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To introduce works done by many people together, 
CMS +ATLAS,  not meant to be exhaustive.

Cares are put more on future prospects i.e. how/what we 
can achieve more?
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世界微尘里，吾宁对与撞
Large Hadron Collider:
欧洲核子中心； 环长27公里，地下
100米； 质子-质子 13TeV对撞；
其上有4个大型实验：  
ALICE、ATLAS、CMS、LHCb

2012年Higgs发现之后， 国际高能物理
学界提出了下一代对撞机方案，包括： 
欧洲的FCC-ee, FCC-hh； 
中国的CEPC， SPPC。
以及国际直线加速器ILC等等。
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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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https://cerncourier.com/a/electroweak-milestones-at-cern/ 

https://cerncourier.com/a/electroweak-milestones-at-cern/
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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


Drell-Yan precision
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Eur. Phys. J. C 84 (2024) 315
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 Mass

14

Submitted to Nature

https://cms.cern/news/working-w-mass-no-sprint-it-m
arathon 

https://www.nature.com/articles/d41586-024-03042-9
https://cms.cern/news/working-w-mass-no-sprint-it-marathon
https://cms.cern/news/working-w-mass-no-sprint-it-marathon
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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://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  

18

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

22

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101802
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“For the first time, we accomplish the combination of NNLO QCD and 
NLO EW corrections, setting the new state-of-the-art perturbative 
accuracy for polarised Z-boson pairs at the LHC.”

arXiv:2505.09686

https://arxiv.org/abs/2505.09686
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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



                    Vector Boson Scattering: W+W- and WZ
PLB 841(2023)137495
JHEP 07 (2024) 254 
JHEP 06 (2024) 192

25

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

26



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

27

https://arxiv.org/abs/2009.09429


Polarized VBS from ATLAS  Moriond 2025

28

https://indico.in2p3.fr/event/35965/contributions/152508/attachments/91674/139717/7_MStange-v1.pdf


29

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  

30

(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 

31

PRL132 (2024) 121901

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

34

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



Spooky action at a distance!

36

ref

Quantum mechanics is nonlocal

https://indico.cern.ch/event/1462807/contributions/6158793/attachments/2953777/5193017/2024-KPS-QEinHEP.pdf


Quantum entanglement tests
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● As reviewed by C. N. Yang, the first experiment on quantum
entanglement is the Wu-Shaknov Experiment published in 1950 
in which the angular correlation of two Compton scattered photons 
arising from 𝑒+𝑒− annihilation are measured.

● The violation of Bell inequality was demonstrated in 1970s using 
entangled photons, confirming the non-locality of our universe.

● Alain Aspect, John Clauser and Anton Zeilinger won Nobel Prize in 
Physics in 2022 for demonstrating the potential to investigate and 
control particles (photons) that are in entangled states

 Wu-Shaknov Experiment Clauser’s photon entanglement experiment

https://inspirehep.net/literature/1389797
https://journals.aps.org/pr/abstract/10.1103/PhysRev.77.136
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https://pubs.aip.org/physicstoday/article/77/12/28/3321126/Chien-Shiung-Wu-s-trailblazing-experiments-in 

https://pubs.aip.org/physicstoday/article/77/12/28/3321126/Chien-Shiung-Wu-s-trailblazing-experiments-in


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


QE between qutrits:  H→ VV
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https://agenda.infn.it/event/44563/contributions/251066/attachments/134056/200488/QI_GGI_Lamba-1.pdf


Prospects@LHC, MuC, CEPC
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● The numerical analysis shows that with a luminosity of 𝐿 =300  fb−1 entanglement can 
be probed at >3 𝜎 level. For 𝐿=3  ab−1 (HL-LHC) entanglement can be probed beyond 
the 5 𝜎 level, while the sensitivity to Bell inequalities violation is at the 4.5 𝜎 level.

● At Muon Collider, Quantum entanglement can be probed up to 4σ of significance with 
lower MZ2 cut or 2σ ∼ 3σ with higher MZ2 cut, using either one of the correlation 
coefficients C2,1,2,−1 and C2,2,2,−2. The significance of the violation of Bell 
inequality can be obtained up to 2σ.

https://doi.org/10.1103/PhysRevD.107.016012
https://doi.org/10.1007/JHEP10(2024)211
https://doi.org/10.1103/PhysRevD.111.036008


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


QE Workshop@PKU
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https://indico.ihep.ac.cn/event/24387/timetable/?view=standard
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More funs-1： AI for Boson Jets



AI for boosted boson
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Congqiao Li’s talk

https://indico.pnp.ustc.edu.cn/event/2009/contributions/19271/attachments/7294/11349/24.12.21_HiggsPotential_Boosted%20tagging%20in%20HH%20(1).pdf


                                      W→cbarXiv:2503.00118 

47

A novel method for measuring |Vcb| at the LHC using an advanced boosted-jet tagger to 
identify “bc signatures”. By associating boosted W → bc signals with bc-matched jets from 
top-quark decays, we enable an in-situ calibration of the tagger. 

https://arxiv.org/abs/2503.00118


                     Boosted Higgs to WW*CMS-PAS-HIG-24-008   

48

H→ss?
H→gg?

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-008/index.html
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More funs-2： 
Probing and Knocking with Muon
                  dark boson
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➔ CMS Muon Trigger RPC:  
assembled and tested at PKU 
at around 2002

➔ RPC R&D for nuclear physics
➔ CMS GEM upgrade program

PKU Muon Detector Development 
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MIP2024

Several possible 
Chinese Muon beams 

in the near future:
  Melody, 

CIADS, HIAF 

https://indico.cern.ch/event/1356341/
https://indico.ihep.ac.cn/event/20601/
https://indico.ihep.ac.cn/event/20601/timetable/?view=standard#29-ciads-and-its-plan-of-muon
https://indico-tdli.sjtu.edu.cn/event/1465/timetable/?view=standard#51-toward-a-muon-source-in-hia


世界范围内的缪子散射、打靶实验

● 缪子作为第二代轻子，对其研究及应用相对较少，其科学和应用潜力巨大。  
 

● NA64 和MUonE等实验利用高能缪子(150～160GeV)与靶散射 
● 缪子散射蕴含大量的物理课题有待挖掘 

○ 不同能量的缪子束流可以对不同的新物理空间具有敏感性。  
 

● 中国之前没有开展的缪子物理实验。近年来条件有了很大变化:  
○ 中国散裂中子源的100kW，1.6GeV质子加速器已经建成，升级启动中； 
○ 国家“十二五”重大科学工程项目“强流加速器装置(HIAF)”正在建设重离子加速器；           

■ 2025年验收，第一条中国高能 (GeV)缪子束流？   机遇！  
○ “十四五”启动建设的“加速器驱动嬗变系统(CiADS)” 拟建设连续流直线质子加速器； 
○ 中国原子能科学研究院正在大力推动高功率质子回旋加速器的建设 

https://wuli.iphy.ac.cn/en/article/pdf/preview/10.7693/wl20210406.pdf


HFRS

@HIRIBL

PKMu(Probing and Knocking with Muons)  Proposed 
by Peking University together with HIAF-HFRS from 
Institute of Modern Physics, Chinese Academy of 
Sciences, China:  using 1-10 GeV Muon to probe 
new physics beyond the Standard Model

Muon Scattering Experiment at HIAF-HIRIBL

参考文献：[1] Phys. Rev. D 110, 016017    [2] arxiv:2410.20323    [3] 
arXiv:2411.12518    [4] Nucl. Instrum. Methods. Phys. Res. A 663 (2012) 22-25
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X→e+ e-

 

Dark 
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Modern Physics Letters A (2025) 2530008

https://doi.org/10.1142/S0217732325300083


Light Dark Matter →  Dark Sector

55

Minimal scenarios with light (sub-GeV) dark matter whose relic density is obtained from thermal 
freeze-out must include new light mediators. In particular, a very well-motivated case is that of a 
new “dark” massive vector gauge boson mediator.    JHEP03(2018)084  Granada19  LDMX2024
(获得热遗留下来的轻（次GeV）暗物质的最低限度情景必须包含新的轻媒介粒子。特别是，一个非常
有动机的情况是存在一种新的“暗”质量矢量规范玻色子作为媒介粒子。)

https://link.springer.com/article/10.1007/JHEP03(2018)084
https://indico.cern.ch/event/808335/contributions/3365089/attachments/1845345/3027396/Summary-DM-DS-Granada.pdf
https://indico.global/event/805/contributions/23755/attachments/11142/16481/Pascadlo_DPF_Pheno_2024.pdf


Muon Philic Dark Sector

56

● Muon Philic Dark Matter may be possible or even necessary!
■  𝐿𝜇 −𝐿𝜏 gauged model (Z’, χ) quite popular recently

○ 1) Direct searches for DM
■ See the PKMu proposal:  Phys.Rev.D 110 (2024) 1, 016017

○ 2) On target experiments for Dark Boson: (see also cosmology constraints)
■ LDMX,DarkShine;      eN → eNZ’,    Z’→ν ̄ν  or Z’→χχ (dark matter)     
■ NA64μ, MMM             μN → μNZ’,    Z’→ν ̄ν  or Z’→χχ (dark matter)
■ MuonE(pheno.)               μe → μeZ’,     Z’→ν ̄ν   or Z’→χχ (dark matter)

https://arxiv.org/abs/1804.03144
https://doi.org/10.1103/PhysRevD.110.016017
https://link.springer.com/article/10.1007/JHEP01(2021)107
https://confluence.slac.stanford.edu/display/MME/Light+Dark+Matter+Experiment
https://indico.ihep.ac.cn/event/17768/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.211803
https://arxiv.org/abs/1804.03144
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702
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Current Box Exp. Status

4-station 20cm*20cm RPC for the moment

Petiroc 2A is a 32-channel front-end ASIC

Timing and X-Y 
position with 
delay-line readout 
method

recent report from Cheng-en Liu and Qite Li

http://indico-cdex.ep.tsinghua.edu.cn/event/162/timetable/?view=standard#34-rpc
https://indico-tdli.sjtu.edu.cn/event/2635/timetable/?view=standard#35-pkmu


Byproduct: cosmic ray measurements 
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缪子、电子、光子  在大散射角度区域  有很好的区分度  

⇨ 地面宇宙次级射线新型测量手段  

Secondary Cos. Ray
           Muon

Electron
           Photon

lead

Preliminary
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PKMu@HIRIBL  vs.  MuonE

Phys.Rev.D 106 (2022) 5, L051702 Preliminary results

More sensitive to 
X boson at MeV region!

https://web.infn.it/MUonE/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051702
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PKMu@HIRIBL Lab/Collaboration



 Summary and Prospects

61
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



Why QE at high energy?

63

https://conference-indico.kek.jp/event/278/contributions/6412/attachments/4329/6925/2025_02_19_K_Sakurai_KEKPH%20Kazuki%20Sakurai.pdf 

- QM might be an effective theory of 
more fundamental theory applicable 
only from some larger distances (lower 
energies)

- QM might be modified at shorter 
distances to be married with gravitation
Gravity

- Currently, no LHC analysis can 
distinguish anomalies from 
QFT-based BSM and those from 
beyond-QFT

https://conference-indico.kek.jp/event/278/contributions/6412/attachments/4329/6925/2025_02_19_K_Sakurai_KEKPH%20Kazuki%20Sakurai.pdf
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Leyun Gao@Muon4Future 2025
arXiv:2502.07597 (accepted by PRD)

https://agenda.infn.it/event/42349/timetable/?view=standard#49-probing-charged-lepton-flav
https://arxiv.org/abs/2502.07597
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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


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

70Fabiola 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

