
The Standard Model:  Where are we?

S. Dawson
TASI06, Lecture 2



LEP results, Tevatron MW & Mt

• Good references:
– K. Matchev, TASI04,  hep-ph/0402031
– P Renton, hep-ph/0206231
– LEP Electroweak working group home page
– CDF and D0 home pages



Recap of Lecture 1

• Standard model is predictive theory
• Only missing piece is Higgs boson
• Can test predictions experimentally
• Bottom line of today’s lecture:  everything hangs 

together



Basics

• SM is SU(2) x U(1) theory
– Two gauge couplings: g and g’

• Higgs potential is V=-µ2φ2+λφ4

– Two free parameters



Basics, 2

• Four free parameters in gauge-Higgs sector
– Conventionally chosen to be

• α=1/137.0359895(61)
• GF =1.16637(1) x 10-5 GeV -2

• MZ=91.1875 ± 0.0021 GeV
• MH

– Express everything else in terms of these 
parameters
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Inadequacy of Tree Level Calculations

• Mixing angle is predicted quantity
– On-shell definition cos2θW=MW

2/MZ2

– Predict MW

– Plug in numbers:   
• MW predicted =80.939 GeV
• MW(exp) =80.404    ± 0.030   GeV

– Need to calculate beyond tree level
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Modification of tree level relations

( )rM
G

WW
F ∆−
=

1
1

sin2 22 θ
πα

∆r is a physical quantity which incorporates 1-
loop corrections

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=∆

W

WtFt mGr
θ
θ

π 2

2

2

2

sin
cos

28
3

Contributions to ∆r from top quark and Higgs 
loops

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=∆

6
5ln

224
11

2

2

2

2

W

hWFh

M
MMGr

π

Extreme sensitivity of 
precision measurements 
to mt



Where are we with Z’s?

• At the Z pole:
– 2 x 107 unpolarized Z’s at LEP
– 5 x 105 Z’s at SLD with Pe 75%

• What did we measure at the Z?
– Z lineshape ⇒ σ, ΓZ, MZ

– Z branching ratios
– Asymmetries

• W+W- production at 200 GeV
– Searches for Zh



Neutral Current
• Neutral current is flavor diagonal

• At low energy |Q2| <<MZ2, effective 4-fermi interaction

• Note:  coefficient of weak neutral current, GF,  is same as 
charged weak current 

• Not maximal parity violation
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Z-boson Properties

• Z couplings to fermions:

• Can write in terms of vector and axial 
couplings
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Z-boson Decays (Example)
• Z →ff
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Z Couplings to Leptons
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• Radiative corrections give 
dependence on Mt and Mh

•Arrows show Mt=172±2.9 GeV
and Mh=300+700-186 GeV

•Arrows point in direction of 
increasing M

What about lepton universality?



Z Couplings to Fermions
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e+e-→ff
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e+e-→ff (#2)

• Assume energy near the Z-pole, so include only 
Z exchange
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Z cross section

σ
Requires precise 
calibration of energy 
of machineΓZ

MZ

Number of light neutrinos: Nυ=2.9840±0.0082



Total Z Width from LEP

• Largest uncertainty is 
from αs



Forward-Backward Asymmetry
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Forward-Backward Asymmetry, #2

Leptons
b quarks



Generalities of e+e- interactions

• 2→2 processes, σ≈1/s

• Vector boson fusion 
processes, σ≈1/MV2
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T. Han, TASI05, hep-ph/0508097



Hadron Collider

• On the other hand ….
• Partons have a range of energy
• Can reach higher energies than e+e- colliders

– Can get very large statistics in single W production, 
gauge boson pair production, top quark pair 
production….



Tevatron

Tevatron running pp at √s=2 TeV

Scheduled to shut down 2009-2010



Large rates at the Tevatron



Z’s at the Tevatron

• Z-production
• Amplitude has pole at MZ

• Invariant mass distribution 
of e+e-

−+→→ eeZqq
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W’s at the Tevatron

• Consider  W→eν
• Invariant mass of the leptonic system

• Missing transverse energy of neutrino inferred from 
observed momenta

• Can’t reconstruct invariant mass
• Define transverse mass observable
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W Mass Measurement

Location of peak gives MW

Shape of distribution sensitive to ΓW

Statistics enough to best LEP 2



World Average for W mass

• Direct measurements 
(Tevatron/LEP2) and 
indirect measurements 
(LEP1/SLD) in excellent 
agreement 

• Indirect measurements 
assume a Higgs mass

LEPEWWG home page, 2006



W boson properties

• Decay width
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Langacker and Erler, PDG, 2004



W boson properties

Hadron colliders measure:
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W Decay Properties

W decays

Constrain Vud, Vcs

Test lepton universality

LEPEWWG home page, 2006



Top Quark Discovered at Fermilab

DØ

CDF

  Mtop(Tevatron) = 172.5 ± 2.3 GeV/c2

Why is it so heavy?

  Mtop(Tevatron) = 172.5 ± 2.3 GeV/c2



Top Quark  Mass Measured in Many 
Channels



Top Quark mass pins down Higgs Mass

• Data prefer a light Higgs

2006



Top Quark Mass Important to Check 
Consistency of Theory

• Example: predict 
mass of lightest 
Higgs boson in 
SUSY model



Electroweak Theory is Precision 
Theory

2005

We have a model….
And it works to the 1% level

Gives us confidence to 
predict the future!
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