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Electroweak milestones - 50 years of neutral currents, 40 years of W and Z bosons



W/Z production at LHC
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W and Z copiously produced in pp collisions
•Production has been measured inclusively and differentially in many variables
•CMS and ATLAS provide central and LHCb complements with forward measurements
•After 40 years from discovery W and Z are also a crucial tool for calibrating detectors 
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Electroweak precision measurements at LHC
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Designed to be a discovery machine. Is a precision Electroweak program possible?

LHC LEP

•  varies on event by event basis

•Production mode encoded in Parton 
Distribution Functions (PDF)

•Access observables through final states; 
calibrations mandatory

•Kinematics cannot be “closed”

s
•  is determined by beam energy

•Production mode always e+ e-

•Access observables through beam 
energy (precisely measured)

• Kinematics always fully determined

s

nZLHC /nZLEP ∼ 10
nWLHC /nWLEP ∼ 104 Considering LHC Run 2 stat 
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Measurement of the weak mixing angle  
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At LO in QCD:
dσ

dylldmlld cos θ*
∝

dσUL

dylldmll
(1 + cos2 θ* + A4(yll, mll)cos θ*)

encodes AFB =
3
8
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σF + σB

using know quark direction

Eur. Phys. J. C 78 (2018) 701
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Measurement of the weak mixing angle  
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At LO in QCD:
dσ

dylldmlld cos θ*
∝

dσUL

dylldmll
(1 + cos2 θ* + A4(yll, mll)cos θ*)

encodes AFB =
3
8

A4 =
σF − σB

σF + σBDilution effect from PDFs:
using know quark direction using dilepton boost vs yll

Eur. Phys. J. C 78 (2018) 701

q q̄

sign of yll
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Measurement of the weak mixing angle  
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eff
lθ2sin

0.23 0.231 0.232
 0.00036±0.23140 ATLAS: 8 TeV

 0.00043±0.23166 CFATLAS: ee

 0.00049±0.23119 
CC
µµ+CCATLAS: ee

 0.00120±0.23080 ATLAS: 7 TeV

 0.00053±0.23101 CMS: 8 TeV

 0.00106±0.23142 LHCb: 7+8 TeV

 0.00033±0.23148 Tevatron

 0.00026±0.23098 lSLD: A

 0.00029±0.23221 0,b
FBLEP-1 and SLD: A

 0.00016±0.23152 LEP-1 and SLD: Z-pole
ATLAS Preliminary

•Great achievements by LHC, but not at level of 
lepton colliders yet

•Dominated by PDF uncertainty and stat
•Techniques to constrain the PDFs in-situ 
contribute to lower the final uncertainty

• Potential from future LHCb measurements to 
exploit low dilution in forward region

• Projections from HL-LHC show potential 
improvements towards 10-5 absolute 
uncertainty

ATLAS-CONF-2018-037

This is a flagship measurement of the Electroweak program, together with MW



Measurement of W polarization, helicity and rapidity
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Novel technique invented by CMS collaborators exploiting total parity violation in W decays and 
symmetry of proton collisions

a left-handed W+ a right-handed W+
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J. High Energ. Phys. (2017) 2017: 130.

lepton pT vs pseudorapidity distribution can discriminate W helicity
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Measurement of W polarization, helicity and rapidity

•A4 as a function of W rapidity has been measured 
directly for the first time with a smaller uncertainty 
than PDF predictions

•Exploiting very large number O(100M) of W 
produced in CMS 

•In addition, this result can be used to constrain the 
value of the PDFs 

•Constraints of W production in-situ are valuable to 
extract other observables, e.g. W mass

Phys. Rev. D 102 (2020) 092012

http://dx.doi.org/10.1103/PhysRevD.102.092012


Measurement of Z to invisible width
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LEP Lineshape

L3

OPAL

ALEPH

LEP Combination, Photon-tagged

CMS

ATLAS

 1.5 MeV±499.0 

 17 MeV±498 

 31 MeV±539 

 48 MeV±450 

 16 MeV±503 

 16 MeV±523 

 13 MeV±506 

Total Syst. SM
ATLAS Preliminary

-1=13 TeV, 37 fbs

•Crucial precision test of Standard Model: 
sensitive to number of light neutrinos

•Very recents measurements from CMS and 
ATLAS, improve precision of LEP direct 
measurement

ATLAS-CONF-2023-053

1

Precision measurements of Z boson properties at the CERN LHC enable important tests of the
standard model (SM). Deviations from the SM predictions could reveal signs of new physics
beyond the SM. Among the physical observables describing the Z boson, the ‘invisible width’
corresponds to Z boson decays to particles that are not detected, such as neutrino-antineutrino
pairs, and can be translated into a constraint on the number of light neutrino species coupling
to the Z boson. A precise measurement of this quantity could reveal non-SM contributions
from new-physics scenarios [1].

Experiments at the CERN Large Electron-Positron Collider (LEP) measured the invisible width
of the Z boson using both direct and indirect approaches. The direct method is based on the
associated production of an initial-state photon with a Z boson that subsequently decays in-
visibly. Direct measurements have been made by the OPAL [2], ALEPH [3], and L3 [4] exper-
iments, yielding the LEP combined measurement of 503 ± 16 MeV [5]. The indirect method
uses the total Z boson width extracted from the Z boson lineshape, and subtracts the measured
partial decay widths to all known visible final states. This method is the most precise, with a
combined indirect measurement of 499.0 ± 1.5 MeV [5] from the LEP experiments. A previous
measurement by the UA2 experiment used the W boson and Z boson widths to deduce a limit
on the number of light neutrino generations [6].

This Letter presents the first direct measurement of the invisible width of the Z boson at a
hadron collider. The direct and indirect measurements could be sensitive to different new-
physics scenarios [7] motivating the goal to reduce the total uncertainty in the direct measure-
ment. We use data recorded by the CMS experiment from proton-proton (pp) collisions at
a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 36.3 fb�1 [8].
This measurement exploits the similarity in kinematic characteristics between the decay of the
Z boson to neutrinos and its decay to charged leptons (in this case, electrons and muons), and is
based on the ratio of branching fractions between these decay modes, as given by the following:

G(Z ! nn) =
s(Z+jets)B(Z ! nn)
s(Z+jets)B(Z ! ``)

G(Z ! ``) (1)

where s(Z+jets) is the cross section to produce a Z boson in association with jets, G(Z ! nn)
and B(Z ! nn) are the partial width and branching fraction of the Z boson to neutrinos.
Similarly, for the charged leptons the partial width and branching fraction are G(Z ! ``)
and B(Z ! ``). The invisible width, Ginv, is extracted from a simultaneous fit to kinematic
distributions for two data samples: one dominated by Z boson decays to invisible particles
and the other by Z boson decays to muon and electron pairs. Since the invisible particles
cannot be detected, invisible Z boson decays can only be identified when the Z boson has a
significant transverse momentum (pT) leading to large missing transverse momentum (pmiss

T ).
In this analysis, therefore, only Z bosons produced in association with jets are considered.
Tabulated results are available in the HepData database [9]. A previous measurement by CMS
of the differential production cross section of the invisible decay of the Z boson is presented
in [10].

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons
are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. Events of interest are selected using a two-tiered trigger system [11]. A detailed
description of the CMS detector and relevant kinematic variables is reported in Ref. [12].

•Z to invisible width measured in events with 
high initial state radiation

•Dominated by uncertainty on muon efficiency 
scale factors

•Direct measurements cannot compete with 
indirect result from LEP lineshape



Measurement of W branching ratios
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Exploit the unprecedented statistics of W events produced at LHC to probe LFU

0.98 1 1.02 1.04 1.06 1.08 1.1
)νµ→W(Β)/ντ→W(Β)=µ/τR(

 

ATLAS
-1 = 13 TeV, 139 fbs

LEP (Phys.Rept. 532 119)

ATLAS - this result
Statistical Uncertainty

Systematic Uncertainty
Total Uncertainty

•Mostly  events decaying to WW 
•Classify and fit number of events on multiple categories based on multiplicity and flavor of 
reconstructed leptons, number of jets, number of b jets

tt̄

CMS LEP
B(W ! ene) (10.83 ± 0.01 ± 0.10)% (10.71 ± 0.14 ± 0.07) %
B(W ! µnµ) (10.94 ± 0.01 ± 0.08)% (10.63 ± 0.13 ± 0.07) %
B(W ! tnt) (10.77 ± 0.05 ± 0.21)% (11.38 ± 0.17 ± 0.11) %
B(W ! qq0) (67.46 ± 0.04 ± 0.28)% —
Assuming LFU
B(W ! `n) (10.89 ± 0.01 ± 0.08)% (10.86 ± 0.06 ± 0.09)%
B(W ! qq0) (67.32 ± 0.02 ± 0.23)% (67.41 ± 0.18 ± 0.20)%

Nature Phys. 17 (2021) 813
Phys. Rev. D 105 (2022) 072008

Significant gain in stat 
uncertainty wrt LEP
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Measurement of  polarizationτ
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Measuring 𝜏 polarization from Z to 𝜏 decays to extract the value of the weak mixing angle

• Independent of polarization of the initial state: measuring 

•  Polar emission angle θ𝜏 very poorly determined: rely on other sensitive observables using 𝜏 decay 
products

• Additional effort at LHC to estrapolate measurement to Z pole and second order corrections over 
flavor of initial state

Af ∝ 1 − 4 sin2 θ f
eff

CERN-EP-2023-169

7.1 Decay angles 11

where the dilution factor aV = (|ML|2 � |MT|2)/(|MT|2 + |ML|2) = (m2
t � 2 m2

V)/(m
2
t +

2 m2
V) is a result of the presence of the transverse amplitude MT of the V resonance in addition

to the longitudinal amplitude ML. The value of the factor aV characterizes the sensitivity of
the cos q observable. For comparison, in the t� lepton decay to the a1 resonance, aa1

= 0.021,
in the r meson decay, ar = 0.46 and in the pion decay, ap = 1. Consequently, the sensitivity to
the t� lepton helicity in t ! Vn decays is strongly reduced if only the angle q is considered.

The spin of V is transformed into the total angular momentum of the decay products and thus
can be retrieved by analyzing the subsequent V decay.

(c) β(a$→ &'&(&')		 (d) γ(a$ → &'&(&') 

(a) a(t	→ ,- + /,a1) (b)	β(/ → &±&3)

45, 4674-

8⃗-
:
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<

46= − 4? plane

4@±

Figure 3: Definitions of (a) the angle a in both t� ! r�n and t� ! a�
1 n, (b) the angle b in

t� ! r�n, r� ! p�p0 and (c) in t� ! a�
1 n, a�

1 ! p�p+p�, and finally (d) the angle g
for the decay of a�

1 ! p�p+p�. Figures b, c, and d have been taken and refurbished from
Ref. [38].

There are two additional angles to be considered in the decay of t� ! r�n followed by r� !
p�p0: The angle b denotes the angle between the direction of the charged pion in the r meson
rest frame and the direction of the r meson momentum, given by:

cos b = ~nh± ·~nr =
mrq

m2
r � 4m2

p

Ep� � Ep0

|pp� � pp0 |
, (15)

where ~nh± is a unit vector along the direction of the charged pion in the r meson rest frame
and ~nr is the direction of the momentum of the r projected onto its rest frame. The rotation
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Figure 7: The final maximum likelihood fits of templates to the data for the three teth (left)
and three tµ th (right) categories. The figures show the contributions of all backgrounds and
the fitted contributions from t�

L and t�
R helicity states. The bottom panels show the ratio of the

experimental data to the sum of the expected contributions. The vertical error bars on the data
points are the statistical uncertainties, the gray rectangles indicate the systematic experimental
uncertainty in the total expectation.



Measurements of multiboson processes
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Di/tri-boson productions and vector boson fusion and scattering processes are sensitive to triple 
and quartic gauge couplings
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(
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q'

q

W

Z

q

Figure 1. Feynman diagrams for resonant WZ production at leading order in proton-proton
collisions. The contributions from the s channel (left), t channel (middle), and u channel (right)
are shown. The contribution from the s channel proceeds through a TGC.

through the WWZ triple gauge coupling, so anomalous variations of the coupling would
modify the WZ production cross section. As such, this process provides an invaluable
probe to study possible variations of these SM parameters. The relatively large cross
section of the WZ process makes it the dominant SM process in trilepton final states with
low hadronic activity. The WZ process is therefore a relevant background in many searches
for beyond-the-SM (BSM) physics in multileptonic final states. A precise understanding
of the WZ process is therefore a key to the improvement of any of those searches.

A first attempt at the observation of candidate events for WZ production was per-
formed by the UA1 collaboration at the CERN SppS collider [1]. Multiple successful
observations of WZ production, compatible with SM predictions, have been conducted in
proton-antiproton collisions at √

s = 1.96TeV at the Fermilab Tevatron [2, 3] and also in
pp collisions at the CERN LHC by the ATLAS [4–12] and CMS [13–22] collaborations.

The measurements presented in this document follow the procedures from the latest
ATLAS [12] and CMS [22] publications, which contain inclusive and differential production
cross sections using data taken at √

s = 13TeV with an integrated luminosity of approxi-
mately 36 fb−1 in each experiment. Anomalous triple gauge charged couplings were studied
in this final state at this energy only by the CMS collaboration [22], whereas the first set
of measurements of the gauge boson polarization in WZ production was reported by the
ATLAS collaboration [12].

This paper is organised as follows. Section 2 contains a brief description of the CMS
detector. Section 3 describes the data sets used for our measurements as well as the
characteristics of the Monte Carlo (MC) simulations for all the predictions. Section 4
details the definition of physical objects used in the analysis. Section 5 describes the event
selection applied to define several signal- or background-enriched regions of interest used
throughout the paper. Section 6 explains the main SM background processes and the
techniques used for their estimation. Section 7 includes a brief summary of the sources
of uncertainty in the various measurements, as well as the correlation model needed to
combine the results from different periods of data taking. Sections 8–12 contain the main
results of the analysis: inclusive cross section, charge asymmetry measurement, boson
polarization measurement, differential cross section, and the search for anomalous triple
gauge couplings. A summary of the results is presented in section 13.

Tabulated results are provided in HEPData [23].

– 2 –

•  Exploit large number of events to measure cross sections and impose limits on anomalous 
couplings in the context of Effective Field Theory (EFT)

• Observing longitudinally polarized W and Z for the first time at 5 standard deviations

0 1 2 3 4

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

All results at:
http://cern.ch/go/pNj7
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https://arxiv.org/abs/1211.4890ZZ  0.07± 0.13 ±0.97 -14.9 fb
https://arxiv.org/abs/1406.0113
https://arxiv.org/abs/1406.0113ZZ  0.08± 0.06 ±0.97 -119.6 fb
https://arxiv.org/abs/2009.01186
https://arxiv.org/abs/2009.01186ZZ  0.04± 0.02 ±1.04 -1137 fb

5.02, 7, 8, 13 TeV CMS measurements (stat,stat+sys) 

stat                 sys

CMS measurements
 theory(NLO)vs. NNLO 



W and Z as a tool for understanding QCD
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The highlight of this talk has been on purely Electroweak measurements.
However, W and Z bosons have also been largely employed to validate and improve QCD:

• Measurement of Z pT and ⍺S:   CERN-EP-2023-171 and JHEP12(2019)061
• Measurement of W pT using low pile-up run:   ATLAS-CONF-2023-028
• Measurements of associated production of W/Z and jets: CERN-EP-2020-206, JHEP 05 (2016) 131



Summary: the electroweak program at LHC
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Despite being designed as a discovery machine, LHC has provided valuable results in the context of 
Electroweak precision measurements  

•  Exploit larger number of events compared to lepton colliders
• Invent new and smart techniques to access previously hidden observables

The electroweak precision measurement program at LHC is tightly interconnected to QCD through 
knowledge of PDFs

•A synergic effort: more precise electroweak measurements in turn improve the precision of 
PDFs which in turn enable for more precise electroweak measurements…

Many more results to come in the next future exploiting data collected at Run 3 and HL-LHC, 
hopefully improving the precision set by lepton colliders

This work was supported in part by the U.S. Department of Energy under Award Number DE-SC0009937.


