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Introduction
• Electroweak (EW) interaction lies at the 

heart of particle physics and is derived from 
symmetry principles

•

• Four gauge bosons remain after electroweak 
symmetry breaking

•

• Mass and dynamics of EW gauge bosons are 
predicted precisely by EW theory  

•

• At the LHC, test EW theory through

• precision measurements of W/Z bosons
• multiboson production at high-energy 
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Precision Tests at the LHC

• High-precision 
measurements of SM 
parameters can probe a wide 
range of models for physics 
beyond the SM

• Radiative corrections modify 
propagators and decay vertices

•

•  

• Sensitivity to a wide range of 
physics through quantum 
loops
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Introduction Parameters of the Standard Model Electroweak Coupling of Fermions The Gauge Sector Summary

Experimental Test at the LHC

The Precision Frontier

I Radiative corrections modify propagators and decay vertices
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I Tests of the electroweak theory through delicate
gauge cancellations at high energy

I Deviations can lead to potentially large effects
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GFitter

https://agenda.infn.it/event/28874/contributions/168907/attachments/94109/128601/EW_fit_Gfitter_ICHEP2022.pdf


High-energy tests of EW Physics

• Test electroweak theory by 
measuring processes 
sensitive to delicate gauge 
cancellations at high-
energy

• Small deviations can lead to 
potentially large effects

• Directly probe the 
mechanism of 
electroweak 
symmetry breaking
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P. Sommer after Nucl. Phys. B525:27-50, 1998

https://www.sciencedirect.com/science/article/pii/S0550321398002879?via%3Dihub


Precision Measurements of W and Z Bosons
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Image Source

https://home.web.cern.ch/news/news/experiments/lhcb-experiment-releases-all-its-run-1-proton-proton-data


W and Z cross sections
• Fundamental SM measurements with a precision 

of up to 1.9% (ratios 0.35%)

• LHC measurements for energies ranging from 
2.76 - 13.6 TeV

• Luminosity uncertainty dominates for total 
cross-sections

• Lepton efficiencies for ratios

• Profit from special low-  datasets at 5 and 13 TeV

• Generally, good agreement with SM 
predictions  

μ
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W and Z cross sections
• Special runs with lower pile up can be used to make very 

precise measurements

• Typical results include cross-sections, ratios, differential 
distributions

• Provide theoretical validation of  useful for  
measurements

• Geometry of the LHCb detector enables measurements up 
to rapidity of 4

pW
T mW
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W Boson Width

• First measurement of  W boson width at the LHC 
from ATLAS

• Re-analysis of 7 TeV data performed together with W 
mass

• Most precise single measurement to date

• Within  of SM prediction 2σ
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Effective Weak Mixing Angle
• Weak mixing angle probes mixing of W and B fields 

• Measured using  forward backward asymmetry

• Determine 

•

•

pp → ℓ+ℓ−

sin2θℓ
eff

dσ
d cos θ

∼ 1 + cos2 θ +
1
2

A0(1 − 3 cos2 θ) + A4 cos θ

(ΔA)FB =
3
8

A4
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Figure 2. The definition of the Collins–
Soper [10] angles in the di-lepton rest frame.

depends on the four-momenta p1, p2, and q. Based on Lorentz- and gauge-invariance, the

general decomposition of the hadronic tensor into form factors therefore reads2

Hµ⌫ = H1 g̃µ⌫ +H2 p̃1,µ p̃1,⌫ +H3 p̃2,µ p̃2,⌫ +H4 (p̃1,µ p̃2,⌫ + p̃2,µ p̃1,⌫)

+ iH5 (p̃1,µ p̃2,⌫ � p̃2,µ p̃1,⌫) + iH6 ✏(µ, ⌫, p1, q) + iH7 ✏(µ, ⌫, p2, q)

+H8
�
p̃1,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
+H9

�
p̃2,µ ✏(⌫, p1, p2, q) + µ $ ⌫

�
, (2.1)

with g̃µ⌫ = gµ⌫ �
qµq⌫
q2 and p̃µ = g̃µ⌫p⌫ . The decomposition (2.1) further incorporates

discrete symmetries such that H1,...,5 (H6,...,9) and H5,8,9 (H1,...,4,6,7) are respectively even

(odd) under parity and time-reversal.

It is interesting to note that lepton-pair production satisfies an analogous relation

to the Callan–Gross relation in deep-inelastic scattering (DIS) known as the Lam–Tung

relation [11–13],

H1 =
1

2
Hµ

µ . (2.2)

This relation, formulated in a covariant manner, is frame independent and characteristic of

the spin-12 nature of the quark. It has been further shown [13] that Eq. (2.2) is not a↵ected

by O(↵s) QCD corrections,3 which follows as a direct consequence of the vector-coupling

of the spin-1 gluon to quarks [37]. However, this relation has been shown to be violated

at O
�
↵2
s

�
[16]. As such, the Lam–Tung relation o↵ers a unique opportunity to study the

pQCD predictions of the underlying dynamics encoded in Hµ⌫ in more detail than through

rate measurements alone.

To further elucidate the Lam–Tung relation, let us consider the kinematics of this

process in the lepton-pair rest frame where the final-state lepton momenta can be expressed

2
Owing to H

⇤
µ⌫ = H⌫µ, the symmetric and anti-symmetric parts of the hadronic tensor are purely real

and imaginary, respectively.
3
In the DIS process, the Born kinematics are highly constrained and are necessarily part of the Callan–

Gross relation. In the presence of real-emission corrections, these constraints are lifted leading to a violation

of the Callan–Gross relation at O(↵s).
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• Asymmetry increases with 
rapidity

• Also resolves ambiguity in quark-
proton association

• CMS extended electron 
reconstruction to 

• LHCb result for 
|η | < 4.36

2.0 < |η | < 4.5
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Effective Weak Mixing Angle Results
• Best hadron collider measurement  approaching 

LEP and SLD

• Profiling PDF uncertainties in the fit reduces 
uncertainties and leads to better consistency with 
global fits
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W Boson Decay Branching Fractions
• Precise measurements of  W boson decays using  events

• Leptonic decay branching fractions to probe lepton universality of the weak interaction

• Consistent with SM; ~1% precision

tt̄
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W Boson Decay Branching Fractions
• Precise measurements of  W boson decays using  events
• Leptonic decay branching fractions probe lepton universality of the weak interaction

• Consistent with SM; ~1% precision

tt̄

11
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W Boson Decay Branching Fractions
• Hadronic decay branching fractions ( ) to probe the CKM matrix

•  → 

W → cs

RW
c = 0.489 ± 0.005(stat) ± 0.019(syst) |Vcs | = 0.959 ± 0.021
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Photon-Photon Fusion
• Photon-photon fusion provides a pure test of QED

• Precise theoretical calculations (<1%)

• Typically measured in UPC heavy-ion collisions

13
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Multiboson Production at High-Energy

14

Image Source
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Diboson Production at 13.6 TeV 15
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I Some of the rarest processes experimentally accessible at LHC
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Recent Examples of Quartic Coupling

• >6  observation of  
using a neural network

• Consistent with 
Madgraph5+Pythia 
prediction

σ Wγjj
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Diboson Polarization
• Longitudinal polarization of dibosons generated by EWSB

• Measured from decay angles of leptons from vector boson decays

• Recent observation of joint polarization builds on measurements of 
individual polarization [PLB 843 (2023) 137895, JHEP 07 (2022) 032]

• Measure 4 components: f00, fTT, f0T, fT0

18
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Diboson Polarisation

I Longitudinal polarisation generated by electroweak symmetry breaking
! asymptotically behave like Goldstone bosons of electroweak symmetry

I Measured from decay angles of the decay leptons
I Individually in WZ events:

I ATLAS: PLB 843 (2023) 137895
I CMS: JHEP 07 (2022) 032

I Recent observation of joint polarisation
I Theoretical decomposition in individual
components (LL, TL, LT, TT)

I Main challenge: incorporating higher-order corrections
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Diboson Polarization Results

• LHC experiments are starting to become sensitive to  production

• Initial studies of energy dependence, e.g. with WZ

• Eagerly awaiting  scattering at the HL-LHC as critical test of EW symmetry breaking
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Conclusion
• LHC is proving to be precision machine for electroweak physics
• Already surpassing precision of previous accelerators in many cases

• Relies on large datasets, detailed detector understanding, dedicated reconstruction techniques, advanced 
analysis methods (including AI/ML) and accurate theoretical predictions

• Recent highlights includes

• W boson mass and width

• Weak mixing angle

• Lepton couplings

• Multiboson measurements are being used to test electroweak theory at high energies

• Looking ahead towards a full exploration of electroweak symmetry breaking at the upcoming HL-LHC
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