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Overview Intro

1 A few words about QCD
1 running of α

S

2 asymptotic freedom and confinement

2 quarks and gluons from e

+
e

− annihilation
1 quark electric charges
2 quark and gluon spins
3 QCD gauge parameters

3 Structure of hadrons
1 elastic scattering
2 deep inelastic scattering
3 proton structure functions
4 DGLAP evolution equation

4 hadron - hadron interactions
1 jet production
2 Drell-Yan process
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Overview Intro

The so rich nucleus

What makes the nucleons hold together in a nucleus ?

A

Z

M = Z ·m
p

+(A−Z ) ·m
n

−E

L

⇒ E

L

≃ 8MeV

⇒ named Strong interaction
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Overview Intro

The so rich nucleus

What makes the nucleons hold together in a nucleus ?

A

Z

M = Z ·m
p

+(A−Z ) ·m
n

−E

L

⇒ E

L

≃ 8MeV

⇒ named Strong interaction

In a nucleus there is a competition between EM,
Strong and Weak interactions
- EM: repulsion between protons
- Strong: bounding between nucleons
- Weak and EM decays
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Overview Intro

A few preliminary remarks

proton neutron
mass 938.280 MeV 939.573 MeV
lifetime stable 898± 16 sec
charge +1 0
spin 1/2 1/2
magnetic moment 2.793µ

N

−1.913µ
N
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A few preliminary remarks

proton neutron
mass 938.280 MeV 939.573 MeV
lifetime stable 898± 16 sec
charge +1 0
spin 1/2 1/2
magnetic moment 2.793µ

N

−1.913µ
N

lifetimes and masses

- τ
n

≃ 15 min - very long for wi
n→ p e

− ν̄
e

- τ
p

> 1033 y - stable (if free state)

- m
n

/m
p

= 1.0014 !
⇒ very similar internal bounding fields

Huge bounding energy: GeV !
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charge +1 0
spin 1/2 1/2
magnetic moment 2.793µ

N

−1.913µ
N

lifetimes and masses

- τ
n

≃ 15 min - very long for wi
n→ p e

− ν̄
e

- τ
p

> 1033 y - stable (if free state)

- m
n

/m
p

= 1.0014 !
⇒ very similar internal bounding fields

Huge bounding energy: GeV !

- if m
n

ց: He/H ր - ∄ stars like ⊙
- if m

n

ր: all atoms unstable (except H)
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Overview Intro

A few preliminary remarks

proton neutron
mass 938.280 MeV 939.573 MeV
lifetime stable 898± 16 sec
charge +1 0
spin 1/2 1/2
magnetic moment 2.793µ

N

−1.913µ
N

magnetic moment

Bohr magneton: µ
N

= e~/2m
N




we would naively expect µ
p

= 1 and
µ
n

= 0

⇒ first sign of nucleon charged sub-
structure !
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Overview Intro

Proton structure - and QCD
- in baryons, the 3 valence quarks are bound by gluon exhanges

- the gluons carry a color and an anti-color (or a linear combination), e.g.

rg , rb, gr , gb, br , bg ,
√
1/2 {r r − gg},

√
1/6 {r r + gg − 2bb}

but the color singlet state is excluded by hand to avoid free gluons

G0 =
√
1/3 {r r + gg + bb}

- the proton structure depends on the resolution scale - seeing more or less quantum
fluctuations in qq̄ (sea quarks)

Q2

increase

Q2

increase

u
u
u

g
g

g
du

u
d d

u
g

g
u u

- the QCD coupling constant, α
S

, also depends on the resolution scale
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α
S

running

- Part 1 -

α
S

running, asymptotic freedom and
confinement
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α
S

running

Screening effect in QED
- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs
- in presence of an electric charge, these pairs get polarised
- this leads to an effective charge which depends on the distance to the probe
At LO :

(−i)e0γµ · (−i)gµν
q

2
· (−i)e0γν = ie

2
0γ

µ gµν

q

2
γν

q q

k

k − q

with one loop :

(−i)e0γµ(−i)gµρ
q

2
(−1)

∫
d

4
k

(2π)4
Tr

[
(−i)e0γρ i(k/+m)

k

2 −m

2
(−i)e0γλ i(k/− q/+m)

(k − q)2 −m

2

]
(−i)gλν

q

2
(−i)e0γν
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- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs
- in presence of an electric charge, these pairs get polarised
- this leads to an effective charge which depends on the distance to the probe
At LO :

(−i)e0γµ · (−i)gµν
q

2
· (−i)e0γν = ie

2
0γ

µ gµν

q

2
γν

q q

k

k − q

with one loop :

(−i)e0γµ(−i)gµρ
q

2
(−1)

∫
d

4
k

(2π)4
Tr

[
(−i)e0γρ i(k/+m)

k

2 −m

2
(−i)e0γλ i(k/− q/+m)

(k − q)2 −m

2

]
(−i)gλν

q

2
(−i)e0γν

fermion loop
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α
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running

Screening effect in QED
- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs
- in presence of an electric charge, these pairs get polarised
- this leads to an effective charge which depends on the distance to the probe
At LO :

(−i)e0γµ · (−i)gµν
q

2
· (−i)e0γν = ie

2
0γ

µ gµν

q

2
γν

q q

k

k − q

with one loop :

(−i)e0γµ(−i)gµρ
q

2
(−1)

∫
d

4
k

(2π)4
Tr

[
(−i)e0γρ i(k/+m)

k

2 −m

2
(−i)e0γλ i(k/− q/+m)

(k − q)2 −m

2

]
(−i)gλν

q

2
(−i)e0γν

trace because we sum over fermions spin states
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α
S

running

does the trace converge ?∫
d

4
k

(k2 −m

2)2
=

∫
k

3

(k2 −m

2)2
dk dΩ

divergent for k →∞∫ ∞
dk

k

→
∫ µ

R

dk

k

→ we introduce a cutoff

the integral give a log, the effective charge is given by:

e

2
e�

(1loop) = ie

2
0γ

µ gµν

q

2
γν
[
1 +

e

2
0

12π2
ln

(
m

2 − q

2

µ2
R

)
+

e

2
0

12π2
F (q2)

]
where F (q2) is a finite function vanishing for q2 →∞.
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α
S

running

Adding more loops

e

2
e�

= e

2
0

[
1 +

e

2
0

3π
ln

(
m

2 − q

2

µ2
UV

)
+

(
e

2
0

3π
ln

(
m

2 − q

2

µ2
UV

))2

+ · · ·
]

behaves arithmetic sequence, whose sum is (using Q

2 = −q2):

e

2
e�

(Q2) =
e

2
0

1− e

2
0

3π ln
Q

2

µ2
R
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α
S

running

Interpretation : using the distance r2 ∼ 1/Q2 (sign in front of ln changes)

e

r0 r

e

2(r) =
e

2(r0)

1 + 2e2(r0)
3π ln r

r0
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α
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running

Interpretation : using the distance r2 ∼ 1/Q2 (sign in front of ln changes)

e

r0 r

e

2(r) =
e

2(r0)

1 + 2e2(r0)
3π ln r

r0

ր
if r ≫ r0 ≃ e

2(r0)
e

2(r0)··· → α = 1/137
independ. of r0
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Interpretation : using the distance r2 ∼ 1/Q2 (sign in front of ln changes)

e

r0 r

e

2(r) =
e

2(r0)

1 + 2e2(r0)
3π ln r

r0

ր
if r ≫ r0 ≃ e

2(r0)
e

2(r0)··· → α = 1/137
independ. of r0

ց
if r0 → 0

≃ e

2(r0)
∞ only possible

if e2(r0 → 0)→∞
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running

Interpretation : using the distance r2 ∼ 1/Q2 (sign in front of ln changes)

e

r0 r

e

2(r) =
e

2(r0)

1 + 2e2(r0)
3π ln r

r0

ր
if r ≫ r0 ≃ e

2(r0)
e

2(r0)··· → α = 1/137
independ. of r0

ց
if r0 → 0

≃ e

2(r0)
∞ only possible

if e2(r0 → 0)→∞
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7.600

7.800
·10−3

r

αEM

→ 1/137

q

screening effect
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α
S

running

in QCD: situation partially similar, on additional gluon loop

q q

k

k − q

- the fermion loop (N
f

) is similar to the QED case
- the additional gluon loop comes with a (+1)
- sum over N




colors

α
s

(Q2) =
α
s

(µ2
R

)

1− 2N
f

−11N



6π α
s

(µ2
R

) lnQ
2

µ2
R

- competition between N

f

and N




- as b = 2N
f

− 11N



< 0⇒ anti-screening effect
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colors
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α
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6π α
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(µ2
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) lnQ
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< 0⇒ anti-screening effect
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α
S

running

- QFT gives us the evolution but not the values

- in one direction or the other

α
s

(Q2) =
α
s

(µ2
R

)

1− 2N
f

−11N



6π α
s

(µ2
R

) lnQ
2

µ2
R

- Λ
QCD

is defined as the divergent scale value:

α
s

(Λ2
QCD

) =
α
s

(µ2
R

)

0

- Λ
QCD

≃ mπ ≃ 100 MeV
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α
S

running

- QFT gives us the evolution but not the values

- in one direction or the other

α
s

(Q2) =
α
s

(µ2
R

)

1− 2N
f

−11N



6π α
s

(µ2
R

) lnQ
2

µ2
R

- Λ
QCD

is defined as the divergent scale value:

α
s

(Λ2
QCD

) =
α
s

(µ2
R

)

0

- Λ
QCD

≃ mπ ≃ 100 MeV

- to apply perturbative methods: α
S

≪ 1
i.e. Q ≫ Λ

QCD

- if non-pert. (no Fey. diag, etc) but L
QCD

is valid
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asymptotic freedom

confinement

≃ 1 GeV

perturbative non-perturb.
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e

−
e

+ → qq̄

- Part 2 -

e

+
e

− annihilation and QCD
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e

−
e

+ → qq̄

quark production from e

−
e

+ annihilation

- the cleanest way to produce quarks is from e

−
e

+ annihilations:
- no color charge in the initial state
- pure electroweak process (at LO)
- inital state momentum fully transfered to the qq̄
→ allows us to study q production but also, g radiation, hadronisation,. . .

e
-

e
+

Z/γ*
q
_

q

g

γ

π
ω

K

π
π
π

n

π0 γ
γ

ρ
p
_

p

π
π

I II III IV

ha
dr

on
iz

at
io

n
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e

−
e

+ → qq̄

- at LO, for γ exchange only:

γ(q)

e
−(pe−)

e
+(pe+) q(pq)

q̄(pq̄)

{√s
- negl. mass terms :

|M|2 = 8(4π)2
α2

q

4
N




Q

2
i

{(p
e

+ · p
q

)(p
e

− · p
q̄

) + (p
e

+ · p
q̄

)(p
e

− · p
q

)}

- only 1 degree of freedom
- in the c.m.s.:

dσ

d
osθ
=

πα2

2s
N




Q

2
i

(1 + cos2 θ)
θ

e
−

e
+

q

q̄
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e

−
e

+ → qq̄

acces to quark electric charges

- as all hadrons come from quarks and that quarks always give hadrons :

σ(e+e− → X (any hadron)) =
N

f∑
i=1

σ(e+e− → qq̄) =
4πα2

3s
N




N

f∑
i=1

Q

2
i

- we can study the observable:

R =
σ(e+e− → X )

σ(e+e− → µ+µ−)
=

4πα2

3s N




∑
N

f

i=1Q
2
i

4πα2

3s

= N




N

f∑
i=1

Q

2
i

- is this very simple model realistic ?

e+

e−

γ/Z

q̄

q

2

e+

e−

γ/Z

µ+

µ−

2R ∼
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e

−
e

+ → qq̄

40. Plots of 
ross se
tions and related quantities 7

R in Light-Flavor, Charm, and Beauty Threshold Regions

10
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Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

R

√

s [GeV]

Figure 40.7: R in the light-
avor, 
harm, and beauty threshold regions. Data errors are total below 2 GeV and statisti
al above

2 GeV. The 
urves are the same as in Fig. 40.6. Note: CLEO data above � (4S) were not fully 
orre
ted for radiative e�e
ts, and we

retain them on the plot only for illustrative purposes with a normalization fa
tor of 0.8. The full list of referen
es to the original data

and the details of the R ratio extra
tion from them 
an be found in [arXiv:hep-ph/0312114℄. The 
omputer-readable data are available

at http://pdg.ihep.su/xse
t/
ontents.html (Courtesy of the COMPAS(Protvino) and HEPDATA(Durham) Groups, August 2005.) See

full-
olor version on 
olor pages at end of book.

R =
σ(e+e− → X )

σ(e+e− → µ+µ−)
= N




N

f∑
i=1

Q

2
i

= 3

[(
2

3

)2

+

(−1
3

)2

+

(−1
3

)2

+ . . .

]
= 2 for 2m

s

≪√
s ≪ 2m




= 10/3 for 2m



≪ √
s ≪ 2m

b

= 11/3 for 2m
b

≪√
s ≪ m

Z

- amazing success if away from resonnances

quark charges are as expected

- if close to a resonnance, the important
npQCD corrections only in the numerator
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e

−
e

+ → qq̄

jets - during the had. process, hadrons are forming around the initial quark direction

} jetjet {

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T ime   20716                                  
 Ebeam 45 . 658  Ev i s   99 . 9  Emi ss   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               
 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k (N=  39  Sump=  73 . 3 )  Eca l (N=  25  SumE=  32 . 6 )  Hca l (N=22  SumE=  22 . 6 )  
Muon (N=   0 )  Sec  V t x (N=  3 )  Fde t (N=  0  SumE=   0 . 0 )  

- two particles below to different jets only if
p

i

· p
j

≫ Λ2
QCD

- angular measurement:

the quark are spin 1/2 !

- excellent agreement between jet and quark di-
rections

dσ
d
osθ ∼ (1 + cos2 θ)
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e

−
e

+ → qq̄

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T ime   20716                                  
 Ebeam 45 . 658  Ev i s   99 . 9  Emi ss   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               
 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

Ct r k (N=  39  Sump=  73 . 3 )  Eca l (N=  25  SumE=  32 . 6 )  Hca l (N=22  SumE=  22 . 6 )  
Muon (N=   0 )  Sec  V t x (N=  3 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

XZ

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  2542 :  63750   Da t e  911014  T ime   35925                                  
 Ebeam 45 . 609  Ev i s   86 . 2  Emi ss    5 . 0  V t x  (   - 0 . 05 ,    0 . 12 ,   - 0 . 90 )               
 Bz=4 . 350   Th r us t =0 . 8223  Ap l an=0 . 0120  Ob l a t =0 . 3338  Sphe r =0 . 2463                  

Ct r k (N=  28  Sump=  42 . 1 )  Eca l (N=  42  SumE=  59 . 8 )  Hca l (N=  8  SumE=  12 . 7 )  
Muon (N=   1 )  Sec  V t x (N=  0 )  Fde t (N=  2  SumE=   0 . 0 )  
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e

−
e

+ → qq̄

That’s all for today
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