ−)/d cos θ ∝ 1+ cos2 θ

Spin 0 quarks : dσ(e+e− → qq̄)/d cos θ ∝ 1− cos2 θ

Þ October 1975: ”Evidence for Jet Structure in Hadron Production by e+e− Annihilation”
jets of spin 1/2 quarks

We have found evidence for jet structure in σ(e+e− → hadrons) at
center-of-mass energies of 6.2 and 7.4 GeV. At 7.4 GeV the jet-axis
angular distribution integrated over azimuthal angle was determined to be
proportional to 1 + (0.78± 0.12) cos2 θ. G. Hanson et al. , PRL 35 1609 (1975)(SPEAR)
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3-jet events in e+e− annihilation: ”seeing” the gluon

3-jet event in e+e− annihilation: ”seeing” the gluon

Similarly to γ radiation by charged leptons in QED, quarks radiate gluons

In the same way as the quark produces a jet, the gluon will produce a jet

Can we infer something about gluons by observing a jet from a gluon ?

Let’s look at e+e− → qq̄g (purely leptonic initial state)

3 jets vs. 2 jets: strong coupling appears:
way to measure its magnitude

Asymptotic freedom:perturbative QCD applicable if high scales: αs � 1

e+

e−

γ⋆ q̄

g

q

Contribution of e+e− → qq̄g to R: R = 3 ∑q e2
q(1 + αs(Q2)/π)
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NEW: Measurement of αS

Measurement of αs
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Confinement

Confinement

QCD is a non-abelian gauge theory (Yang-Mills theory)

The gauge bosons self interact

Exhibit asymptotic freedom at short distances
(remember the sign of the coefficient of the log in αs because of gluon loops)

Exhibit confinement, which can also be attributed to gluon self coupling

If V (r ) > 2mπ, 2 π’s pop up from the vacuum and the qq̄
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Evidence for gluon self interaction

Evidence for gluon self interaction

One way to look at self interaction between gluons is
to look at 4 jets, e.g. e+e− → qq̄gg

One type of graphs involves the triple gluon vertex
which has a specific Lorentz structure

It produces a specific angular distribution of the jets
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Evidence for gluon self interaction

Conclusion

QCD is the best theory we have to account for Strong Interactions
Fits very well in the Standard Model (not much different than EW theory)

Hadrons are made of (coloured) quarks and gluons
There are 6 quarks: u,d ,s (“light”) and c, b, t (heavy)
All but the t can form hadronic bound states
The coupling of QCD is large at small energies

but small at large energies
This allows to use perturbative methods (Feynman graphs) to
compute cross sections for “hard” processes
So far, QCD has been succesful in describing

all properties of hadron interactions
The only real difficulty remaining is the lack of an

ab initio explanation of confinement
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5 minute introduction to GPDs

Back to the proton apart . . .
ß Study of the proton content via (deeply) inelastic scattering (DIS):

γ⋆, µ

x

γ⋆, ν
q2

proton proton

x = x′

q2

x

usual parton distributions

Wµν = (−gµν +
qµqν

q2 )F1(x ,q2)

+
PµPν

P.q
F2(x ,q2)

P = Pµ − P.q
q2 qµ

ß Factorisation in the Bjorken limit: Q2 → ∞, x fixed

ß Probability Distribution, since being an amplitude squared
x x

=

x
2

Sum over spect.

> 0

ß Probability to find a parton with a momentum fraction x : q(x)
F2(x ,q2) = x ∑

q
e2

q q(x ,q2)
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5 minute introduction to GPDs

Extreme cases of PDFs. . .
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5 minute introduction to GPDs

Interferences in the proton. . .
ß Study of interferences in the proton

via Deeply Virtual Compton Scattering (DVCS):
γ?

x x′

γ
Q2

hadron hadron

Pert.

t

Non-pert. object

x 6= x′

GPDGPD

W 2

For Q2 � t , described in
terms of 4 generalised parton
distribution: GPDs

idem for meson electroproduction

ß Factorisation in the generalised Bjorken limit: Q2 → ∞, t , x fixed
ß The GPDs are not probability distributions neither General Purpose Detectors in the LHCb jargon

x x′

=

x 6= x′

p p′

∗

p′p
×

x′x

but are universal !
ß Interpretration only at the amplitude level

Amplitude of probability
for a proton to emit a quark with x & to absorb another with x ′
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