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高能量前沿重大问题：
早期宇宙演化、
正反物质不对称性、
暗物质性质、
中微子质量起源、
电弱标度起源、
味道起源 等

Seattle Snowmass Summer Meeting 2022

https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie
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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
Multiboson 

as 
a key tool  

Anomalous couplings,  EFT  (CP even or odd) 

Multiboson Measurements
Multiboson Resonances



 Great Potential to explore unknown
Higgs Couplings without the Higgs

Brian 
Henning 
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Symmetry

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801
https://indico.cern.ch/event/820836/contributions/3431410/attachments/1851446/3039540/henning_hxswg_offshell.pdf
https://indico.cern.ch/event/820836/contributions/3431410/attachments/1851446/3039540/henning_hxswg_offshell.pdf
https://www.symmetrymagazine.org/article/the-large-boson-boson-collider


 Rich Results from Multiboson Measurements

CMS  SM Summary Plot 2022/9      (see also ATLAS  )

Stair to X VV

VVV

Vector Boson Fusion/Scattering

0.1fb 6

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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SMEFT (e.g.: Celine Degrande,  Julien Toucheque):  10 CP-odd operators integrated in a FeynRules 
model with massless fermions and UFO package ready to use in MC event generators.  

EWDim6/HISZ

CP Violation in di-boson…

Hermitian and
non-Hermitian operators

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
https://doi.org/10.1016/j.aop.2013.04.016
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Different conventions…
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
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 ATLAS VBF Z

CWWW:
EWDim6/SMEFT~14.2

https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w


Current LHC related limits
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1   ATLAS VBF W 
2   ATLAS VBF Z

3:  CMS WZ 

https://www.google.com/url?q=https://epjc.epj.org/articles/epjc/abs/2017/07/10052_2017_Article_5007/10052_2017_Article_5007.html&sa=D&source=docs&ust=1692004110098209&usg=AOvVaw1yjyn0uwAv_z6pJwxx8lb-
https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w
https://link.springer.com/article/10.1007/JHEP07(2022)032


Current SM related limits
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4  ATLAS WW (2016)      5  CMS W𝛾 (2016)
Another one with full Run2 but only CP-even    

 6   CMS   ZZ (2016)
 7   ATLAS  ZZ (Full Run2)
aNTGC
 

https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6
https://arxiv.org/abs/2102.02283
https://arxiv.org/abs/1709.08601
http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf
https://linkinghub.elsevier.com/retrieve/pii/S0370269321002513
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interference, BSM, asymmetry, polarization, Optimized observables…

However, 
we are not 
always 
sensitive to 
interference 
yet!

SquareInterference
Pheno studies from:
Celine Degrande,  Julien Toucheque

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf


13Many talks from this workshop!

In current LHC di-boson analyses,  CP-odd either ignored, or treated same as CP-even
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 7   ATLAS  ZZ (Full Run2)  CMS  WG (Full Run2) 
only for CP-even operator though

Polar &/or 
azimuthal 
angles from the 
diboson rest and 
boson decay 
frames

However, 
we are not 
always 
sensitive to 
interference 
yet!

http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.052003


Example 1:  ATLAS VBF Z+2Jets
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https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w


Example 1:  ATLAS VBF Z+2Jets
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https://link.springer.com/article/10.1140/epjc/s10052-020-08734-w


Example 2:  CMS WZ
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Signal:  powheg box (v2.0) NLO (nominal); MadGraph5_amc@nlo  0+1jet FxFx (alternative)

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2:  CMS WZ
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Total cross section measured in a total phase 
space: 3 light leptons and 60 GeV < mZ < 120 
GeV at gen level phase space.

Asymmetry ratio driven by the statistical 
precision.   Effects on PDF also studied 
using the Bayesian reweighting technique.

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2:  CMS WZ

19https://indico.cern.ch/event/1087104/contributions/4570039/attachments/2348824/4005921/Polarization_LHCEWWG.pdf 

https://link.springer.com/article/10.1007/JHEP07(2022)032
https://indico.cern.ch/event/1087104/contributions/4570039/attachments/2348824/4005921/Polarization_LHCEWWG.pdf


Example 2: CMS WZ

20https://indico.cern.ch/event/1087104/contributions/4570039/attachments/2348824/4005921/Polarization_LHCEWWG.pdf 

https://link.springer.com/article/10.1007/JHEP07(2022)032
https://indico.cern.ch/event/1087104/contributions/4570039/attachments/2348824/4005921/Polarization_LHCEWWG.pdf


Example 2: CMS WZ:  W reconstruction
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In cases where two real solutions 
are compatible with the W mass 
constrain, the one resulting in a 
lower magnitude of the 
longitudinal momentum of the 
neutrino is chosen. If both 
solutions are complex, their real 
part is chosen instead. 

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2: CMS WZ
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https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2: CMS WZ
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The cos(θ) distributions at the 
reconstructed are fitted 
separately for W/Z production.
First observation of single 
longitudinally polarized W 
bosons in WZ production! 5.6
σ (4.3σ) obs (exp).

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2: CMS WZ: aGCs
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The longitudinal momentum and mass of the neutrino 
are assumed to be zero in the computation of M(WZ). 
This choice aims to avoid further correlation of the M(WZ) 
quantity with the MET variable, which has a worse 
resolution than the leptonic momenta.

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2: CMS WZ:aGCs
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Both the purely 
dimension-eight BSM 
contribution as well as the 
dimension-six interference 
term are included

Only the dimension-six 
interference term
is included 

https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 2: CMS WZ:aGCs
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https://link.springer.com/article/10.1007/JHEP07(2022)032


Example 3: ATLAS WZ
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https://indico.cern.ch/event/1252432/contributions/5261540/attachments/2607382/4504015/LHCEWPolarisation-JointPolarisation.pdf 

https://www.sciencedirect.com/science/article/pii/S0370269323002290?via%3Dihub
https://indico.cern.ch/event/1252432/contributions/5261540/attachments/2607382/4504015/LHCEWPolarisation-JointPolarisation.pdf


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


29arXiv:1907.08209

https://arxiv.org/abs/1907.08209


Example 3: ATLAS WZ
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https://www.sciencedirect.com/science/article/pii/S0370269323002290?via%3Dihub
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Example 4: CMS W𝛾 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252002


 Summary and Outlook
● Rich progress and potential from Multiboson Measurements/Probes

○ Precise measurements,  Rare process discovery…
○ Polarization, interference, correlation …  
○ Anomalous coupling, EFT, and even Higgs properties…

● High energy, High Luminosity, High multiplicity, High opportunities!
● Rich space for improvement!   

○ CP-odd either ignored, or treated same as CP-even
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Backup
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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/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Pre
sentation(1).pdf 

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
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https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Pre
sentation(1).pdf 

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
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https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Pre
sentation(1).pdf 

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
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https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Pre
sentation(1).pdf 

https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
https://indico.cern.ch/event/1137260/contributions/4779358/attachments/2410006/4123682/LHCEWWG_MB_Presentation(1).pdf
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http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf 

http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf
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http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf 

http://cds.cern.ch/record/2865481/files/ATLAS-CONF-2023-038.pdf


CMS WZ

41

https://link.springer.com/article/10.1007/JHEP07(2022)032
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ATLAS WZ

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

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


 CMS Wγ
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https://arxiv.org/abs/2111.13948
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