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Relativistic 
energy-momentum relation

E2 = |p|2c2 + m2c4
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E and B as derivative/curl of potentials V and A →
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Covariant Derivative Dµ
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W boson production at the LHC
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Electroweak unification
In QED (local U(1) symmetry):  new covariant derivative 

Now: more advanced covariant derivative with one gauge field per generator: 
            For U(1): Bµ.   For  SU(2):   W1

µ, W2
µ, W3

µ   (non physical fields)
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Electroweak unification
In QED (local U(1) symmetry):  new covariant derivative 

Now: more advanced covariant derivative with one gauge field per generator: 
            For U(1): Bµ.   For  SU(2):   W1

µ, W2
µ, W3

µ   

Physical fields are linear combinations of Bµ , W1
µ,, W2

µ, and W3
µ

For consistency with QED, 
The weak mixing angle 𝜃%
needs to be :
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The weak mixing angle

Extracted via the forward-backward asymmetry 
AFB of the  polar angle 𝜃∗ in the leptons 
rest frame (Colin-Soper frame) LHC expects to resolve the tensions between 

previous  measurements.

q

µ-𝜃∗ > 0 𝜃∗ < 0

/𝛾
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Electroweak unification
→ plug Dµ into the Dirac Lagrangian:

→ Lagrangian in terms of the physical fields W+
µ, W-

µ, Aµ, Zµ: see appendix.
→	 Here: Zµ part of Lagrangian: in terms of vector (cV) and axial vector (cA) couplings  
     for up and down components of the weak doublet:

EW



Other 

21

Electroweak unification
→ plug Dµ into the Dirac Lagrangian:

→  Lagrangian in terms of the physical fields W+
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Electroweak unification
→ plug Dµ into the Dirac Lagrangian:

→  Lagrangian in terms of the physical fields W+
µ, W-

µ, Aµ, Zµ: see appendix.
→	 Here: Zµ part of Lagrangian: in terms of vector (cV) and axial vector (cA) couplings  
     for up and down components of the weak doublet:

cV and cA are functions of the weak mixing angle and the electric charge Q:

     example:

     also  in terms of right- and left-handed couplings: 
      

EW
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Direct measurements of top quark and W mass
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EW fit without using top and W mass measurements



27



Other 

28

The electroweak fit: all observables

arxiv..2112.07274

2021



Other 

29

W mass precision measurement
Typical: fit of predictions with different masses
 to the data in kinematic variables: pT(e/µ), mT, …

Need precise predictions:
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W mass precision measurement
Typical: fit of predictions with different masses
 to the data in kinematic variables: pT(e/µ), mT, …

Need precise predictions:

Tension between EW fit/LHC measurements and 
CDF measurement
 → hopefully resolved this year by first CMS measurement 
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→	Quartic Gauge Couplings at the LHC  
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Small BSM effects in either side can lead to larger cross section deviations 
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Other Boson scattering processes
LHC Run~2: Golden VBS Era: 
observed 𝑊±	𝑊±	jj, 	𝑊'𝑊"	jj, ZZjj, 4ljj, WZjj, Wγ𝑗𝑗, 𝑍𝛾𝑗𝑗

With more data, we can improve the precision and reach in EFT-sensitive regimes. 

	

𝑍𝛾𝑗𝑗

WZjj
Wγ𝑗𝑗

ZZjj
𝑊±	𝑊±	jj
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Appendix
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