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Standard Model describes almost all the experimental 
data produced over many decades in many different   
experiments (not only particle accelerators).   

Describe a few of the tests in this lecture: 
•  muon magnetic moment 
•  electron magnetic moment 
•  Z line shape and the number of neutrinos 
•  precision measurements at LEP 
•  hadron collider results 
•  the discovery of the “Higgs” 
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Muon anomalous magnetic moment 
g-factor: relation between spin and magnetic moment  

de Rafael, 0809.3085 



New Horizons in Lattice Field Theory 4 

Perturbation theory at work – 5 loop calculation!  

aexpµ = 116 592 089(54)(33)⇥ 10

�11
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PDG 2012 
3 parts in a billion! 

Experiment moving  
to Fermilab  
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Electron anomalous magnetic moment 

Best determination of fine structure constant  

Kinoshita 2010 

Table top experiment 
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Z-boson and the number of neutrinos 

More than 15 million Z-bosons were produced and 
detected at LEP through the process: 
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The Z-boson shows up as a resonance in e+e- collisions 
in the LEP collider: 
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The Z-boson mass is one of the best measured 
quantities  in the SM: 

LEPEWW 
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The resonance line shape is a consequence of the Z-
boson propagator which must include quantum 
corrections due to its decay such as the diagram 

which leads to a cross section proportional to the so-
called Breit-Wigner factor:   

Z widht 
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Partial Z width in lowest order (tree-level): 

Total Z width given by (why?): 
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Using 

I get 

and hence                                      for 

to be compared with experimental result: 

                    No room for an extra neutrino!  
                                   Agrees with cosmology (BBN) 
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Effective number of near 
massless neutrinos N

eff 
= 3.84 ± 0.40 from WMAP9 

         Dark radiation? Wait for Planck. 
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Precision measurements at LEP 
Many observables were measured that depend on the fundamental  
parameters of the SM. 

At tree level, only g1, g2 and v are necessary to calculate  
electroweak processes.  

Other parameters appear at the loop-level and are important since  
the measurements are very precise. 

New physics could be the cause if there are poor fits between SM  
and measurements – but there are NOT. 

Gfitter group provides a global fit of electroweak observables  
http://gfitter.desy.de/Standard_Model/ 
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The famous “pull” diagram - SM works beautifully 
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Indirect limits on the Higgs mass 

Before Higgs 

After Higgs 
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Particle production at hadron colliders 
Protons are made out of quarks and gluons. What really 
participate in the collision are the proton constituents, 
called generically partons. Partonic center-of-mass  
energy is not fixed!  
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Cross section:  

Parton distribution functions (PDFs) 

Partonic cross section 

Factorization at work! 
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Cross sections and event rates 

Productions of particles are characterized by cross 
sections σ with units of area: 

barn b 10−24  cm2 
millibarn mb 10−27 
microbarn µb 10−30 
nanobarn nb 10−33 
picobarn pb 10−36 
femtobarn fb 10−39 
attobarn ab 10−42 
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Accelerators are characterized by their center-of-mass 
energy and luminosity. Luminosity has dimensions of 
inverse of an area (or inverse cross section). 

The product of cross section with luminosity gives the 
number of events that would be produced. 
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Dipoles                             1232 
Quadrupoles                      400 
Sextupoles                       2464 
Octupoles/decapoles      1568 
Orbit correctors                 642 
Others                                376 
Total                              ~ 6700 
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               CBPF, UERJ and IFT-UNESP 
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Diameter  25 m 
Length     46 m 
Weight                7000 Tons                UFRJ and USP 
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LHCb focus on b-physics  
(UFRJ and CBPF). 

ALICE  is dedicated to heavy ion collisions 
(USP and UNICAMP) 

ALICE 

LHCb 
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Example: top quark pair production 

Leading order 

dominant 
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Standard Model at the LHC 
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2012: a Hi(gg)storical year 
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“At the beginning I had no idea a discovery would be 
made in my lifetime,” 



Finding the Higgs 
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7⇥ 1033cm�2s�1









μ-‐(Z1)	  pT	  :	  24	  GeV	  

μ+(Z1)	  pT	  :	  43	  GeV	  

e-‐(Z2)	  pT	  :	  10	  GeV	  

e+(Z2)	  pT	  :	  21	  GeV	  

8	  TeV	  DATA	  

4-‐lepton	  Mass	  :	  126.9	  
GeV	  
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  Sum	  of	  mass	  distributions	  for	  each	  event	  class,	  weighted	  by	  S/B	  
  B	  is	  integral	  of	  background	  model	  over	  a	  constant	  signal	  fraction	  interval	  
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µ ⌘ �

�SM
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Conclusion for the successes: 

All measurements performed so far at accelerators are  
in good agreement with predictions of the Standard 
Model.  

Why we are not totally happy with the SM? 
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Many free parameters – mostly associated with the Higgs 
New non-gauge interactions:  
Higgs self-couplings λ	

Yukawa couplings between Higgs and leptons – Flavor problem 

Conceptual problems related to the scalar sector 

•  Perturbative unitarity 

•  Triviality 

•  Vacuum stability 

•  Hierarchy and naturalness 
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I. Perturbative unitarity 



II. Triviality: upper bound on MH  







III. Vacuum stability: λ >0  



Ellis et al., arXiv:0906.0954 
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Recent results on vacuum stability 
Condition for absolute stability up to the Planck scale is 

Higgs pole mass at NNLO (independent of µ) 

h ⇧hh(p
2)

+ + + 

Pole equation M2
h = 2�v2 +⇧hh(M

2
h)

arXiv:1205.6497 M
h 

> 129.4 ± 1.8 GeV 
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Quartic coupling becomes negative: unstable vacuum 

arXiv:1205.6497 
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We live in a dangerous universe 

arXiv:1205.6497 
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We live in a dangerous universe 

MPl v 
MPl 

MPl v v 
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It is curious that the Higgs mass is such that the theory  
is stable almost up to the Planck mass! 

Is this a coincidence? Is there any deep reason?  



H H h 
t 

H H H H 
W,Z 

IV. Hierarchy and naturalness 



Physical Higgs mass: 

Example: 

Huge fine tuning of the bare Higgs mass: huge  
differences in energy scales are not natural. 
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