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Content

Introduction to Gauge Theories 

21.04.  From Theory to Feynman Rules (TP)

26.04.  From Theory to Feynman Rules (TP)

28.04.  From Theory to Feynman Rules (TP)

Calculating Cross Sections

03.05. From Matrix Element to Measurement (SHM)

05.05. From Matrix Element to Measurement (SHM)

QED Lagrangien

10.05. e+e- scattering (TP)

12.05. e+e- annihilation experiments (SHM)

Qantum Flavor Dynamics

17.05. Phenomenology of Weak Interaction (SHM)

19.05. Phenomenology of Weak Interaction (SHM) 

24.05.  Massive Gauge Bosons (TP)

26.05.  Massive Gauge Bosons (TP)

31.05.  Experimental Tests of the SM (SHM)
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02.06.  Experimental Tests of the SM (SHM)

07.06.  Higgs Boson in the SM (TP)

09.06.  Higgs Boson in the SM (TP) 

14.06. Experimental Observation of the Higgs Boson (SHM)

16.06. More on the Higgs Boson (TP)

21.06. Quark Mixing and the CKM Mechanism (SHM)

23.06. Quark Mixing and the CKM Mechanism (SHM)

28.06. Quark Mixing and the CKM Mechanism (SHM)

Quantum Chromodynamics

30.06. Theory of QCD (TP)

05.07. Theory of QCD (TP)

07.07. Theory of QCD (TP)

12.07. Experimental Tests of QCD (SHM)

14.07. Experimental Tests of QCD (SHM)

Beyond the Standard Model

19.07. Limits of the Standard Model (SHM/TP)

21.07. Limits of the Standard Model (SHM/TP)



Organisation

Lectures

Wed 11:15-13:00 (HS2, INF 308)

Fri      9:15-11:00h (HS2, INF 308)

Tutorials  (Gonzalo Alonso Alvarez, Anke Biekoetter, Jennifer Thompson)

Tue    14:15-16:00h (SR 3.403, INF 227) (1 group)

Wed 14:15-16:00h (SR 3.402, INF 227)   (2 groups)

first sheet on the web today 21.04., first tutoral 25./26.04.

from then on Monday sheets on the web (-> 1.5 weeks to work on them)

Requirements:  worked on at least 50% of the exercises on the sheets

regular (and active) participation in the tutorials

present homeworks at the black board

exam at the end of the term (date still need to be fixed)

For more information (registration, literature, exercise sheets, notes, ...):

https://uebungen.physik.uni-heidelberg.de/vorlesung/20171/742
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The Standard Modell
A Particle Physcisist‘s View of the World
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Higgs

today understanding of particle physics is 
a success story of co-work of experiment 
and theory  



Some Milestones of the Standard Model

1964               Higgs-Mechanism (Brout, Engler, Higgs)              

1967/68         Standard Model (Glashow, Salam, Weinberg)            

1971 Renormalizibility of non-abelian theories (´t Hooft, Veltmann)          

1973               Asymptotic freedom of QCD (Gross, Politzer, Wilzcek)

1973               Discovery of Neutral Currents (Gargamelle, CERN)

1974 Discovery of 4th Quark (SLCAC & BNL)

1979               Discovery of the gluon (PETRA, DESY)

1983               Observation of W and Z (UA 1/2, CERN)

1988               Tevatron start: Top Physics, Higgs Searches .... (Fermilab)

1989               LEP start:  electroweak precision physics ... (CERN)

1991               HERA start: Investigation of the proton .... (DESY) 

1995               Discovery of the Top (Tevatron, Fermilab) 

2000               Start of B Factories (Belle @ KEK, BABAR @ SLAC), 

2001               CP violation in the B System (Belle, BABAR)

2009 LHC @ CERN : First collisions

2012               Discovery of the Higgs Boson
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Interplay Theory-Exeriment
some examples

Prediction of the Anti-electron (1928)
Discovery of Positron (1932)

Prediction of mesons (1935)
Discovery of the pion (1947)

Prediction of the neutrino (1930)
Discovery of the electron neutrino (1957)

Prediction of the muon neutrino (1950th)
Discovery of the muon neutrino (1962)

Discovery of CP violation (1964)
Prediction of a third quark family (1973)
Dicovery of the B quark (1977)
Discovery of the top quark (1995)

Prediction of the Higgs mechanism (1964)
Discovery of the Higgs particle (2012)
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Discovery of Antimatter
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cloud chamber
in magnetic field

Positron

63 MeV positron passing through 
Lead plate emerging a 23 MeV positron

The length of this latter pass is at least ten times greater than the 
possible length of a proton path of this curvature

Carl Anderson (1932)
Nobel prize 1936

Positron

6 mm lead plate

Paul Dirac (1928)
Field equation based on rel. Energy-momentum relation

Negative energy solution  antiparticles



Prediction of the pion

H. Yukawa predicted 1935 mesons as 
carriers of the nuclear force (Nobel Prize 1949)

meson mass ~  ħc/(range of force) range ~ 1 fm   m ~ 200 MeV
(mπ ~ 140 MeV)
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Prediction of Neutrinos
n -> p + e + ??

2-body decay   3-body decay                             

fixed enery     continuous spectrum                             



Discovery of the electron 
(anti) neutrino (1956) (NP 1985)
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Discovery of the muon neutrino
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Leon M. Lederman
Melvin Schwartz
Jack Steinberger

[Nobel prize 1988]

Melvin Schwatz in front of the spark chamber
Used to discover the muon neutrino 

Single muon event from
Original publication



Discovery of CP violation (1964)
(we will spend a whole lecture to undertand why                       is CP violating)  
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45 ± 10                           event  (ɛ ~0.2%) 

Nobel prize Cronin and Fitch (1980)



Predition of the third quark family
the power of indirect searches
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Only 3 quarks where 
known at that time!  



Prediction of the Charm Quark
the power of indirect searches
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Discovery of the c-quark
(a)
(b)
(c)

November Revolution (1974)
NP for both teams (1976)

(Burton + Richter)

(Ting)



Discovery of the b-quark (1977)
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Discovery of the W and Z
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electron

The key to the discovery of the heavy particles of the SM  (W, Z, top, Higgs) are the
accelerators. The Nobel prize (1984) for the discovery of the W and Z was assigned  jointly to 
Rubbia, spokesperson of UA1 and to Van Der Meer,  who invented stochastic cooling, the 
preresquisit to achieve required CME. 

the underlying
event is the price
to pay for higher 
CME in hadron 
collisions



Discovery of the W and Z
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LEP Collider (Large Electron Positron Collider)
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27km 
circumference

LEP I (CME = 90 GeV)
1989-1995

LEP II (CME = 160-200 GeV)
1996-2000



LEP I: Precision measurements of the Z
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3 light neutrino families
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W Mass @ LEP
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very clean signatures
in e+e- colliders!
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Top mass prediction
the power of indirect searches



Top Discovery
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Discovery of the Top
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1.81.8 TeV (Run I), 1.96 TeV (Run II)

makes a huge difference for top production



Discovery of the Top (1995) 
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Top mass at the end of the Tevatron 



Electroweak precision measurements 
@ LEP (+ Tevatron)
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Took LHC a while to catch up with this precision (systematic uncertainties) 



Hunt for the Higgs @ LEP
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Higgs Searches at LEP
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CME of 
energy scan
of LEP



Standard Model 37

Higgs Decays at LEP Energies
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Higgs Signatures at LEP 
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LEP Higgs Candidates



Loop Corrections
the power of indirect searches
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Loop Corrections
the power of indirect searches
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Loop Corrections
the power of indirect searches
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The LHC and the Higgs
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Higgs Production Mechanisms

Standard Model 45



Higgs Production Cross Sections
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Higgs Boson Decays
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Higgs Discovery
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Higgs and Engler met the fist time
at the Higgs anouncement 4. July 
2012 at CERN

Nobel Prize in 2013



The big open questions

Standard Model 49

Dark Energy
70%

Baryonic Matter
5%

Dark Matter
20%

How can we solve the 
mystery of Dark Energy ?

Why are there so many 
Kinds of particles ?

What happend to the 
antimatter  ?

How to explain the 
masses of neutrinos ?

Do all forces unify ?

Are there extra dimensions 
of space ?

Are there undiscovered
Principles of nature ?

What is the nature of 
Dark Matter ?

How much finetuning
Is natural ?
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