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4. Recent experimental Tests on the 
Standard Model of Particle Physics
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A detailed overview about “Precision Electroweak Measurements on the Z 
Resonance” can be found via e.g.: https://arxiv.org/pdf/hep-ex/0509008.pdf

3

https://arxiv.org/pdf/hep-ex/0509008.pdf


4.1 Precision Measurements of the 
Electroweak Interaction 
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The W boson 
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● Predicted in the 1968 by Sheldon Glashow, Abdus Salam und Steven Weinberg 

● Discovered in 1983 by the UA1 and UA2 collaborations at the SppS (CERN)

● Properties:
○ mW = 80.385 ± 0.015 GeV
○ ΓW  = 2.085    ± 0.042 GeV
○ τW   ≈ 3 · 10-25 s

● W boson decay (Lepton universality): 
○ All three types of charged lepton particles interact in the same way with other particles. 
○ The three lepton types are created equally often in particle transformations, or  decays (once 

differences in their mass are accounted for)
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The Z boson 
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● Predicted in the 1960s by Sheldon Glashow, Abdus Salam und Steven Weinberg 

● Discovered in 1983 by the UA1 and UA2 collaborations at the SppS (CERN)

● Properties:
○ mZ = 91.1875 ± 0.0021 GeV
○ ΓZ = 2.4952 ± 0.0023 GeV
○ τZ ≈ 2.5 · 10-25 s



4.1.1 Measurements on the Z0 
boson resonance
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Measurements on the Z boson resonance

Hadronic annihilation cross-section in 
e+e− collisions
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Measurements on the Z boson resonance

● Between 1989 and 1995 (LEP phase I),  the LEP experiments measured the 
production of fermion-antifermion pairs in the e+e− annihilation at the Z0 peak (i.e. 
at a center-of-mass energy of  √s = mZ)

● At this energy, electrons and positrons create almost exclusively real (i.e. on-shell) 
Z0 bosons
○ Basically at rest
○ With subsequent decay into fermion-antifermion pairs (2mf ≤ mZ)

● In general, significant contributions of interference effects between photon- and Z0 
exchange (electroweak interference between these two NC-processes):
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Measurements on the Z boson resonance

● The fermion-antifermion pair production cross section (via e+e− annihilation) is a 
function of the center-of-mass energy √s = 2Ee and the scattering angle θ and is 
given (in lowest order) via:
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Measurements on the Z boson resonance

with:

Coupling constants of the weak  
vector- and axial-currents vi & ai 

Z0 boson propagator χ(s) 

Forward-Backward asymmetry AFB  
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Measurements on the Z boson resonance

Coupling constants of the weak vector- and axial-currents:

Z0 boson propagator:

In the center-of-mass system:
q2 = (p1+p2)

2 =: s  and √s = 2Ee
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GF= 1.166 3787 x 10-5 GeV-2 (Fermi coupling constant)



Measurements on the Z boson resonance
● The QED contribution (only photon exchange) is described via:

 

 For leptons NC is 1, while for quarks it is equal to 3. 
● Thus:
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Measurements on the Z boson resonance

● Since the Z0 boson has a finite lifetime τZ and width ΓZ, the curve of the Z0 
resonance is described by the  Breit-Wigner function

● At the pole mass of the Z0 boson, the cross section is given via:
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Measurements on the Z boson resonance

● Decay width of the Z0 boson are given via: 

Define: 
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From: https://cds.cern.ch/record/295267/files/ppe-95-194.pdf 18

https://cds.cern.ch/record/295267/files/ppe-95-194.pdf
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Cross-sections of electroweak 
SM processes at LEP
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Measurements on the Z boson resonance

The qq and ℓ+ℓ− event statistics, in units of 103 , used for Z analyses by the experiments ALEPH (A), 
DELPHI (D), L3 (L) and OPAL (O).
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● Angular distribution observed in 
the lepton pair production at LEP
○ Characteristic forward background 

asymmetry AFB

√s :  centre-of-mass energy

√s′ : effective centre-of-mass energy after 
initial-state photon radiation



Hadronic cross section
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Hadronic cross section

● Measurement of number of light  
neutrinos (2mν <  mZ):

○ Equivalent to a measurement of 
quark-lepton generations 

○ Measured in 1989 by the  LEP 
experiments (but also by MARK-II  
at SLC)
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Hadronic cross section

● The total decay width of the Z0 boson ΓZ 
depends on the number of  neutrino 
generations 
○ while Γhad does not

→ The hadronic cross section 

     varies as a function of the neutrino numbers
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4.1.2 Measurement of the W boson 
production process 
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W boson production at LEP

27
27

● Between 1996 and 2000, the center-of-mass energy of the LEP collider was 
increased (step-by-step) to:
○ 130, 161, 172 GeV (1996)
○ 183 GeV (1997)
○ 189 GeV (1998) 
○ 192, 196, 200, 202 GeV (1999) 
○ 208 GeV (2000) 

● With these scans, the W+W- production threshold (and thus the W boson mass) was 
measured precisely  



W boson production (and decay) at LEP

● Lowest order diagrams: ● WW decays:

semileptonic hadronic 28



W+ W- production cross 
section at LEP
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W boson mass measurements (at ALEPH) 
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● The W boson mass and width are extracted by fitting simulated invariant mass spectra to 
the observed distributions.
○ Use an unbinned maximum likelihood procedure

Taken from: https://arxiv.org/pdf/hep-ex/0605011.pdf

https://arxiv.org/pdf/hep-ex/0605011.pdf


W boson mass measurements (at LEP & Tevatron) 
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4.1.3 Precision tests of the 
Standard Model 
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Precision tests of the Standard Model
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Precision tests of the Standard Model
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Precision tests of the Standard Model
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Precision tests of the Standard Model

● Electroweak radiative corrections modify the calculation of Z-pole observables.
○ Virtual W and Higgs bosons as well as top quarks contribute via loops

● The contributions from radiative corrections depend on the masses of these 
particles:
○ mW and mtop (quadratic)
○ mH (logarithmic)

Higher-order corrections to the gauge boson propagators due to boson loops

Taken from: https://arxiv.org/pdf/hep-ex/0509008.pdf

https://arxiv.org/pdf/hep-ex/0509008.pdf
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Precision tests of the Standard Model

● Comparisons with the high precision measurements allow for an indirect 
determination of mW, mtop and mH

○ Prediction:
■ mW = 80.364 ± 0.021 GeV
■ mtop = 172.3 ± 10 GeV
■ mH = 91 ± 45 GeV 

○ Direct measurement:
■ mW = 80.399 ± 0.025 GeV
■ mtop = 173.2 ± 0.8 GeV   (early: TEVATRON + LHC combination)
■ mH = 125.09 ± 0.21(stat) ± 0.11 (syst) GeV



Precision tests of the Standard Model
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The shaded area denotes the indirect 
determination of the top quark mass at 
the 68% Confidence Level (C.L.) derived 
from the analysis of radiative corrections 
within the framework of the SM using 
precision electroweak measurements.

Taken from https://arxiv.org/pdf/hep-ex/0509008.pdf

https://arxiv.org/pdf/hep-ex/0509008.pdf


Precision tests of the Standard Model

39Taken from https://arxiv.org/pdf/hep-ex/0509008.pdf

https://arxiv.org/pdf/hep-ex/0509008.pdf


W boson mass measurements 4.1.4 W & Z bosons at the LHC 
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                                W/Z + jets production

W + jets 

Z + jets 

41



  Charge asymmetry in W boson production 

● Parton distribution functions (PDFs) of u and d quarks in the proton 
differ (mainly due to the fact that protons contain two valence u quarks 
and one valence d quark) 
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W boson production

43From: https://arxiv.org/abs/1603.09222

● W boson candidate events are selected 
by requiring: 
○ Exactly one identified electron or muon
○ MET > 25 GeV
○ mT > 50 GeV

● Roughly 20% of all selected events 
stemm from background processes:
○ Most dominant contributions:

■ Multijets (10%)
■ Z → ℓℓ (5%)

https://arxiv.org/abs/1603.09222
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Z boson production

45From: https://arxiv.org/abs/1603.09222

● Z boson candidate events are selected 
by requiring: 
○ Exactly two leptons:

■ Same flavour & opposite charge
■  66 < mℓℓ < 116 GeV

● Roughly 0.5% of all selected events 
stemm from background processes:

https://arxiv.org/abs/1603.09222


                               Z + jets production

Z → e+e-
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47From: https://arxiv.org/abs/1603.09222

https://arxiv.org/abs/1603.09222
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W/Z production cross sections

W & Z boson production cross section measurements are sensitive to the PDF sets
→ Can constrain them 

From: https://arxiv.org/abs/1603.09222

https://arxiv.org/abs/1603.09222


EW Z boson production cross section

𝜎EW = 37.4 ± 3.5 (stat) ± 5.5 (syst) fb

49Taken from: https://arxiv.org/pdf/2006.15458.pdf

● Insights into the mechanism of electroweak 
(EW) symmetry breaking can be achieved via 
(VBS) processes
○ Via studies of vector boson self 

interaction
● Sensitive to BSM contributions:

○ Heavy-vector triplets
○ Extra dimensions 

https://arxiv.org/pdf/2006.15458.pdf


Cross section for a Z boson produced in association with b-jets

From https://arxiv.org/pdf/2003.11960.pdf

● Test of:
○ Perturbative QCD
○ b-quark PDF
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https://arxiv.org/pdf/2003.11960.pdf
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W/Z boson measurements are an 
important test of perturbative QCD 
predictions



             Diboson production (WW, WZ, ZZ) 



  ZZ →  4ℓ



     WZ production cross section measurements



Same-sign WW boson pair production

𝜎 BR(W±W±→ ℓ±ℓ±) = 3.98 ± 0.37 (stat) ± 0.25 (syst) fb

From https://arxiv.org/pdf/2005.01173.pdf

● Insights into the mechanism of electroweak (EW) 
symmetry breaking can be achieved via vector boson 
scattering (VBS) processes
○ Via studies of vector boson self interaction

● Sensitive to anomalous quartic gauge couplings (aQGC)
● Same-sign W±W± channel is promising due to small 

background yields from SM processes

https://arxiv.org/pdf/2005.01173.pdf


                           Triboson production 
● Rare processes with cross sections in the order of 1pb 
● Important background to Di-Higgs searches 
● Test of the non-Abelian gauge structure of the SM 

○ Any deviations from the SM prediction would provide hints of new 
physics at higher energy scales


