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Where we are so far

• The main elements of the Standard Model of particle 
physics have been described 

• There are 12 fundamental spin-half fermions (particles 
and anti-particles): Dirac equation

• The interactions between particles are described by the 
exchange of spin-1 gauge bosons : local gauge 
principle

• Underlying gauge symmetry of the Standard Model is 
U(1)Y × SU(2)L × SU(3)c: EM and weak interactions 
described by the unified electroweak theory 

• The predictions of the Electroweak theory were 
confronted with precision measurements at LEP
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LEP

• Large Electron Positron collider at CERN (1989-2000)
• Designed as a Z and W boson factory

• Highest energy 𝑒!𝑒" collider ever 
built: 𝑠 = 90-209 GeV

• Circumference: 27 km (LEP tunnel used for the LHC)
• The 4 experiments combined: 16 × 10# Z events, 
30 × 10$ W events 



OPAL

• One of the 4 experiments at LEP



Typical Z events

𝑒!𝑒" → 𝑍 → 𝑒!𝑒" 𝑒!𝑒" → 𝑍 → 𝜇!𝜇"



Z resonance

• We already calculated the QED process
• The matrix elements:

• The QED process dominates at low centre of mass 
energy (𝑞% = 𝑠)

• In the region 𝑠~𝑚& the Z-boson process dominates



Z resonance

• The Z boson is not a stable particle: propagator modified

• And the cross section is proportional to:

Breit-Wigner resonance



Z resonance



Z resonance

• Below 40 GeV: QED process 
dominates

• Between 50 and 80 GeV: 
contributions from both 
processes

• Around the resonance: Z 
boson process dominates

• Away from the resonance: 
both processes of the same 
order of magnitude (EW 
unification)



Z production cross section

• The cross section calculation around the resonance would 
only need the Z boson contribution

with the corresponding vector and
axial couplings to the Z boson

• The rest of the procedure is similar to the QED calculation
• Around the resonance, the masses of the leptons can be 

ignored
• In this scenario, the helicity and chiral states are the same
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Z production cross section

• The cross section calculation around the resonance would 
only need the Z boson contribution

here 𝑚& ≫ 𝑚', so:

and only 4 contributions to the matrix element are non 
zero:



Z production cross section

• The cross section calculation around the resonance would 
only need the Z boson contribution

with 
• The combinations are identical to the ones derived for QED:



Z production cross section

• Analogous to the QED calculation, averaging over the initial 
state spin configurations:

• Going back to the vector and axial couplings, the 
differential cross section:



Z production cross section

• And the total cross section:

• This can be expressed in terms of the partial decay rates of 
the Z boson:



Z production cross section

• The cross section calculation around the resonance would 
only need the Z boson contribution

• The cross section for other final state fermions can be 
obtained replacing the partial decay rates into muons with 
the corresponding partial decay rates:

• The maximum value for the cross section:



Z production cross section

• The cross section calculation around the resonance would 
only need the Z boson contribution

• The maximum value for the cross section:

• The cross section falls to half the maximum value at:

• So the total decay rate is the width of the cross-section 
distribution



Z mass measurement

• In practice, initial state radiation diagrams should be 
included 

• This reduces the centre of mass energy of the collision and 
smears out the resonance

• At LEP, the mass of the Z boson and its decay width were 
measured by measuring the cross section for 
at different centre-of-mass energies



Z mass measurement

• Mass of the Z boson
• Total decay width
• Peak cross-section

• Measured with high 
level precision 
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Number of generations

• The Z boson couples to all fermions
• The total decay width has contributions from all fermions

• If there were more generations, the decay width of the Z 
boson would be affected by it

• The decay width to fermions can be calculated using the 
vertex coupling:

• In particular for neutrinos:
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Number of generations

• The Z boson couples to all fermions
• The total decay width has contributions from all fermions

• If there were more generations, the decay width of the Z 
boson would be affected by it

• And from the cross section peak of the Z resonance:

measure



Number of generations

• The Z boson couples to all fermions
• The total decay width has contributions from all fermions



Number of generations

• Most likely, only 3 generations of fermions
• Universality of lepton couplings
• Calculated cross section 

assumes 3 colours 



Weak mixing angle

• The weak mixing angle relates all couplings in the EW 
model and is therefore a fundamental parameter

• It can be measured through the ratio between vector and 
axial couplings:

For charged leptons:

• At LEP this could be measured by measuring the forward-
backward asymmetry of leptons produced



Weak mixing angle

• At LEP this could be measured by measuring the forward-
backward asymmetry of leptons produced

• The cross section has the form:

if the couplings were the same, 𝑏 would be zero and the 
angular distribution would have the same form as in QED
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Weak mixing angle

• At LEP this could be measured by measuring the forward-
backward asymmetry of leptons produced

where the forward and backward cross sections can be 
obtained integrating in different hemispheres:

• In terms of the coupling constants:       𝐴() =
$
*𝒜+𝒜+!
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Weak mixing angle

• At LEP the cleanest way of measuring 𝐴() is in lepton final 
states

• Combining all measurements:
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W bosons at LEP

• We know the cross section is proportional to the decay 
rates, so we can measure the branching fractions

• From the EW Model:



W boson mass and width

• The W-pair production at LEP is not a resonant process, like 
the Z boson production 

• The mass and width can be obtained 
through direct reconstruction of the 
invariant masses of the W decays



W mass loop corrections

• When comparing to the precise measurements from LEP, 
higher order corrections must be taken into account

• For example, the W mass has corrections related to the top 
quark and the Higgs boson

• The measurements from LEP for the EW parameters, 
together with the quantum loop effects, predict a top quark 
mass of 175 ± 11 GeV…



The Top quark

• The top quark is the “heaviest” fundamental particle we 
know

• It could not be observed at LEP, it was discovered at the 
Tevatron in 1994



The TeVatron

• It is possible to achieve higher centre of mass energies 
with hadron colliders than with 𝑒!𝑒" colliders

• They are central in the production of new heavy particles
• Underlying process: parton-parton scattering

TeVatron (1987-2010) • Located at Fermilab, Chicago, USA
• p7p collisions at 𝑠 = 1.8 TeV
• Two main experiments:

CDF and D0 



The Top quark

• The top quark is the “heaviest” fundamental particle we 
know

• It could not be observed at LEP, it was discovered at the 
Tevatron in 1994

• It has a short lifetime and decays before hadronisation
• It decays almost exclusively into a W boson and a 𝑏 quark
• At hadron colliders it is easier to look for the semi-leptonic 

channel:



The Top quark

• At hadron colliders it is easier to look for the semi-leptonic 
channel

• First observation of top quark (CDF)



The Top quark

• To measure the top quark mass we reconstruct the invariant 
mass of its decay products (as with the W)

• Need to identify the b-jet: b-tagging
• b quarks have a longer lifetime than the other quarks
• The b quark travels some distance from the interaction point 

before decaying: secondary vertex



The Top quark

• To measure the top quark mass we reconstruct the invariant 
mass of its decay products (as with the W)

Tevatron average result:



Summary

• The weak current has a V-A structure
• W boson coupling to leptons constant 

(lepton universality)

• W boson coupling to quarks depends on CKM matrix
• The W boson always changes quark flavour
• Mixing between different families can occur but less

likely
• Parity and Charge conjugation is violated by the charged 

weak current: only couples to LH particles (RH anti-particles)



Summary

• The charged weak interaction alone does not fully explain W-
pair production (cross section diverges)

• Neutral gauge boson needed: Z boson
• Unified SU(2),×U(1)- gauge theory
• One new parameter relates all

couplings:



Summary

• LEP made some impressive precise tests of the EW Model:

• These measurements are consistent with the relations 
between constants established in the EW model 

• The model works! (we are missing a way of giving mass to 
the W and Z)

• The top quark discovered at the Tevatron completes the 
spectrum of quarks:

• This value is as predicted by the quantum loop corrections 
of the EW model – impressive! 



Summary

• Top mass world combination



Summary

• W boson mass



Summary

• Top mass vs. W boson mass

* arXiv:1407.3792

* https://doi.org/10.1126/science.abk1781

https://doi.org/10.1126/science.abk1781

