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Based on the principle of 

local gauge invariance

Not yet directly 

observed

12 gauge fields
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Standard Model*) of Particle Physics

*) S. L. Glashow, A. Salam and S. Weinberg, 1967/8





Timeline of Particle Discoveries

Higgs?
Origin of  symmetry breaking?



Experimental SM Tests (selection)

1967/8 Standard Model, S. L. Glashow, A. Salam and S. Weinberg

1971 Renormalizability of non-abelian gauge theories, G. `t Hooft and M. Veltman

1973 Asymptotic freedom of QCD, D. Gross, D. Politzer and F. Wilzcek;         

Explaination of CP violation: 3 quark generation, M.Kobayashi, T.Maskawa 

1973 Discovery of Neutral Currents: „Z-Boson exchange“  (Gargamelle, CERN)

1974 Discovery of the 4th quark (SLAC / BNL)  „November Revolution“

1975 Discovery of the Tau-Lepton 

1979 Discovery of the gluon (DESY)

1983 Observation  of W and Z bosons (UA1/2, CERN)

1989 Start of LEP I: Precision Z-physics measurement of radiative corrections

1995 Discovery of the Top-Quark at TEVATRON

1996 Start of LEP II:  W Pair production and Higgs search (until Nov 2000)

2001 Start of TEVATRON Run II:                                                                            

Precision measurement of Top-Quark and W-Boson properties, B physics

2009 Start of LHC  Discovery of the Higgs boson, New Physics?



Discovery of Tau-Lepton 

Unexpected, although 3rd generation predicted by Kobayashi and Maskawa  

MARK I (SLAC), 1975, M.Perl et al.

Nobel Prize 1995 for M.Perl

Explanation: 
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Discovery of Neutral Currents (1973) 
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Discovery of Z and W Boson (1983)
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Electroweak radiative corrections
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Observed in 1987 by the  

ARGUS collaboration.

From the observation ARGUS concluded that mt > 50 GeV.

Neutral B meson mixing:



Large Electron Positron Collider

Electron Positron Annihilation: LEP-I:   s  90 GeV (1989-1995)

LEP-II:  s = 160…207 GeV (1996-2000)

Test of electroweak theory using Z and W bosons.



L3 Experiment @ LEP



LEP I: Z-Boson Factory

4 experiments:  ALEPH, DELPHI, L3, OPAL



Resonance looks the same, independent of final state: Propagator the same

hadronsee    ee

Resonance Shape 
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Peak:

Z Boson Properties

At the Z pole: Z 

23 ppm (*)MZ =   91.1876  0.0021 GeV

*) error of the LEP energy determination: 1.7 MeV (19 ppm)

Effect 

of QED



SM Test in e+e- Annihilation

Precision tests 

of the Z sector Tests of the W sector

qqW 



LEP 200: W Pair Production
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W Mass Measurement at LEP



Sensitivity to Higher Order Corrections

Lowest order 

SM predictions

Including radiative 

corrections



Top Mass from Radiative Corrections

The measurement of the 

radiative corrections, e.g.
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Allows the indirect determi-

nation of the unknown 

parameters mt and MH.

Prediction of mt by LEP before the 

discovery of the top at TEVATRON.
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Higgs Mass from Radiative Corrections
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Higgs seems to be light!

… using all available electro-weak data

Fits to electro-weak data:

mH  = 89 +35
-26 GeV

mH < 158 GeV (95% CL)

Assumption for fit:                      

• SM including Higgs

• No confirmation of Higgs 

mechanism 



TEVATRON

 pp Collider with s=1.96 TeV



Top Quark Discovery at TEVATRON

Back-

ground



Precision Top Mass Measurement



Higgs Search at TEVATRON

Many different channels

~1 Higgs event every 1012 events

Many decay channels!



Higgs Search at TEVATRON

Moriond 2011

Higgs excluded for

mH  [ 158, 173 ] Gev @ 95% C.L.

arXiv:1103.3233



Quark Mixing and CP Violation
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CKM mechanism explains CP violation and predicts large effect in B decays

0 

tbtdcbcdubud VVVVVVUnitarity

Angles measured 

from CP violation 

in B decays: 

CKM mechanism 

confirmed !



Strong Interaction

Discovery of the gluon (1979) Running of s

… and asymptotic freedom



28

ATLAS

Large Hadron Collider

p (7 TeV)

p

(7 TeV)



Large Hadron Collider

29

Proton – Proton Pakete:

2835 x 2835  (1404 x 1404)

1011 Protonen / Paket

Crossing-Rate: 40 MHz

Kollisionen:  108 bis 109 Hz

TeV)5.3(7 TeV)5.3(7

Design:



Large Hadron Collider

Proton-Proton Collision                  

at s= 7 (14) TeV

26.7 km Umfang

1232 Dipole (8.3 T, 1.9K)

392 Quadrupole

60 t  He



Filling w/ bunch trains



2.5  1032 cm-2s-1 !!!



pp event in LHCb



CMS event with 13 pp interactions
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35 pb-1:

260000 W →  l ν

25000 Z/γ* → l l 

W/Z Physics



ATLAS Highest Mass Di-jet Event

mjj = 4.0 TeV

(pT
1,y1) = (510 GeV, -1.9)

(pT
2,y2) = (510 GeV, 2.2)



Top Quark Physics



Higgs Physics at LHC

Production cross section is 2 orders of magnitude 

larger than at TEVATRON.



Relevant Higgs Decay Channels

•mH< 150 GeV: 

•150 GeV < mH < 1 TeV

(*)ZZH 
 WWH

H

CMS

Also H is important



ATLAS Higgs Sensitivity 

HWWll



Precision Flavor Physics

ms = 17.63  0.11 (stat)  0.04 (syst) ps-1

Bs  Bs oscillation CP Violation in Bs  J/

s  [ -2.7,  -0.5]  rad at 68% CL

s  [ -3.5,  0.2 ]  rad at 95% CL

Standard Model prediction: s = 0.036

CP violating CKM phase:



Shortcomings of the Standard Model

Experimental findings

• Neutrino masses and mixing

• Baryogenesis (matter anti-matter symmetry)

• Dark matter

Conceptual problems

• Quadratic divergences in radiative Higgs mass corrections:               

„fine tuning“ problem

• Origine of the three generations

• Explanation of masses

• Origin of gauge symmetries / quantum numbers

• Unification with gravity

There must be 

new physics 

beyond the 

Standard Model



Physics Beyond the Standard Model?

Möglicher Sensationsfund -

Forscher rätseln über neue Naturkraft

In der Physik bahnt sich eine Sensation an:

Forscher haben möglicherweise eine bisher

unbekannte Grundkraft der Natur entdeckt.

Sollten sich die Daten aus einem US-

Teilchenbeschleuniger bestätigen, wäre es

wohl die wichtigste physikalische Ent-

deckung der vergangenen Jahrzehnte.

Spiegel Online, 7. April 2011



CDF – Invariant di-jet mass 

Events: W + jet jet

(lepton + ET)

Mjj = inv. mass (jet jet)

2 (full range) = 77/84

2 (120-160GeV) = 26/20

Adding a gaussian:

2 (full range) = 57/81

2 (120-160GeV) = 11/20

Not compatible with 

SM W+H  production

“3.2” peak

CDF Collaboration arXiv:1104.0699





Summary 
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Z line shape parameters (LEP average)

MZ =   91.1876  0.0021 GeV

Z =   2.4952  0.0023   GeV

had = 1.7458  0.0027     GeV

e = 0.08392  0.00012 GeV

 = 0.08399  0.00018 GeV

 = 0.08408  0.00022 GeV

Z =   2.4952  0.0023   GeV

had = 1.7444  0.0022     GeV

e = 0.083985  0.000086 GeV

Assuming lepton 

universality: e = =

3 leptons are treated 

independently

23 ppm (*)

0.09 %

*) error of the LEP energy determination: 1.7 MeV (19 ppm)

http://lepewwg.web.cern.ch/

test of lepton 

universality

http://lepewwg.web.cern.ch/


W Mass: Prediction versus Measurement

Summer 2010


