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I. Introduction 

1. Building blocks of matter and their 
interactions

2. Experimental tools

3. Natural units

What you already know from „Physik 5“
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1. Building blocks of matter and their interactions

1.1 Leptons and Quarks

Quarks

Leptons

Flavor-Generation
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Point-like, spin ½ , elementary building blocks of matter

Anti-particles with opposite charge to each lepton/quark

< 10-18 m

Lepton Properties 

Lτ=1

Lµ=1

Le=1

Lτ=1

Lµ=1

Le=1

Lepton 
number

∞<18.2 MeVντ

∞<190 keVνµ

∞< 3 eVνe

0.3 ps1.78 GeVτ−

2.2 µs106 MeVµ−

∞511 keVe−

lifetimemass·c2

• All leptons exist as free 
particles

• Lepton number conservation

In the Standard Model neutrinos are 
assumed to be massless. Recently clear 
evidence for neutrino oscillations have been 
observed: explained with non-zero masses. 
M a s s  d i f f e r e n c e  a r e  v e r y  s m a l l :     
m ν <  3  e V f o r  a l l  N e u t r i n o s    

110 −→=

→ ++

µ

µνµπ

L

In the standard model lepton flavor 
conservation is  a consequence
of vanishing neutrino masses. 

Lepton flavor violation also 
for charged leptons ?

Direct measurements

1975

2000
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Impressive limits for lepton flavor violation:
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→ ⋅<γµ eBR proposed: 

MECO (Al)  108 17−
→ ⋅<eBRµ

µ ν

γ

e

W

Standard model process: Effect of neutrino mass is 
“GIM suppressed” by a factor 
of (∆mν

2/MW
2)2 ~ 10-50 and 

hence unobservable

×

SUSY-GUT scenarios predict 
larger BR for LFV decays.

Muon capture

T=+1

B=-1

C=+1

S=-1

I=±1/2

Flavor 
number

~175 GeVt

4.6 – 4.9 GeVb

1.15 - 1.35 GeVc

80 - 130 MeVs

~5 and ~8 MeVu, d

quark mass·c2
• Quarks are confined in hadrons: 

mesons (q⎯q) or baryons (qqq)

• Quark masses cannot be 
measured directly: mass is well 
defined only for free particles

• Heavy quarks: Constituent quark 
masses. Determination from 
observed hadron mass spectra 
+ assumed binding potential 

For the light quarks (u,d,s,) the 
masses are estimates of the 
“current masses” which appear 
in the QCD Lagrangian

• Quarks carry color charge

Quark Properties 

1995
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Questions:

• Why 3 generations  ?

• Mass hierarchy ?

• Charges =   0, 1/3e,  2/3e  or e ?

1.2 Fundamental interactions

~10−39GravitonGravitation

~10−6W± Z0weak

~10−2PhotonElektro-
magnetic

1Gluon gStrong

strengthMediator bosonIA

• Forces are mediated by virtual field quanta (bosons)

• Virtual bosons transfer energy and momentum for which in 
general (off mass-shell)222 pEmBoson −≠
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a.) Electro-magnetic interaction

e e

p p

eJ

pJ

α

α
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22 ~1~
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JM pefi
ααα ⋅⋅⋅⋅
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2 ~~

q
Md fi

ασ

ep scattering:

Diff. cross section:

(Rutherford formula)

ππε
αα

44
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2 e
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e
QED ===

h

1== ch

γ

b.) Strong interaction

Color charges and gluons.

• Quarks and anti-quarks carry 3  
different (anti) color charges 

• Interaction is mediated by 8 
massless colored gluons (spin 1)

• Color symmetry is exact: strong 
interaction only depends on color 
and is independent of quark flavor

• Color charge of gluons ⇒ gluon-
gluon coupling: triple gluon vertex

q: r g b     ⎯q: ⎯r⎯g ⎯b

⎯u

u u

⎯u
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How strong is “strong” ?

Use decay times of the following kinematically similar Σ decays:

strong10−23 s208 MeV
weak10−10 s189 MeV

e.m.10−19 s74 MeV
IADecay timeQ-value Σ decays

γΛ→Σ ),1192(0 uds
0),1189( πpuus →Σ+

00 ),1385( πΛ→Σ uds

22

1~1~
IAfiM α

τ
Γ

=
h

For the decay times one finds

αIA = effective coupling of decay 
process

Neglecting kinematics:
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1  with ≈⇒= sem αα

c.) Weak interaction

Mediated by massive bosons: 2

2

/91

/80

cGeVM

cGeVM

Z

W

≈

≈

Estimate the strength from Σ→ p π0 decay
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“effective weak coupling”

w

W

wfi g
Mq

gM ⋅
−

⋅ 22

1~

for Σ decay: q2 << MW
2: small is GeV10~~ 2-5

2

2

wF

W

w
fi G

M
gM α⇔≈ −

(massive propagator leads to suppression) 
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Questions:

• Electromagnetic and weak forces can 
be unified:

• What about strong force ?

• What about gravitation ?

• Unification scales are very different ?

2. Experimental tools

sL ~

From W.K.H.Panofsky: The evolution 
of particle accelerators and colliders

2.1 Particle accelerators

s
1~σCross 

sections
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Large Hadron Collider

LHC Dipole Magnet

Dipole current: 12 KA   (super-conducting, T=1.9 k), B = 8.3 T

Energy stored in 1 dipole: 7.6 MJ in all 1232 dipoles: 9.4 GJ
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International Linear Collider

30 km

Center of mass energy: √s=500 … 1 TeV Field gradients: ~35 MV/m 

Remember: synchrotron radiation 
for circular machines  
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2.2 Particle detectors

Prototype of a modern compact  particle detector
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3. Natural units 1== ch

With this choice one has the freedom to choose the unit of one other 
physical quantity. Typically:  [E] = GeV

⇒ Units of all other quantities are defined

Time

Temp Tk
Charge e

Area
Length

Mass
Energy

SI unitHEP unitQuantity
GeV
GeV

-1GeV
-2GeV

πα4
GeV

21 c×

ch×
2)( ch×

21
0 )( εch×
k1×

J10106.1 −⋅

kg271078.1 −⋅

fm197.0
mb389.0

C19106.1 −⋅

K161016.1 ⋅

Heaviside Lorentz
Units: ε0 = µ0 = 1 

π
α

4

2e
=

mbGeV389.0c)(                     

fmMeV197 :const. useful
22 =

⋅=

h

hc

-1GeV h× s251058.6 −⋅


