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Electroweak parameters - introduction
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ÅElectroweak sector of the Standard Model has five parameters

üɻ , Ὃ, ά , ά , ÓÉÎʃЉ

üOnly three of them are independent
üTwo relations, at tree level:



Electroweak parameters - introduction
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ÅTree-level relations are not sufficient when confronting measurements
ÅImpact of loop corrections included in EW form factors 
ÅCorrection factor ɝὶincludes dependenceon ά and ÌÎὓ



Electroweak parameters - introduction
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Å Global electroweak fits to LEP andlater to Tevatron data allowed prediction of the 
Higgs boson mass, thanks to loop contributions

Å Fitted value* from 2009: - three years before the Higgs boson discovery at the LHC!

arXiv:0811.0009

arXiv:1803.01853

Å After Higgs boson discovery, global electroweak fits turned into a true SM self-
consistency check
üWith a potential to constrain or find new physics!

CERN-TH. 5817/90:

*including direct searches

https://arxiv.org/pdf/0811.0009.pdf
https://arxiv.org/pdf/1803.01853.pdf
https://cds.cern.ch/record/210563/files/199008402.pdf


W boson mass measurements
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arXiv:1803.01853

Å Individual EW parameter measurements are of a limited interest
Å But when put in context can say a lot about the theory consistency!

https://arxiv.org/pdf/1803.01853.pdf


ATLAS W mass reanalysis
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ATLAS-CONF-2023-004

ATLAS, 7 TeV, 4.6 fb-1

Å Strategy:
ü Leptonic (electron and muon) W decays
ü Use dilepton ὴ and ά dependence on ά
ü Use signal MC templates for a range of ά values - obtained by reweighting the 

reference MC according to the Breit-Wigner parameterisationof W
ü½Σ ²Ҧˍ,˄ VV, top background estimated using MC; data-driven multijet bkg
ü Final ά is a combination of ά values obtained from separate ὴ and ά fits

Å Reanalysis of the data used for the 2017 ά measurement (worlds best at the time); 
reanalysis effort started back in 2018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/


ATLAS W mass reanalysis
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Å Comparison of approaches between the new and 2017 measurement:
ATLAS ά 2017 ATLAS ά 2023

Statistical interpretation 2̝ fit with stat-only 
uncertainties, 
systematics added 
aposteriori

Profile max. likelihood (ML) fit -
for the first time in context of 
ά measurements; O(1000) NPs 
reduced to ~200 NPs with PCA

Baseline PDF CT10 CT18

Electroweak theory unc. Evaluated at truth levelEvaluated at detector level

Multijet background 2023: Systematic shape variations using PCA, new transfer 
function from CR to SR 

Detector calibration Unchanged
EW and top background Unchanged

Å New ATLAS result

Å Supersedes the 2017 result

Å New result agrees slightly better with the SM prediction

Good 
compatibility 
between ̝ 2

and ML fits

ATLAS-CONF-2023-004

ATLAS, 7 TeV, 4.6 fb-1

-16.3 MeV       Ҩ

+4.6 MeV        ҧ
ҧ

+1.9 MeV         Ҩ

Effect on 
central value

Effect on 
uncertainty

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/


LHCbW mass measurement
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JHEP01 (2022) 036

LHCb, 13 TeV, 1.7 fb-1

Å Simultaneous fit of the muon ήȾὴ distribution of a sample of ²Ҧ˃d˄ecays and the 
dzistribution of a sample of ½Ҧ˃d˃ecays

Å Result averaged over three recent PDF sets

Å First proof-of-principle of a measurement of ά with the LHCbexperiment
ü Potential to decrease the statistical uncertainty by using full Run 2 data (3x lumi)

Å LHCbacceptance almost orthogonal to the one of ATLAS & CMS
ü Partial anti-correlations can reduce PDF uncertainty by a factor of 2

https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2021-024.html


CDF W mass measurement
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Science376(2022)6589,170-176

CDF, 1.96 TeV, 8.8 fb-1

Å Most precise ά measurement to date
ü More precise than all other measurements combined

Å Uses full Run II Tevatron data
Å All experimental aspects controlled by the analysis team:

ü Reconstruction, alignment, calibration, simulation, analysis
Å Significant systematics reduction mainly thanks to using cosmic data in ways not employed 

previously:
ü Tracking detector alignment & drift model
ü Uniformity of the EM calo response and resolution model

Å Custom detector response simulation (not full simulation unlike LHC experiments)

Å Six ά values from template fits to ά , ὴЉand ὴ distributions in e and mu channels
ü Final ά is the combination, ̝2/dof = 7.4/5

7 pages paper with 45 pages 
supplementary material

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


CDF W mass measurement
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Science376(2022)6589,170-176

CDF, 1.96 TeV, 8.8 fb-1

Å Result:

Å Tension with SM-predicted mW value at the level of 7 standard deviations!

CDF uncertainty breakdown

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


W mass measurements
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Å Tevatron/LHC W-boson mass Combination WG issued a preliminary note (CERN-LPCC-2022-
06) summarizing methodological and modelling considerations towards a combination

https://pdg.lbl.gov/2022/reviews/rpp2021-rev-w-mass.pdf
https://cds.cern.ch/record/2815187
https://cds.cern.ch/record/2815187


Measurements ofÓÉÎʃЉ
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Å Measured from forward-backward lepton asymmetry in ήήO ὤȾɾO ὰὰ
Å Tevatron combination gives the most precise measurement from hadron colliders
Å ATLAS and CMS measurements so far based on Run 1 LHC data only
Å Expecting improved LHC measurements using Run 2 data and updated PDF

ATLAS-CONF-2018-037

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

JHEP 1511(2015) 190

Phys. Rev. D 97, 112007

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2015-039.html
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112007


Single vector boson production - introduction
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Å Drell-Yan process enables electroweak precision measurements and stress test of 
QCD calculations

Å One of the best understood processes at LHC
Å State of the art theory predictions at NNLO QCD with partial N4LL resummationand 

NLO EW corrections

Å pT(V) modelling is so much sensitive to QCD that it enabled the most precise single 
ɻmeasurement! ATLAS-CONF-2023-015

Å Differential cross sections of single W, Z production is the main source of proton PDF 
constraints from LHC side - routinely used by PDF fitting groups

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-015/


Drell-Yan cross section measurements
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ÅThorough measurements by both ATLAS and CMS at 7, 8, 13 TeV
ÅLHC provides most precise Drell-Yan cross sections
ÅJust two examples out of many measurements:

W and Z cross differential cross sections 
with sub-percent precision at 7 TeVby 
ATLAS, Eur. Phys. J. C 77 (2017) 367

Drell-Yan cross sections at 13 TeVin the 
dilepton mass range 15 to 3000 GeV by 
CMS, JHEP 12 (2019) 059

Excluding 
1.8% 
luminosity 
uncertainty

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2012-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-001/


Z boson invisible width
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Acceptedby PLB

CMS, 13 TeV, 36.3 fb-1

Å First precise measurement of the invisible width of the Z boson at a hadron collider
Å The single most precise direct measurement to date

ü competitive with the combined result of the direct measurements from the LEP experiments

Å Obtained from the simultaneous fit to kinematic distributions of two data samples:
ü Dominated by invisible Z decays
ü Dominated by ὤᴼὩὩand ὤᴼʈʈ Dominant systematic 

contributions from 
muon ID (2.1%) and jet 
energy scale (1.9%)

Fit to the 
hadronic recoil 
distribution U 
(MET in case of 
Z->invisible)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-014/


W boson R(̱/ )˃
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ATLAS: Nature Phys. 17 (2021) 813
CMS: CMS-PAS-SMP-18-011

Å All charged leptons couple to W boson equally
Å LEP combined result has shown 2.6t̀ension between W decay branching ratio to ˍ˄

and l˄ (l = e, ˃ )

Å ATLAS measured the ratio with a better precision than LEP using ttbar events, in 
consistence with the Standard Model

Å CMS confirms lepton universality using events with two or one W boson

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-29/
http://cds.cern.ch/record/2758905


Dibosonmeasurements - introduction
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Motivation to measure dibosonproduction:
Å Test Standard Model:

ü State of the art predictions at NNLO in pQCD, with NLO EW corrections
Å Sensitive to anomalous triple gauge boson couplings (aTGC)
Å aTGCmodify total production cross section as well as kinematic distributions -> 

used in data interpretation, typically in form of dimension-6 EFT limits
Å TGCs were accessible at LEP -> LHC allows reaching higher ί

aTGC

arXiv:1302.3415

https://arxiv.org/pdf/1302.3415.pdf


W+W- measurement
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ATLAS-CONF-2023-012

ATLAS, 13 TeV, 140 fb-1

Å Most precise measurement of inclusive W+W-

production at LHC with 3.1% relative uncertainty 
on the fiducial cross section
ü No jet veto requirement applied

Experimental 
precision 
competitive to 
those of NNLO 
calculation!

Å Dominant top background estimated using data driven b-tag counting method
Å Excellent agreement with the NNLO QCD + NLO EW prediction

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-012/


Four-lepton measurement

26.04.2023 O. Kuprash - Electroweak physics: experimental overview 20

Å4 leptons with two same-flavouropposite-charge dileptons

ÅSignal includes on- and off-shell ZZ, resonant Zand Hdecays, tribosons 
and ὸӶὸὠὠ events -> broad definition, good for reinterpretations

ÅBackground = non-prompt leptons

JHEP 07 (2021) 005

ATLAS, 13 TeV, 139 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/


ÅIntegrated and differential cross sections (also in different regions of ά )

ÅComprehensive interpretation of results:

1. Most precise to date ὤᴼτὰbranching ratio measurement

üThanks to 130% acceptance gain compared to previous ATLAS measurement

2. EFT dim-6 limits (22 parameters) usingWarsawbasis

3. Limits on parametersof a BSM with a spontaneouslybrokenB-L gaugesymmetry

Four-lepton measurement
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JHEP 07 (2021) 005

ATLAS, 13 TeV, 139 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-30/


ÅObservation of joint polarisationstates of W and Z boson in WZ production

ÅBoson polarisationsdefined in WZ rest frame

Å4-category DNN score to distinguish between all possible joint polarisationstates

ÅUnpolarized WZ prediction available at NLO QCD

ÅPolarized signal templates from 0, 1j @LO merged MG+Pythia
üMissing virtual NLO corrections found to be crucial -> see next page

WZ joint polarisation
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Acceptedby PLB, 2211.09435

ATLAS, 13 TeV, 139 fb-1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
https://arxiv.org/abs/2211.09435


ÅLO (up to 1 extra jet) polarisedsignal templates are reweighted with dedicated DNN scores 
to obtain NLO-matched templates
üOne DNN per dibosonpolarization state
üProcedure cross checked with bin-by-bin correction factors

ÅFirst observation of ὡὤ production with a significance of 7.1̀(6.2̀ observed)
üMilestone towards observation of doubly-longitudinal VV final states in VBS-like 

configurations!

WZ joint polarisation
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Acceptedby PLB

ATLAS, 13 TeV, 139 fb-1

CMS single polarisation:
CMS-PAS-SMP-20-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-014/index.html


Electroweak production of bosons - introduction
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Å Electroweak production:
ü Single vector boson -> vector boson fusion (VBF)
ü Two vector bosons -> vector boson scattering (VBS)

Å Sensitive to anomalous triple and quartic gauge boson couplings (aQGC)
Å Kinematic signature at LHC: (di)boson decay products accompanied by two forward 

jets
ü¢ȅǇƛŎŀƭ ά±.{ ǇƘŀǎŜ ǎǇŀŎŜέΥ ά υππ'Å6, ȿɝώȿ ς

aTGC

aQGC

Same-sign WW event display



Vector boson scattering
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Å Test electroweak symmetry breaking
Å Higgs boson contributions regularize amplitude of the ὠὠᴼὠὠ scattering (V = W, Z)
Å QGCs became for the first time within the reach at LHC
Å Typically, provide most stringent dim-8 EFT limits
Åὡ ὡ final state has the largest EW/QCD ratio among other VV VBS processes

Phys. Rev. Lett. 123 (2019) 161801

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-06/


ὡ ὡ ὮὮand ὡ ὤὮὮ
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Phys.Lett.B809 (2020) 135710

CMS, 13 TeV, 137 fb-1

ÅWZ is the second-largest background to ὡ ὡ (after non-prompt lepton background)
Å Simultaneous cross section measurement of inclusive (i.e. sum of EW, QCD, and 

interference) ὡ ὡ and ὡὤcross sections
Å Absolute and normalized cross sections
Å Dim-8 EFT limits at the reconstructed level

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012


Electroweak ὡ ὡ polarization
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Phys. Lett. B 812 (2020) 136018

CMS, 13 TeV, 137 fb-1

ÅFirst cross section measurement for polarized same-sign WW scattering
ÅDifferent dibosonpolarization states distinguished with the help of 

machine learning

Å Cross section too low to obserwe

ὡ ὡ production yet

Å Measured ὡ ὡ signal 
significance of 2.3̀(3.1̀ expected)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006


Electroweak Wyjj measurement
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Acceptedby PRD

CMS, 13 TeV, 138 fb-1

Å Electroweak Wyjj signal observed with a significance of 6.0̀ (6.8̀ expected)
Å Signal extracted from mjj, mly 2D-fit (2D fit provides better expected significance)
Å Differential cross sections of EW-only and EW+QCD Wyjj measured (4 bins)
Å Most stringent limits on dim-8 EFT operators M2-5, T6-7

Out-of-fiducial EW Wyjj
contributions (17% of the 
total EW Wyjj) treated as 
background

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011


Evidence for semileptonicWVjj
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ÅFirst evidence for electroweak production of ὡὠὮÊO ὰʉήήὠ ὡȟὤ at LHC

ÅLargebackground& complex topology -> use DNN to separate signal and bkg

üA factor 3 improvementof the sensitivitycomparedto the mostsensitivevariableά

ÅTwo signal regions for resolved and boosted event categories

Phys. Lett. B 834 (2022) 137438

CMS, 13 TeV, 138 fb-1

Observed 
significance 4.4̀
(5.1̀ expected)

Dominant 
systematics 
from theory 
modelling (LO)

http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013


ʴʴҦ̱̱and anomalous ̱magnetic moment

26.04.2023 O. Kuprash - Electroweak physics: experimental overview 30

ÅAnomalous magnetic moment of 
leptons has unique sensitivity to New 
Physics contributions

ÅInterest significantly attracted by a 
tension with the SM reported by 
Fermilab Muon g-2 experiment

ÅATLAS reports observation of the 
ʴʴҦ̱̱process in Pb+Pbcollisions 
with a significance exceeding 5̀and 
uses to set 95% CL limits on ὥ:

πȢπυχὥ πȢπςτ

In agreement with the Standard Model

arXiv:2204.13478

ATLAS, 5.02 TeV
Pb+Pb, 1.44 nb-1

PhysRevLett.126.141801

https://arxiv.org/abs/2204.13478
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.141801


Triboson production - introduction
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ÅSimilarlyto VBS, sensitive to aQGC, but typically to a lower extent
ÅSM does not allow fully neutral QGC (not necessarily true for BSM)
ü SM processes sensitive to QGC will contain at least one W boson

ÅLHC allowed observing heavy triboson production for the first time

ÅAlmost all triboson combinations observed at LHC already
üWith the exception ofZZyand ZZZ



Triboson WZy& Wyy observation
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WZy: ATLAS-CONF-2023-014
Wyy: ATLAS-CONF-2023-005
ATLAS, 13 TeV, 140 fb-1

Dominant systematics for both measurements due to misidentified photons and leptons

Wzyobserved with
6.3̀ (expected 5.0̀)

Wyyobserved with
5.6̀ (expected 5.6̀)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-005/

