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https://indico.desy.de/event/38293/timetable/?view=standard#1-electroweak-physics-at-the-l
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Electroweak milestones: From infancy to adolescence

Neutral currents 50;  
W/Z boson turns 40;
Top quark now 28;
Higgs turns 11.

Gfitter

https://indico.cern.ch/event/1301000/timetable/?view=standard
https://indico.cern.ch/event/1301000/timetable/?view=standard#18-the-w-mass-at-the-lhc
https://indico.cern.ch/event/1333553/
https://home.cern/news/news/physics/w-boson-turns-40
https://news.fnal.gov/2020/03/twenty-fifth-anniversary-of-the-discovery-of-the-top-quark-at-fermilab/
https://link.springer.com/article/10.1140/epjc/s10052-018-6131-3
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Seattle snowmass summer meeting 2022

https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie
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Direct and indirect searches for BSM

Anomalous couplings,  EFT  (CP even or odd) 

Electroweak 
as a key tool



 Rich results at the LHC (ATLAS, CMS)
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Stair to X

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined


 Rich Results at the LHC (ATLAS, CMS)

Charge AsymmetryW helicity fraction (also here)

TOP EFT
Top-pair production cross-section
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Top_Quark_Mass
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-013/fig_07.png
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Selected Topics  with bias

W Mass
Top Mass
Single V, V decay
Di-boson  
VBS  
Tri-boson
Four Top
EFT as the new SM
Ewk/Top as novel tools
Run 3 & Future
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W Mass

● CDF W-boson mass results: 80434 +- 9 MeV,  
differed significantly from the SM prediction 
and the other experimental results.

● Improved ATLAS result weighs in on the W 
boson: 80360 +- 16 MeV.

● LHCb W mass uncertainty as 32 MeV
● Future Colliders:  ~ 0.3-0.4 MeV
● W-boson mass combination WG 

Powerful tools for consistency test on 
over-constrained Standard Model

https://cerncourier.com/a/cdf-sets-w-mass-against-the-standard-model/
https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson
https://home.cern/news/press-release/physics/improved-atlas-result-weighs-w-boson
https://lhcb-outreach.web.cern.ch/2021/09/10/the-first-lhcb-measurement-of-the-w-boson-mass/
https://agenda.infn.it/event/34841/contributions/207604/attachments/111210/158603/exp_mW_ecfa_111023.pdf
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/MWCOMB


Top mass

9 arXiv:2004.12915,   ATL-PHYS-PUB-2023-015

171.77±0.37 GeV  
arXiv:2302.01967 
5D likelihood method

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Top_Quark_Mass
https://arxiv.org/abs/2004.12915
https://arxiv.org/abs/2004.12915
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-015/
https://arxiv.org/abs/2302.01967


         Run I LHC top mass combination

10

CERN-LPCC-2023-02

a 
precision 
of 
2 per mill.

http://cds.cern.ch/record/2872484?ln=en
https://indico.cern.ch/event/1233341/contributions/5528218/attachments/2722393/4730011/2023-09-26_TOPConf_TopMassCombination_CONF.pdf
https://indico.cern.ch/event/1233341/contributions/5528218/attachments/2722393/4730011/2023-09-26_TOPConf_TopMassCombination_CONF.pdf
https://indico.cern.ch/event/1233341/contributions/5528218/attachments/2722393/4730011/2023-09-26_TOPConf_TopMassCombination_CONF.pdf
https://indico.cern.ch/event/1233341/contributions/5528218/attachments/2722393/4730011/2023-09-26_TOPConf_TopMassCombination_CONF.pdf


Drell-Yan precision
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arXiv:2309.09318
Eur. Phys. J. C 83 (2023) 628

● N3LO QCD predictions 
obtained from DYTurbo

 
● A negative correction of 

0.4% from NLO EW 
included

● a p-value of 11% if one 
only includes the 
uncertainties in the 
PDFs for the predictions

● 2D differential 
distributions measured 
in both papers

https://arxiv.org/abs/2309.09318
https://doi.org/10.1140/epjc/s10052-023-11631-7


     Single W precision
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PRD 102 (2020) 092012

● lepton eta-pT depends 
on W helicity, which is 
largely determined by 
parton distribution 
function.

● Can be used to 
constrain parton 
distribution function, 
modelling, etc.

● Precursor to CMS W 
Mass measurement.

https://doi.org/10.1103/PhysRevD.102.092012


W/Z decay
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PRD 105 (2022) 072008
PLB 842 (2023) 137563
ATLAS-CONF-2023-053  

arXiv:2309.12408

W decay branch ratio

Z invisible decay width Z decays into tau

https://indico.cern.ch/event/1301000/contributions/5598149/attachments/2742891/4772622/WZSymposium.pdf
https://doi.org/10.1103/PhysRevD.105.072008
https://doi.org/10.1016/j.physletb.2022.137563
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-053/
https://arxiv.org/abs/2309.12408


 LFUV
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JHEP 08 (2022) 063
Nature Physics 17, 813 (2021)

The inclusive measurement
ΔAFB differs from zero at the level 
of 2.4 standard deviations

The tension LEP noticed is not visible in ATLAS data

https://doi.org/10.1007/JHEP08%282022%29063
https://www.nature.com/articles/s41567-021-01236-w


 Wγ 

15
The technique will also be valuable in the future when sufficiently small values of aGCs 
are probed such that the interference contribution will be dominant

Phys. Rev. Lett. 126, 252002 (2021)
Phys. Rev. D 105 (2022) 052003

https://doi.org/10.1103/PhysRevLett.126.252002
https://doi.org/10.1103/PhysRevD.105.052003


 WZ (polarization)
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First observation of single 
longitudinally polarized W 
bosons in WZ production! 
5.6σ (4.3σ) obs (exp).

JHEP 07 (2022) 032

https://doi.org/10.1007/JHEP07%282022%29032


         WZ (joint polarization)
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Measurement performed as well 
separating by the W charge
– Significance on f00 at 6.9σ in W+Z
– Significance on f00 at 4.1σ in W-Z

Phys. Lett. B 843 (2023) 137895

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via%3Dihub


Polarized VBS  
● Signal sample simulated in WW/pp center-of-mass frame
● Simultaneous fit on two BDT discriminant variables: 

Observed (expected) significance 
for LL and LT+LL:   0.88 (1.17)σ;  2.3 (3.1)σ

Phys. Lett. B 812 (2020) 136018
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https://arxiv.org/abs/2009.09429


WZγ observation  
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(𝑒𝜇𝜇, 𝜇𝑒𝑒, 𝑒𝑒𝑒, 𝜇𝜇𝜇) channels combined 
profile-likelihood fit in SR+2CRs 6.3 (5.0)𝜎  obs.(exp.) 

arXiv:2305.16994

https://arxiv.org/abs/2305.16994


WWγ Observation  
● Signal region categorized with 0 and >0 jet, 
● only e𝜇 channel
● SSWW𝛾 and TOP𝛾 CRs,
● data-driven non-prompt backgrounds  
● maximum likelihood fit of 2D binned distributions.

5.6 (4.7)𝜎 obs.(exp.) 

● Also sensitive to Higgs couplings with light quarks
○ no gluon fusion contribution due to Furry’s theorem

● Further optimization targeting the Higgs characteristics 
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arXiv:2310.05164

https://arxiv.org/abs/2310.05164


Four Top

➔ Probe of top-Higgs Yukawa coupling
➔ Heaviest final state observed at LHC
➔ Sensitivity to wide range of new physics 

scenarios and effective field theory (EFT) 
operators

EPJC 83 (2023) 496     PL B 847 (2023) 138290

21Observations based on Re-analysis of Run 2 datasets.      Systematically limited

https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://www.sciencedirect.com/science/article/pii/S037026932300624X?via%3Dihub


                                    SMEFT: The new Standard Model
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ATL-PHYS-PUB-2021-022 ATL-PHYS-PUB-2022-037 
arXiv:2307.15761   arXiv:2211.08353

top quark
production 
with additional 
leptons,

26 EFT 
operators 
simultaneously 
fit to the data

Interpretation of fiducial differential cross-sections

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-022/
https://cds.cern.ch/record/2816369
https://arxiv.org/abs/2307.15761
https://arxiv.org/abs/2211.08353
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VBS as a novel tool 

Heavy Majorana 
searched up to 23TeV!

0vμμ experiment and 
effective neutrino 
mass probe

Phys. Rev. Lett. 131 (2023) 011803
Eur.Phys.J.C 83 (2023) 9, 824

ATLAS-CONF-2023-057
CMS-PAS-HIG-23-007

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.011803
https://doi.org/10.1140/epjc/s10052-023-11915-y
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-057/
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              Top pair as a novel tool: Quantum EntanglementarXiv:2311.07288

● Highest-energy observation of quantum entanglement between a pair of qubits
● Quantum Tomography: reconstruction of the quantum state from measurement of a 

set of expectation values,  see e.g., : EPJP (2021), Quantum (2022), EPJC (2022)
● A single observable can be used as an entanglement witness, with the QE criteria:

Non-relativistic QCD effects close to threshold, 
not included in MC generators  

The shape of 
cos𝜑/D is 
distorted by 
detector and 
event-selectio
n effects for 
which it has to 
be corrected.

https://arxiv.org/abs/2311.07288
https://link.springer.com/article/10.1140/epjp/s13360-021-01902-1
https://quantum-journal.org/papers/q-2022-09-29-820/
https://link.springer.com/article/10.1140/epjc/s10052-022-10245-9
https://indico.cern.ch/event/1233341/contributions/5605265/attachments/2724039/4733470/AlexanderMitov-Top23-2023.pdf
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             Top pair as a novel tool:  Lorentz ViolationCMS-PAS-TOP-22-007

● Dilepton eμ final state with 2016-2017 Run 2 dataset
● Number of b-jets in bins of sidereal time

○ Separate between tt̅ and tW background
● Modulation of cross section with sidereal time

No significant deviation and 
significant improvement (~100) over 
D0 (PRL 108 (2012) 261603)

4 directions,
4 families 
of coefficients

http://cds.cern.ch/record/2859658?ln=en
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.261603


                                       Run3
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JHEP 08 (2023) 204    arXiv:2308.09529
arXiv:2311.09715  CMS-PAS-SMP-22-017   

𝒕𝒕 ̄ cross section and 𝒕𝒕 ̄/Z ratio
relative uncertainty already small

 DY cross section

fast well to arrive at a new energy frontier
13.6 TeV NNLO QCD + qT resumm.

https://doi.org/10.1007/JHEP08%282023%29204
https://arxiv.org/abs/2308.09529
https://arxiv.org/abs/2311.09715
http://cds.cern.ch/record/2868001?ln=en


Future

27FCC-ee CEPC

https://indico.cern.ch/event/1301000/contributions/5598155/attachments/2742454/4772339/WZ_FCCee_RGS.pdf
https://indico.ph.ed.ac.uk/event/259/timetable/?view=standard#13-cepc-highlight-in-physics-a


Future
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FCC feasibility Mid-term 
report -Deliverable #8, 
physics and Experiments

Comprehensive 
measurements of the Z 
lineshape and many 
Electroweak Precision 
Observables
• 50x improved precision

W mass, width and more

https://indico.cern.ch/event/1301000/timetable/?view=standard#20-a-forward-look-fcc-ee
https://indico.cern.ch/event/1301000/contributions/5598155/attachments/2742454/4772339/WZ_FCCee_RGS.pdf


Future

29Fabiola Gianotti at “The 50th Anniversary of Hadron Colliders at CERN”

Global SMEFT Fits at Future Colliders

https://indico.cern.ch/event/1068633/timetable/?view=standard#11-hl-lhc-and-beyond
https://arxiv.org/abs/2206.08326


 Summary and Prospects

30
FCC feasibility Mid-term report - Deliverable #8, physics and Experiment

● Rich progress and potential from the electroweak and top physics
○ Precise measurements,  rare process discovery

○ NNNLO/polarization/interference/global… 
○ Tools to explore unknown:  QE, Lorentz Violation, 0vμμ…  

● High energy, High Luminosity, High multiplicity
○ High opportunities although with challenges!



Backup

31
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EFT for multi-boson processes
SMEFT EWDim6/HISZ

Ref

http://nuhep.northwestern.edu/~sapta/Dim6Operators.pdf
https://doi.org/10.1016/j.aop.2013.04.016
https://scipost.org/SciPostPhys.12.1.036/pdf


Higgs without Higgs
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801
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https://indico.cern.ch/event/1281608/attachments/2682026/4652614/LAB_cern_seminar_WprecisionNEW.pdf 

ATLAS 
New 
MW

https://indico.cern.ch/event/1281608/attachments/2682026/4652614/LAB_cern_seminar_WprecisionNEW.pdf
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https://indico.fnal.gov/event/59091/contributions/271335/attachments/168905/226538/SMATLHC23-AMOROSO.pdf 

W Mass 
Combination

https://indico.fnal.gov/event/59091/contributions/271335/attachments/168905/226538/SMATLHC23-AMOROSO.pdf
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CMS Top Mass 
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https://indico.fnal.gov/event/59091/contributions/270365/attachments/168772/226212/sm%40lhc.pdf 

https://indico.fnal.gov/event/59091/contributions/270365/attachments/168772/226212/sm%40lhc.pdf
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W𝛾 

EWDim6/HISZ

Phys. Rev. Lett. 126, 252002 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252002
https://doi.org/10.1016/j.aop.2013.04.016
https://doi.org/10.1103/PhysRevLett.126.252002
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ATLAS WZ

https://indico.cern.ch/event/1252432/contributions/5261540/attachments/2607382/4504015/LHCEWPolarisation-JointPolarisation.pdf
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ATLAS ZZ

https://indico.cern.ch/event/1252432/contributions/5261540/attachments/2607382/4504015/LHCEWPolarisation-JointPolarisation.pdf


 ZZ+jets  CMS-PAS-SMP-22-001
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In general, the nNNLO+PS 
prediction describes the Njet 
distribution better.

The EW corrected 
nNNLO+PS predictions 
describe the measured 
values better than those 
without the EW corrections

The EW corrections have 
negligible effect on any other 
normalized distributions than 
m4l.

60<mZ1, 2<120 GeV

http://cds.cern.ch/record/2859350?ln=en


 Wγγ observation ATLAS-CONF-2023-005
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● Dominant background from non-prompt leptons and photons
● Main source of systematics due to data-driven bkg estimates

5.6 (5.6)𝜎  obs.(exp.) 

https://cds.cern.ch/record/2853334


43

https://indico.cern.ch/event/1233341/timetable/?view=
standard#15-4-top-measurements-atlascms 

Four Top

https://indico.cern.ch/event/1233341/timetable/?view=standard#15-4-top-measurements-atlascms
https://indico.cern.ch/event/1233341/timetable/?view=standard#15-4-top-measurements-atlascms


 VBS Wγ   Phys. Rev. D 108 (2023) 032017

● Fiducial and differential 
cross sections;

● Stringent limits on aQGCs:  
fM,2-4 and fT6-7

Photon barrel  Photon endcap  

6.0 (6.8)𝜎   observed (expected)
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https://doi.org/10.1103/PhysRevD.108.032017


 Run3 ZZ    ATLAS-CONF-2023-062
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-062/


https://indico.fnal.gov/event/59091/contributions/270411/attachments/168822/226374/hmilder_smatlhc2023.pdf 
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https://indico.fnal.gov/event/59091/contributions/270411/attachments/168822/226374/hmilder_smatlhc2023.pdf
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https://cds.cern.ch/record/2766293/files/ATL-PHYS-SLIDE-2021-150.pdf 

https://cds.cern.ch/record/2766293/files/ATL-PHYS-SLIDE-2021-150.pdf
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TOP MassEur.Phys.J.C 83 (2023) 4, 269,               
Eur.Phys.J.C 83 (2023) 6, 501 (erratum)

CEPC

FCC-ee

https://doi.org/10.1140/epjc/s10052-023-11421-1
https://doi.org/10.1140/epjc/s10052-023-11650-4
https://indico.in2p3.fr/event/23012/contributions/89962/attachments/62031/84776/FCC-FR2021-top.pdf
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Rich Physics at Muon Collider

arXiv:2201.07808
Tau at TeV scale, flying several 
cms, sensitive to tau g-2

arXiv:2107.13581
LL Polarized ZZ scattering
>5σ with 3/ab at 14 TeV MC

Displaced Tau 
reconstruction: tracker

Closer Z decay products: 
finer calorimeter 

arXiv:2109.01265
Leptoquark searches
B anomaly

Flavor tagging:
Tracker, vertex

https://arxiv.org/abs/2201.07808
https://arxiv.org/abs/2107.13581
https://arxiv.org/abs/2109.01265
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HL-LHC, FCChh/SPPCCMS-PAS-FTR-22-001 6th FCC Physics Workshop

http://cds.cern.ch/record/2806962?ln=en
https://indico.cern.ch/event/1176398/timetable/?view=standard

