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https://indico.ihep.ac.cn/event/24788/
http://vietnam.in2p3.fr/2024/PASCOS/overview.php
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 52;  
W/Z boson turns 42;
Top quark now 30;
Higgs turns 13.

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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CMS Stairway to discovery
See also ATLAS Version

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://arxiv.org/abs/2405.18661
https://arxiv.org/abs/2404.06829
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Selected Topics  with bias

● Di-boson
○ Wγ

● Polarized  Di-boson
○ WZ

● Polarized  VBS
○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more
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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


 Wγ 
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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


Boosted Assymetry of di-boson productions  
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PHYSICAL REVIEW D 106, 
L051301 (2022)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.L051301
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.106.L051301
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Selected Topics  with bias

● Di-boson
○ Wγ

● Polarized  Di-boson
○ WZ

● Polarized  VBS
○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more



 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


         WZ  high PT polarization and RAZPRL 133 (2024) 101802

● This analysis focuses on 𝑊𝑍 events with 𝑍 bosons required to have high transverse momenta
● Two fiducial regions featuring two longitudinally polarized bosons are defined.
● The first study of the Radiation Amplitude Zero effect

○ Events with two transversely polarized bosons are analyzed
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101802
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Selected Topics  with bias
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○ Wγ
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○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more



                    Vector Boson Scattering: W+W- and WZ
PLB 841(2023)137495
JHEP 07 (2024) 254 
JHEP 06 (2024) 192
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https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/50311
46/2024-06-07-govoni.pdf 

https://doi.org/10.1016/j.physletb.2022.137495
https://link.springer.com/article/10.1007/JHEP07(2024)254
https://link.springer.com/article/10.1007/JHEP06(2024)192
https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/5031146/2024-06-07-govoni.pdf
https://indico.cern.ch/event/1253590/contributions/5843984/attachments/2872663/5031146/2024-06-07-govoni.pdf


      Longitudinal Polarized VBS
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Polarized VBS from CMS  
● 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

PLB 812 (2020) 136018
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https://arxiv.org/abs/2009.09429


Polarized VBS from ATLAS  Moriond 2025
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https://indico.in2p3.fr/event/35965/contributions/152508/attachments/91674/139717/7_MStange-v1.pdf


Polarized VBS from ATLAS  Moriond 2025
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https://indico.in2p3.fr/event/35965/contributions/152508/attachments/91674/139717/7_MStange-v1.pdf


Polarized VBS from ATLAS  arXiv:2503.11317
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https://arxiv.org/abs/2503.11317
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Selected Topics  with bias

● Di-boson
○ Wγ

● Polarized  Di-boson
○ WZ

● Polarized  VBS
○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more



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.) 

PRL132 (2024) 021802
arXiv:2503.21977 

https://doi.org/10.1103/PhysRevLett.132.021802
https://arxiv.org/abs/2503.21977


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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PRL132 (2024) 121901

https://doi.org/10.1103/PhysRevLett.132.121901


VVZ Observation  arXiv:2412.15123
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https://arxiv.org/abs/2412.15123
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Selected Topics  with bias

● Di-boson
○ Wγ

● Polarized  Di-boson
○ WZ

● Polarized  VBS
○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more



                          W and Higgs scattering
● A novel type of Vector Boson Scattering process
● Can be sensitive to the relative sign of HWW and HZZ
● ATLAS and CMS both exclude  kW/kZ<0 beyond 5σ in H→bb final states
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PRL 133 (2024) 141801
PLB 860 (2025) 139202

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.141801
https://linkinghub.elsevier.com/retrieve/pii/S0370269324007603


                              2→3 VBS Process
● Another novel type of Vector Boson Scattering
● Can be sensitive to HHVV coupling
● Open new doors to probe most rare process
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CMS-PAS-HIG-24-001

http://cds.cern.ch/record/2905615?ln=en
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Selected Topics  with bias

● Di-boson
○ Wγ

● Polarized  Di-boson
○ WZ

● Polarized  VBS
○ Same-Sign WW scattering

● Tri-boson 
○ WZγ, WWγ

● More VBS:  
○ H scattering;  2 to 3 scattering

● Quantum tomography
○ H to VV and more



Quantum entanglement at high energy
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Nature volume 633, pages 542–547 (2024)

https://www.nature.com/articles/s41586-024-07824-z


Why QE at high energy? (ref)
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● Understand quantum nature & seek for BSM effects.
● Particle scattering/decay of unstable particles provide a natural laboratory

○ the momenta of observed particles are essentially commuting observables. Therefore, there is 
always some hidden variable theory that can explain the observed momentum data

○ However, one can focus on spin correlation emerges in different phase-space region
● It is plausible that quantum mechanics undergoes modifications (ref) at 

some short distance scales to achieve compatibility with gravity. Such 
modifications could, in principle, be (only) detected by measuring Bell-type 
observables or through quantum process tomography (ref)

● offers the potential to uncover new insights into quantum field theory.

https://scipost.org/10.21468/SciPostPhys.3.5.036 

https://arxiv.org/abs/2504.00086
https://arxiv.org/abs/2403.14757
https://arxiv.org/abs/2502.19470
https://scipost.org/10.21468/SciPostPhys.3.5.036
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https://indico.cern.ch/event/1354279/contributions/5714378/attachments/2873703/5032375/SUSY24_Barr_Entanglement_and_collider_physics.pdf 

        Quantum Entanglement among gauge bosons

https://indico.cern.ch/event/1354279/contributions/5714378/attachments/2873703/5032375/SUSY24_Barr_Entanglement_and_collider_physics.pdf


QE Workshop@PKU
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https://indico.ihep.ac.cn/event/24387/timetable/?view=standard


AI for boosted boson
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https://arxiv.org/abs/2503.00118 

More funs to explore and enjoy:)

https://arxiv.org/abs/2503.00118


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

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

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

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



Higgs without Higgs
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801
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ATLAS WZ

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


Future

39Fabiola 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

