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Do you know what is special about 
quarks?



  

Do you know what is special about 
quarks?

● They have never been observed directly. We 
say that they are confined inside the hadrons.
– Hadrons are particles made up of quarks

● Goal today is to explain how we observe the 
quarks as bound states called hadrons
– I will also discuss after this why it is so but this is 

an advanced argument that we will return to again 
later in the course



  

The interaction of quarks

● For each quark flavor: u, d, s, c, b, t 
there are 3 charge states: blue, green, 
and red

● This color is the charge of the strong 
interaction that binds quarks into e.g. 
nucleons

● The force is mediated by gluons (that 
are also colored!) and the theory for the 
force is called 
Quantum Chromo Dynamics 
or QCD for short
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Hadrons: the “atoms” of particle 
physics

QCD:
3 color charges (red, green, blue)

Not real colors but e.g. qx, qy, qz 
that can be +qx for quarks (red) 
and -qx for anti-quarks (anti-red)

Hadrons have to be colorless

Baryons have all 3 colors

Mesons has a color and an anti-
color

A single quark cannot be 
observed because it has color!

The quarks are confined inside 
the hadrons!

Hadrons
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Some examples of baryons



  7

Some example of mesons



  

What is the relation between quark 
and hadron masses?



  

Two definitions

● Constituent quark mass:
– The effective mass in the hadrons:

● Mp ~ 938 MeV → Mu~Md~300 MeV

● Free quark mass:
– The mass if the quarks were not bound inside 

hadrons

● Nonstandard situation:
– Bound state heavier than non-bound state!

– That is why we say that quarks are confined



  

Mass due to confinement

● From Heisenberg's uncertainty relation:

● When we confine we restrict Δx

– And we know E=p2 + m2 so the confinement 
momentum dominates the energy (effective mass) 

Δ p⋅Δ x∼ℏ

Δ x∼1 fm→Δ p∼200 MeV
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Important facts about hadrons

● All interactions (EM, weak, strong) preserves 
the total number of quarks: Nq-Nqbar.
– As this number is 0 for mesons this leads to baryon 

number conservation

– Example: at LHC we collide 2 protons (baryons). In 
the final state there has to be exactly 2 baryons 
more than anti-baryons (but not necessarily 2 
protons)

● The reason for this is that all Feynman 
diagrams we know conserve quark number: a 
quark “line” never disappears 
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Important facts about hadrons (2/2)

● The quark flavor (u, d, s, c, b, t) is conserved 
in strong and EM interactions
– Example: 

Nu = #u quarks - # anti-u quarks is conserved

● It is not necessarily conserved in weak 
interactions!
– Example: 

n (udd) → p (uud) + e–  + ν
e

● but quark number is still conserved!
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Important facts about specie 
dependence of interactions

● Strong interactions are mediated via color: quark flavor 
does not matter!
– All quarks: u, d, s, c, b, t interacts strongly in the same way

● EM interactions are mediated via EM charge 
– Charge -1: e, μ, τ

– Charge +2/3: u, c, t

– Charge -1/3: d, s, b

● Weak interactions are mainly in the same generation, 
e.g.: u ↔ d and e– ↔ ν

e
 

● The mass only affects kinematics!
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Hierarchy of interactions

● If a decay can be strong it will be strong
– Only exception is OZI rule

● If not strong but EM is allowed then it will be EM
● If not strong and EM then it can be weak
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Questions?
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Resonances

● Resonances are hadrons that decays by strong interactions. They are 
so short lived that they can only be observed indirectly

● They are excited states (like one has excited states in atoms) that we 
will return to later in more details 

● How long do they travel?



  17

Resonance states are excited states 
that decays via the strong 

interaction
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ALICE reconstruction
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Notice that mass is not fixed!
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The mass width is an indication of 
the lifetime

● From Heisenberg 
uncertainty relation we 
have:

So that the width

Where τ is the 
lifetime

Δ E⋅Δ t∼ℏ

W∼
ℏ
τ
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This completes the basic 
introduction of hadrons

● It is a good idea to solve some of the 
questions in the book on what processes are 
allowed

● But we now only understand how nature 
works, not why it is so!
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The coupling is not fixed but runs!

In fact it becomes ~1 at the scale Λ
QCD

~200 MeV

Q is the 4 momentum transfer

α
s
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Screening/running of the coupling in 
electromagnetic collisions
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Due to (polarized) fluctuations the 
vacuum screens the charge!
(vacuum ~ dielectric medium)

Notice the order: -, +, -!

The effect is measurable:
At low energy; α ~ 1/137
At high energy transfers (mZ): α ~ 1/127 
This change is fully described by the theory!

E-field
Screening field
(like in a 
di-electric 
medium)
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In QCD there is anti-screening!
(bare/”naked” charge is smaller!)

Anti-screening!

Gluons are colored
so they can self-interact!

Screening
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From Leif's notes



  27

Full result for QCD
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What is the different between a 
photon (EM force) and a gluon 

(strong force)

Gluons are colored
so they can self-
interact!
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QCD & Confinement
● The strong interaction potential

– Compare the potential of the strong & e.m. interaction

– Confining term arises due to the self-interaction property of the 
colour field. k~1GeV/fm 

V em =-
c
r

V s=-
c'

r
+kr c , c' ,k constants

q1 q2

q1 q2

a) QED or QCD (r < 1 fm)

b) QCD (r > 1 fm)

r
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Exercise: How big is k?
● k=1GeV/fm
● What force does that correspond to in kilograms? 

– mg= 1 GeV/fm => m=?
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Consequences of 10 ton force!
● This is why QCD is also called the strong interaction

– QCD can bind together quarks even though they are EM repulsed

● Confinement

– QCD is for low energies non-perturbative (α~1 so the series of 
Feynman diagrams does not converge)

● We know the theory but we cannot solve it!
● We don't know how to describe hadronic properties with QCD

● Asymptotic freedom

– But at high energies (small distances << 1 fm) we can use 
perturbative QCD (α << 1 so the series of Feynman diagrams 
converges)
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Summary
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