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• Historical approach 
• Strong isospin SU(2)
• Strangeness and SU(3)

• The quarks model 

• Color and QCD 



An	Najah	University,	Nablus,	Palestine,	November	2017 3

Historical 
approach
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In the 30’s : Study of the p-n p-p and n-n scattering

p p

X0

p p

n n

X0

n n

p p

X0

n n

p n

X+

n p

g
ch

g
ch

g
ch

g
ch

g
ch

g
ch

g
ch

g
ch

Yukawa (1934) : range ~ 1 fm à exchange of particles  with a mass ~200 MeV

σstrong ~ 10-30 m2 σelm ~ 10-36 m2 σweak ~ 10-42 m2

Heisenberg principle : (R = c Δt) 
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Experimentally : strong interaction does not depend on the electric charge (same 
intensity for np, nn and pp reactions) à X exchange of same mass

(Charged) pion meson discovered in cosmic rays in 1947 
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The strong isospin : 

The n-p system from the strong interaction point of view : 

The electric charge 
is conserved 

The n-p interactions 
do not depend on 
the electric charge

M(n) ~ M(p) 

For the strong 
interaction n = p 

à The strong interaction is invariant under the symmetry which exchanges n and p 
which is of type SU(2)

à 3 generators : the Pauli matrices σi



An	Najah	University,	Nablus,	Palestine,	November	2017 7

Remember spin ½ algebra ? 

and

The electric charge 
is conserved 

Q = ½ (σ3 + 1)  

I3

The n-p interactions 
do not depend on 
the electric charge
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p				I3=	1/2
939.56
938.27

Hint= HStrong +      Helm

invariant under
SU(2)-isospin

(partially) broken
SU(2)-isospin

[HStrong,I±]= [HStrong,I3]=0

The electromagnetic interaction 

- depends on electric charge

n≠p ⇒ [Helm,I±] ≠0

- conserves the electric charge
[Helm,I3] = 0

And one gets … 

Sketch of the symmetry : 

J
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multiplets : «groups» of particles
with same quantum numbers
(spin parity), similar masses but 
different electric charges

I=1/2

I=0

I=1

I=1/2

•Experimental : isospin conservation in π-N interactions
⇒ (π+   π− π0) isospin 1

•Isospin multiplets :

à Isospin multiplets

Different J 
à different masses

An	Najah	University,	Nablus,	Palestine,	November	2017



10

An other experimental observation : the discovery of the 
‘strange’ particles  
• 1947  observation of cosmic rays in a cloud chamber

– K (~500 MeV)     Λ (~1100 MeV) 

π+

π-

K0→π+π- K+→µ+νµ K+

µ+

V-particle «Kink» in the detectorAn	Najah	University,	Nablus,	Palestine,	November	2017
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Pair production

Tracks coming from the Λ

Tracks coming from
the K0

Incoming π

1955  Walker et al
(Berkeley)

π−p→Κ0Λ0
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• Why strange ?
– Cross section of the production ~ to that of the π
– Produced by pair 
– Lifetime ~10-10 s ! (not the scale of the strong interaction ~ 10-23 s)

• They are produced by the strong interaction but decay via another one

• What forbids the strong interaction in the decay ?   

Pais (1952) : 
New quantum number

conserved by the strong interaction 
non conserved by the weak interaction

à The strangeness  
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1 2 3 21 2 3 1 ,     ,     q q q q q q q q

We would like to be able to describe the full zoo of hadrons

π but also Λ Δ Ξ Σ …..  Neutral and charged !

à the quarks model Gell-Mann Zweig 1962 

Reductionist approach,  use of symmetries (similar masses) 

13

baryons mesons

…

…
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The quarks 
model
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The quarks model of Gell-Mann and Zweig :

Hadrons are composite states of more fundamental degrees of freedom : the quarks 

à Quarks properties : 

• Spin ½
• Fractional electric charges : +2/3 or -1/3 
• Quarks have a new quantum number : color and Nc = 3 
• SU(3) symmetry 
• Hadrons are color singlets

What was needed : 

Q= 2/3 u, Mass ~ few MeV 

Q= -1/3 d, Mass ~ few MeV s, Mass ~ few hundred MeV 



u , d

Known particles

3(A)

1(S)
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Remember 2 spin ½ 
combination ? 

Let’s start with 2 quarks 

• The mesons are composed of q1 q2

• With u and d only it is similar to spin ½ composition

• One gets:  

1 triplet 

1 singlet



But in fact one needs also to take into account the strange quark … 

SU(2) à SU(3) 
Meson octet
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non-strange 
particles 



A whole zoo of particles can be classified …
Building of the baryons (3 quarks) 

Some particles can be predicted
18

Mass            Discovery
year
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In 1962 Ne’eman and Gellman predicted the existence of a (sss) baryon  

1000 liters of liquid Hydrogen  

ICHEP @ CERN (1962)

Brookhaven bubble chamber, 80000 pictures !  
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Λ →

Found in 1964, mass as predicted
Proof of SU(3) classification
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And in 2006 : 

J=3/2

J=5/2

J=1/2

ΞcàΩ K and Ω àΛ K 
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But …. 

The masses in a given multiplet are quite different … 
è SU(3)-flavour is not a very good symmetry 
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Sketch of the symmetry : 

Mass (MeV)

strangeness Electric charge

SU(2)-isospin conserved
SU(3)-flavour broken 

SU(2)-isospin broken 
SU(3)-flavour broken 
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Evidence for internal substructure: 
weak decrease with q2
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SLAC 1969

2 2

2 2 2( )X p

Q q
W M p q

= −
= = +

e- p à e- X     (X=p,n,π,..)

Deep Inelastic Scattering (DIS) 

But are those quarks just artificial mathematical concepts or are they real ?

e-p elastic 
scattering

e-

e-

p
γ (q) X

?
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p (~820 GeV)e (~30 GeV)

ep fragment

scattered q
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In 1969 : evidence for the existence of quarks inside the proton 
… In fact more quarks were discovered soon after 

1974 SLAC (e+e- collider) and Brookhaven (p on a Be target )
Discovery of a resonance : m ~ 3.1 GeV , τ~10-20 s  

observed both in hadronic and electronic final state

SLAC 

hadronic final state

3.10 3.12 3.14

Brookhaven 
e+e- final state 

J/ψ (cc̅)	
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Excess wider than the experimental
resolution ⇒ several resonances 

B factories : ϒ(4S) decays into a B0B0 ou B+B-

pair (CLEO, BaBar, BELLE)

At LEP (1990) , experimental evidence for B-mesons and 
B-baryons and first studies of their properties

2000 : Tevatron Fermilab

2010 : LHCb

2000 …..

1977 Fermilab : discovery of the ϒ serie

m ~ 9.5-10.5 GeV, bb̅ resonances

zoom
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1995 Fermilab (USA) CDF et D0 experiments data

Background

Top is very heavy (40x b) ⇒ it decays before it 
hadronizes

W+

e+

νe

t b

Vtb~1

ICHEP Conf July 2006

Background

and … the 6th quark ! 
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1st family 2nd family 3rd family

quarks

Very different masses … no explanation why ! 
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5 quarks can hadronize

A lot of possible hadrons, most of them have been discovered but not all of them ! 

A baryon made of (ccu) : Ξcc++ Summer 2017 

Why not  the top quark ? 

The decay ∝ m5 ⇒ extremely short lifetime 

Hadronization time ~10-23 s

⇒ no top hadrons

First baryon containing two heavy (c or b) 
quarks
⟹ very interesting tool for testing QCD 
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Mesons, baryons … and more ? 

q1 q2

q3

qq q2

q3

q1 q2

baryons
mesons
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Gell-Man & Zweig : multiquarks objects are possible 

baryons : qqqqq

mesons : qq qq
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Λb → J/ψpK decays (2015)

A pentaquark ?
short-lived ~10-23 s resonances :
mass peaks 
angular distributions (unique JP quantum numbers)

An	Najah	University,	Nablus,	Palestine,	November	2017

à pK
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Analysis with all what is known :  

~OK ! 

not OK ! 

Data

Fit
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Data

Fit

Adding 2 Pc states:  

JP=(3/2-, 5/2+)

or 

? 

OK ! 

PRL 115 (2015) 072001

2015 result 
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But also a tetraquark ! 

B0→ψ’π-K+, peak in m(ψ’π-), charged charmonium state must be exotic, not qq

JP=1+

Belle, BaBar, LHCb

with Z(4430)

without Z(4430)

First observed by Belle in 2008 
LHCb ruled out other possibilities in 2014

PRL 112 (2014) 222002
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Color and 
QCD



QCD : the color
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st
ra

ng
en

es
s 3 identical quarks all spin up

Pauli exclusion principle 

à color

à SU(3)

• charge for the strong interaction : colour charge
• SU(3) :32-1 = 8 generators ⇒ 8 gluons vector particles of the strong interaction
• quarks carry a colour charge (R, G or B) 
• the colour exchange takes place through 8 bicoloured gluons
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Experimental evidence : the R ratio

e-

e+ q

q
γ

R

Ecm

u+d+s+c

u+d+s+c+b

u+d+s
no color
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QCD is the theory based on colour-SU(3) which describes the 
strong interaction :
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QED : QCD :

1 photon : 
• massless
• electrically neutral

8 gluons : 
• massless
• colored

gluon self-interaction

!
Does not exist
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QED : QCD :

𝛼 𝑄# =
𝛼 𝜇#

1 + 𝛼 𝜇#
4𝜋 −43 𝑙𝑜𝑔 𝑄#
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nf : number of flavours

In the SM −#34
5
+ 11 > 0  
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QED : QCD :

𝛼 𝑄# =
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1/137

distance

low energyhigh energy αs(Q2)

asymptotic
freedom

confinement wall 
αs >1

1fm
distance

α(Q2)

low energyhigh energy

non intuitive!

Q2 ~ Λ2 strong coupling perturbations

Q2>> Λ2 weak coupling perturbations

Λ

Λ (~ 100 MeV)

Colour confinement

nf=6
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When the energy increases (the 
distance decreases) α increases

When the energy increases (the 
distance decreases) αs decreases 44

Evolution of 1/α as a function of E Evolution of αs as a function of E

QED : QCD :
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0.5 % precision ! 

αS measurements 

evolved from the energy where they are performed to the Z mass
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The measurement of αs is very important : LHC phenomenology
Example : the Higgs is produced by gluon-gluon fusion 

𝜎7~	𝛼/# ⟹ 	;<=
<=

= 2 ;>?
>?

(in fact it is even worse due to higher order corrections ) 

From arXiv:1602.00695v1



• The strong interaction coupling constant is too large beyond 1 fm
(pertubative theory breaks down) 

• Models needed for  quarks → hadrons

but quarks are colored

à not observed directly

Hadronization
e+e-→qq

e-

e+ q

q
γ
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αs(Q2)

asymptotic
freedom

confinement wall 
αs >1

1fm
distance

low energyhigh energy

Q2 ~ Λ2 strong coupling perturbations

Q2>> Λ2 weak coupling perturbations

Λ

Λ (~ 100 MeV)



Hadronization model 
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qq production at  e+ e- colliders



Hadronization model 
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hadronization (models 
needed)

QCD (calculable)

qq production at  LHC



q

q

LEP (~ 1990) 
e+e- beams perpendicular to the page51
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𝑅5/# =
𝜎5	BCDE
𝜎#	BCDE

~𝛼/



Strong interaction in summary

Hadrons are composed of quarks

The strong interaction charge is the « color » 

The vector boson of QCD carries color 
- free quarks are not observed
- asymptotic freedom
- no perturbation theory building possible 

at low energy à models to be developed 
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Has to be mastered otherwise QCD effects would 
shadow New Physics signs ! 

Very interesting per se

A very active field



Back-up slides
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Structure functions (depend on the 
target properties)

Differential cross section for unpolarized electron on an unpolarized nucleon :  

W1 and W2 depend upon Q2 and ν

ν= Ei –Ef of 
the electron

At small values of θ , study the cross section

Bjorken scaling : at high energies quarks evolve freely in the proton

e-

e-

p
γ (q) X

?

θν W2
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Delicate definition of what is a jet

real gluon 
emission 
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forbidden : 
m(J/ψ)<2 m(D0)

c̅

c c

u

c̅

u̅
J/ψ

D

D

c

c̅

e+     µ+

e- µ-

Decay through strong interaction is heavily suppressed

à decay through QED starts to be competitive

Γ~70  keV Γ(ee)~5  keV
Γ (µµ)~5  keV

J/ψ decay :

c

c̅

hadrons

hadrons
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QED : QCD :

Both theories should be renormalizable

1 photon : 
• massless
• electrically neutral

8 gluons : 
• massless
• colored

gluon self-interaction
SU(3) is a non abelian group

Non abelian rotation 

AB-BA = C
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Di-jets events at the LHC : search for NP

no …


