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Content

> 0) Introduction
- What is the Standard Model?
- Coupling constants, masses and charges
- Units and scales

> 1) Interactions
- Relativistic kinematics
- Symmetries and conserved quantities
- Dirac equation
- Feynman diagrams
- Cross section measurements

> 2) Quantum electrodynamics: Tests of QED
- low energy: Magnetic momentum of the electron
- tests at high energy colliders
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Content

> 3) Electroweak interactions
- Discovery of electroweak bosons
- Tests of angular distributions
- Feynman rules
- Handed-ness of electroweak interactions
- More tests of the electroweak SM

> 4) Strong Interaction: Quantum-Chromodynamics
- Quarks and Hadrons
- QCD at colliders
- PDFs and parton showers
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Electromagnetic Interactions: Tests of QED

> Electromagnetism is the “oldest” known fundamental interaction

> Quantum electrodynamics can be tested using 
→ magnetic moment of the electron
→ at high energy colliders

> Magnetic moment due to rotating charge body → spin of electron

> Deviations from classical result caused by quantum corrections

g-factor is 2:
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Electromagnetic Interactions: Tests of QED

> A non-relativistic electron in a magnetic field has energy levels:

> Depend on the cyclotron frequency (ν
c
) and on the spin frequency (νs)

> Muon magnetic moment with larger corrections due to QCD and EWK

> measurement disagrees with SM by 3.4 standard deviations
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High-energy collider tests of QED

> High-energy colliders probe the following processes:
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Bhabha scattering: ee → ee

> High-energy colliders probe the following processes:
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Electromagnetic Interactions: Lepton pair production
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Electroweak interactions

> Fermi theory proposed as explanation of beta-decay
→ four point interaction

> Coupling constant G
F
 measured

from lifetime of muon: 1.6637 × 10-5 GeV-2

> Suggested generic four point interaction (a la QED)

> Fermi's theory successfully described decays, few pecularities....

→ Pion and Kaon decays, CP violation: V-A current

→ Ultraviolet behaviour: introduction of massive weak bosons

Not quite 
accurate
(see next slides)
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Handed-ness and hadronic decays: The Pion
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Handed-ness and hadronic decays: The Pion
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Handed-ness and hadronic decays: The Pion
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Handed-ness and hadronic decays: The Pion

>  

>  >  

>  
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The τ-θ puzzle (1956)

>

>

>

>

>

         Same particle K+ decays into 2 different CP final states: >
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Electroweak interactions

> Description of current changed such that observations could be 
accounted for:

> V-A structure selects handedness

> G
F
 still universal constant

> Desired CP behaviour:
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Electroweak interactions

> Problem: Divergences! Fermi theory only valid at low energies

> 1968: Formulation of electroweak unification
(Glashow, Salam, Weinstein) → massive W/Z bosons + massless γ

> 1) → Consider W+/W- as doublets of the charge current

> 2) → Postulate SU(2) symmetry: Necessity of neutral current

(note: all of the above in analogy to pions and isospin)

> 3) → Try preserving SU(2) and U(1)
Q
 symmetry

Introduce Hypercharge Y
L 
to preserve U(1)

Y

> 4) Arrive at a unified interaction with massive W/Z boson +massless γ
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Electroweak interactions

 
Kerstin

> Neutral current discovered in 1973 
with Gargamelle at CERN by observing eν → eν

> Before this: no observation / indication of neutral current



Kristin Lohwasser  |  Introduction to the Standard Model – DESY Summer student programme |  3./4. August.2015  |  Page 18

Electroweak interactions: Discovery

 
Kerstin
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Angular relations in electroweak interactions

> Angular distributions changed by electroweak interactions

> Total cross sections 
unchanged

> Reason: V-A structure
of neutral current (NC)
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Discovery of W boson
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Discovery of Z boson

>  

>  
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Cross section of W/Z production
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LEP: Cross section of e+e- → μ+μ-

μ
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LEP: Cross section of e+e- → μ+μ-

μ
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LEP: Number of light neutrinos

μ

> Data selected using invisible Z 
decays with photon radiation
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LEP: WW production and the TGC vertex

μ

> LEP also proved self-interaction of weak bosons through indirect measurement of 
triple gauge coupling vertex

> Interference between all three diagrams leads to “safe” energy behavior
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LEP: Consistent picture of electroweak parameters

μ
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LEP: Quantum corrections and the Higgs

μ

Radiative corrections



Kristin Lohwasser  |  Introduction to the Standard Model – DESY Summer student programme |  3./4. August.2015  |  Page 29

LEP: Quantum corrections and the Higgs
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LEP: Quantum corrections and the Higgs

μ
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LEP: Quantum corrections and the Higgs

μ
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Quarks
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LEP: Quantum corrections and the Higgs

μ
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Tests of QCD: Hadron pair production

> Prediction for Ratio:
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Scattering experiments

>  

>  

>  

>  

>  >  >  >  

>  >  >  >  

>  >  >  >  
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Scattering experiments
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Scattering experiments
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>  

>  

>  

>  

>  
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PDFs at Hadron colliders

Proton 1
P

1

P
2

Proton 2

Final states:
Jets, 
Leptons, 
missing ET

Analytical partAnalytical partphenomenological partphenomenological part

Probability to find parton with 
momentum fraction x in proton
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Analytical part

➔ Renormalization Scale 
dependence

➔ Factorization Scale dependence

➔ Electroweak input-parameter 
scheme

➔ ....

Analytical partAnalytical partphenomenological partphenomenological part
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PDFs at Hadron colliders

Proton 1
P

1

P
2

Proton 2
Analytical partAnalytical partphenomenological partphenomenological part

Cross section in hadron 
collisions depend on 
Parton Distribution 
Functions
(PDFs) as input

➔ Not calculable from first 
principles!!!

➔ Dependence on input 
data

➔ Fitting scheme

➔ PDF parametrization

➔ ....
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PDFs at Hadron colliders

Probability to find a parton q carrying momentum fraction x of the 
proton momentum to enter a collision at a momentum transfer 
squared Q2

Widerspruch zwischen Higgs-Boson Ausschluss und EWK 
Parametern
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Input measurements

c/gc/g
quarksquarks

u/d u/d 
(charged (charged 
current)current)
gluons gluons 
(jet production)(jet production)

Strange, 
u/d
Nuclear 
corrections

gluongluon
squarsquar
ksks
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The gluon
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Confinement
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Confinement
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The end

> Short introduction

> Some things not covered: The Higgs, flavour physics

> Partly in some of the other lectures....

> Questions?
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