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https://indico.cern.ch/event/1198609/timetable/?view=standard#44-multiboson-measurements
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Direct and Indirect Searches for BSM
Multiboson 

as 
a key tool  

Anomalous couplings,  EFT

Multiboson Measurements
Multiboson Resonances



 Great Potential to explore unknown

Snowmass 2022 Higgs Couplings 
without the Higgs

Brian Henning 
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Symmetry

https://indico.fnal.gov/event/22303/timetable/?view=standard#563-large-experimentsfacilitie
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.181801
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://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 4

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


Boson Blossom from This Week: selected results today 

5



 ZZ+jets  CMS-PAS-SMP-22-001
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● ZZ production associated with jets in the fully leptonic final states
● Unfolding using the iterative D’Agostini’s method including correction for 

background contributions, with the RooUnfold toolkit.
● Basic mZ requirement: 40<mZ1<120 GeV, 4<mZ2<120 GeV

○ On-shell requirement: 60<mZ1, mZ2<120 GeV

Data in the 0 and 2 jet bins are well 
described by the predictions,

Significant discrepancy In the 1 jet bin,

The description of events with >=3 jets requires NNLO and 
even higher order corrections,  thus the discrepancy at high 
jets bin is expected. 

MadGraph ZZ+0/1jet@NLO FxFx,  and Powheg ZZ NLO

60<mZ1, 2<120 GeV

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


 ZZ+jets  CMS-PAS-SMP-22-001
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60<mZ1, 2<120 GeV 40<mZ1<120 GeV
4<mZ2<120 GeV

1 jet bin

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


 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


 Zγ+jets    arXiv:2212.07184      accepted by JHEP

1D and 2D differential distributions 
data-driven backgrounds 

Z+Jets, Pile-up, tt𝛾
Uncertainties 4-10% 

Jet energy scale, Bkg modelling
Data general well described

 NLO 0,1p in Sherpa improves 
                description wrt ME+PS @LO
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https://arxiv.org/abs/2212.07184


 WW   ATLAS-CONF-2023-012

● Jet-inclusive WW→eμ  Measurements 
● Dominant bkg from 

top-related processes
        b-tag counting method
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https://cds.cern.ch/record/2854866


 WW   ATLAS-CONF-2023-012
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https://cds.cern.ch/record/2854866


 WZγ observation   ATLAS-CONF-2023-014

● Pure leptonic final state,
● Signal modelled by Sherpa 2.2.11

0@NLO QCD+1,2@LO QCD 
Merged with Parton shower

● FSR photon suppressed:
mll>81GeV (of the 𝑍-lepton pair)

● main backgrounds:
Non-prompt photons or leptons 

● WZγ, ZZγ and ZZ fitted 
simultaneously
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https://cds.cern.ch/record/2854868


 WZγ observation  ATLAS-CONF-2023-014
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(𝑒𝜇𝜇, 𝜇𝑒𝑒, 𝑒𝑒𝑒, 𝜇𝜇𝜇) channels combined 
profile-likelihood fit in SR+2CRs

6.3 (5.0)𝜎  obs.(exp.) 

https://cds.cern.ch/record/2854868


 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


     Zγγ    arXiv:2211.14171     accepted by EPJC
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● Final-state radiation suppressed by the event selection
● Dominant background from non-prompt photons
● Statistically dominated

○ main syst. from non-prompt photons
● Unfolded differential distributions
● Limited on aQGC with (non-)unitarised treatment

https://arxiv.org/abs/2211.14171


 WWγ observation  CMS-PAS-SMP-22-006
● 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.

0 jet >0 jet

5.6 (4.7)𝜎 obs.(exp.) 

16

https://cds.cern.ch/record/2853299?ln=en


 WWγ observation CMS-PAS-SMP-22-006
● Also sensitive to Higgs couplings with light quarks

○ no gluon fusion contribution due to Furry’s theorem
● Further optimization targeting the Higgs characteristics 

● H Signal generated with MadGraph at LO 
○ Higgs effective Lagrangian for u, d and s; 
○ Running mass effect included for c
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https://cds.cern.ch/record/2853299?ln=en
https://feynrules.irmp.ucl.ac.be/wiki/HEL


 VBS Wγ   arXiv:2212.12592      accepted by PRD

● 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://arxiv.org/abs/2212.12592


 VBS Zγ     ATL-COM-PHYS-2023-282
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Electroweak production of Zγ (Z→ee, µµ) in association with two jets,
Fiducial and differential cross-sections, for both EW and EW+QCD.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-36/


 Same-Sign WW   ATLAS-CONF-2023-023
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● Fiducial and differential cross 
sections 

● Searches for aQGC, doubly 
charged Higgs

2.5σ global significance 
@450GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/


 ZZ→4l + jets   ATLAS-CONF-2023-024

21

● Differential cross-section for both EW and 
Inclusive productions

● Searches for dim-6 and dim-8 EFTs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-024/


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

○ Precise measurements on diboson+jets:  ZZ, Zγ
○ First observations of several tri-boson processes: WZγ,WWγ,Wγγ,Zγγ
○ Precise VBS measurements:  W/Zγ, SSWW, ZZ   
○ Anomalous coupling, EFT, and even Higgs properties!

● High energy, High Luminosity, High multiplicity, High opportunities!
● Run-3 data accumulating:  Keep tuned!  More surprise (un)expected.

R. Sekhar Chivukula

22

https://news.fnal.gov/2019/08/experts-gather-at-the-lhc-physics-center-to-discuss-multibosons/


Backup
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https://arxiv.org/abs/2109.14621    https://ppnp.pku.edu.cn/hepani/index.html 

An animation cartoon for 4 Z boson event at the LHC

https://arxiv.org/abs/2109.14621
https://ppnp.pku.edu.cn/hepani/index.html
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https://arxiv.org/abs/2109.14621    https://ppnp.pku.edu.cn/hepani/index.html 

https://arxiv.org/abs/2109.14621
https://ppnp.pku.edu.cn/hepani/index.html
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https://arxiv.org/abs/2109.14621    https://ppnp.pku.edu.cn/hepani/index.html 

https://arxiv.org/abs/2109.14621
https://ppnp.pku.edu.cn/hepani/index.html


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


 ZZ+jets  CMS-PAS-SMP-22-001
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http://cds.cern.ch/record/2859350?ln=en


 ZZ+jets  CMS-PAS-SMP-22-001

29

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


 ZZ+jets  CMS-PAS-SMP-22-001
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http://cds.cern.ch/record/2859350?ln=en
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 Zγ+jets    arXiv:2212.07184      accepted by JHEP

https://arxiv.org/abs/2212.07184
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 WW   ATLAS-CONF-2023-012

https://cds.cern.ch/record/2854866
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 WZγ, Wγγ observation  ATLAS-CONF-2023-014  ATLAS-CONF-2023-005

https://cds.cern.ch/record/2854868
https://cds.cern.ch/record/2853334


     Zγγ    arXiv:2211.14171     accepted by EPJC
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https://arxiv.org/abs/2211.14171
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 WWγ observation CMS-PAS-SMP-22-006

https://cds.cern.ch/record/2853299?ln=en
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 WWγ observation CMS-PAS-SMP-22-006

Flat Direction scenario:

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?r
edirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1_gluon_gluon_
Fusion_Process 

https://cds.cern.ch/record/2853299?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.095023
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?redirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1_gluon_gluon_Fusion_Process
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?redirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1_gluon_gluon_Fusion_Process
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?redirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1_gluon_gluon_Fusion_Process
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 WWγ observation CMS-PAS-SMP-22-006

https://cds.cern.ch/record/2853299?ln=en


 Same-Sign WW   ATLAS-CONF-2023-023
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MG+Herwig

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/


 Same-Sign WW   ATLAS-COM-CONF-2023-031  EpjC 81 (2021) 723
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https://doi.org/10.1140/epjc/s10052-021-09472-3


 ZZ→4l + jets   ATLAS-COM-CONF-2023-032
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