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Outline
• Introduction:

Non-abelian gauge structure, Experimental test for TGC
EW Gauge Structure and the Higgs, Lee-Quigg-Thacker
Effective Field Theory, aQGC and aTGC

• Experimental Status
• Triple Gauge Couplings: 

Inclusive WZ production
Inclusive ZZ production

• Quartic Gauge Couplings:
EW dijet associated WZ production
EW dijet associated W±W± production
EW dijet associated ZZ production
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SM Non-Abelian Structure
• Standard Model of particle physics is a Gauge Theory

• Boson self-couplings predicted by non-abelian U(1)xSU(2)xSU(3) 
Standard Model gauge group
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• Gauge Interactions

• Fermion Interactions

• Higgs Potential

• Yukawa Interactions
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Triple Gauge Couplings at LEP
• Electroweak gauge group predicts: 

QGC: WWZZ, WWWW, WWZγ, WWγγ
TGC: WWZ, WWγ

• Neutral couplings absent in SM:
ZZZZ, ZZγγ, ZZγ, ZZZ, …..

• First experimental evidence at LEP2

• Z, γ and νe exchange  
restore unitarity

In ZZ production 
gauge interactions  
absent, induced via  
t-channel e exchange
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EW Triple/Quartic Gauge Couplings
• SM parameters entering TGC  

and QGC terms precisely  
known  
 

• However, W/Z bosons are massive:
longitudinal polarization ≠ 0:
Electroweak symmetry breaking mechanism  
strongly related to restoring unitarity in vector boson scattering
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Lee-Quigg-Thacker
• No-Loose case for LHC

Lee-Quigg-Thacker  
unitarity bound:

• Higgs Discovery  
July 4th 2012
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ECFA Lausanne 1984, ECFA-CERN Workshop on  
Large Hadron Collider in the LEP tunnel

ATLAS CMS Run-1 combination:



Higgs Couplings and VBS
• Unitarity in VBS restored if and only if parameters have exact SM 

values

• Deviations from SM Higgs couplings, e.g. via extended Higgs 
Sectors result in large cross section changes 

In 2HDM:                               , heavy Higgs mass  
chosen to restore unitarity at high energies
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arxiv:1303.6335

2σ (30%) deviation  
=> 15-30% cross section change

ghWW = sin(� � ↵)gSMhWW
<latexit sha1_base64="YK8gEMpswzorByNi/YDnG/AXhyw="></latexit><latexit sha1_base64="YK8gEMpswzorByNi/YDnG/AXhyw="></latexit><latexit sha1_base64="YK8gEMpswzorByNi/YDnG/AXhyw="></latexit>

~10-15% unc.

A(WLWL ! WLWL) / f(↵,MZ , GF ,MH , cH
W
...)

<latexit sha1_base64="bmp7ldzNPLz0+Nxadysqrr2yvyg="></latexit><latexit sha1_base64="bmp7ldzNPLz0+Nxadysqrr2yvyg="></latexit><latexit sha1_base64="bmp7ldzNPLz0+Nxadysqrr2yvyg="></latexit><latexit sha1_base64="bmp7ldzNPLz0+Nxadysqrr2yvyg="></latexit>

https://arxiv.org/abs/1303.6335


Effective Field Theory aTGC/aQGC
• Effective Field Theory (EFT) approach used to probe for new 

physics in TGC and QGC 

Oi,j gauge invariant operators, build from SM fields
• Historic example: 4-fermion vertex (dim-6), Weak Interactions 

• Anomalous Triple Gauge Coupling parametrization used at LEP
example WWZ vertex, mapping to dim-6 operators possible

3 CP-even dim-6  
operators  

relation from LEP parameters  
to wilson coefficients
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σΔ in exp. HσΔTh. 

ggH qqH
VBF VH WH ZH ttH tH HH

CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 35.9 fb≤13 TeV CMS measurement (L 

Theory prediction

• Experiments have accumulated ~25 fb-1 at 7/8 TeV and >150 fb-1 at 
13 TeV (Run-2 is coming to an end, start of Run-3 in 2021)

• To study TGC/QGC, measure cross sections over 5 orders of 
magnitude VBS: O(1fb), VBF:O(100fb) and VV-Inclusive: O(10pb) 

Current CMS multiboson results based on Run-1 dataset and 36 fb-1 of 
Run-2 collected in 2016  
 
 
 
 
 
 
 
 
 
 
 
 

LHC Experimental Status

9

VBF VBSVV

CMS published more than 20 analyses targeting QGC/TGC specifically



CMS Run-2 Diboson Analyses
• CMS analyses studying triple and quartic gauge boson 

couplings at 13 TeV, and being presented here

10

sqrt(s) VBS  process CMS Luminosity [fb-1]

13 TeV

Inclusive W+W- SMP-16-006 2.3

Inclusive WV SMP-16-012 2.3

VBF Z SMP-16-018 35.9

Inclusive ZZ  SMP-16-017 35.9

Inclusive WZ SMP-18-002 35.9

EW W±W± (2l2v) PRL 120, 081801 35.9

EW ZZ (4l) Phys. Lett. B 774 
(2017) 682

35.9

EW WZ (3lv) SMP-18-001 35.9

https://cds.cern.ch/record/2160868
https://cds.cern.ch/record/2209148
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1709.08601
https://cds.cern.ch/record/2628761
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269317308328?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141802


CMS WZ Inclusive Production
• SMP-18-002: Inclusive WZ production cross secton measurement 

with CMS

• Event selection criteria exploit distinct 3-lepton signature,  
major backgrounds controlled in the data

• 85% purity after event selection
• Largest background contributions:

ZZ (4-lepton), Nonprompt leptons  
(using the fake rate method)

11

TGC eeev,μμμv, 
eμμv,eeμv

https://cds.cern.ch/record/2628761


WZ Inclusive 13 TeV 36 fb-1

• Fiducial cross section measured (similar to signal selection):
POWHEG (NLO) ~12% difference, 
2 standard deviations 

• Total inclusive cross section measurement:
    

NLO (NNLO) MATRIX prediction:

• Leading experimental systematic uncertainties:

12 in percent

NLO->NNLO: >10% !



WZ Inclusive 13 TeV 36 fb-1
• Differential cross section measurements performed, (pTj, pT(Z), 

pT(W), M(WZ))
generally well described by NLO+PS prediction, when normalized to 
inclusive MATRIX NNLO prediction

• Measurement of charge asymmetry of production cross section 
performed, measurement  

13



WZ EFT Interpretation
• Exclusion limits for contributions  

from dim-6 operators are derived
M(WZ) used to derive exclusion limits

• Experimentally independent approach  
to study WWZ triple gauge coupling with  
Z boson production via Vector Boson  
Fusion (arxiv:1712.09814)

14

Incl. WZ

VBF Z

https://arxiv.org/abs/1712.09814


ZZ Inclusive Production

15

• SMP-16-017: Inclusive ZZ production 
cross section measurment  
in 4-lepton final state (4e,4μ,2e2μ)

measured total inclusive:

MATRIX (NNLO QCD, NLO -> NNLO ~ 10%): 

Note: no TGC ZZZ  
predicted in SM

6.5% uncertainty

�NNLO(pp ! ZZ) = 16.2+0.6
�0.4pb
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Summary on Diboson Production
• CMS measured total inclusive diboson production cross sections  

with statistical unc. of ~2% and systematic unc. ~5%
Differential cross sections: more data -> higher precision in the tails of 
distributions (sensitivity to perturbative higher order corrections)

16



Summary on Diboson Production
• Results on aTGC superseeds results from previous experiments

Sensitivity improves with √L, signal appears in tails of mass or pT 
distritbutions

• So far no indication for  
effective ZZZ coupling observed 

• Indirectly probing BSM mass scales with cWWW operator of about  
700 GeV

Improved sensitivity expected from  
semi-leptonic analysis (ZV/WV) 17
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CMS VBS Studies
• LHC enables W/Z quartic coupling studies measurements for the 

first time
• W±W± largest EW cross section and signal to background ratio
• WZ and ZZ processes become feasible with the full Run-2 dataset

low cross section larger QCD induced diboson background
• CMS performed all these measurements with 35.9 fb-1 at 13 TeV

In principle, quartic couplings also accessible via triboson production
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sqrt(s) VBS  process CMS Comment

8 TeV

EW W±W± (lvlv) PRL 114 (2015) 
051801

CMS finds 2.0 σ

EW Zγ (vv/llγ) Phys.Lett. B770 
(2017) 380-402

CMS finds evidence

EW Wγ (lvγ) JHEP 1706 (2017) 106 CMS finds 2.7 σ

EW WZ (3lv) PRL 114 (2015) 
051801

CMS meas. QCD+EW xsec

13 TeV

EW W±W± (2l2v) PRL 120, 081801 CMS first observation

EW ZZ (4l) Phys. Lett. B 774 
(2017) 682 CMS finds 2.7 σ

EW WZ (3lv) SMP-18-001 CMS finds 1.9 σ, aQGC 
studies and limits on H+

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://www.sciencedirect.com/science/article/pii/S0370269317303453
https://link.springer.com/article/10.1007%2FJHEP06%282017%29106
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://www.sciencedirect.com/science/article/pii/S0370269317308328?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.141802


Electroweak Diboson Production
• EW 2-jet associated (VBS) signal definition based on order of 𝝰 and 

𝝰S entering the cross section  
at LO 
 

• At LO production cross section is sum of terms also involving 
strong coupling constant

•                        largest for  
W±W± production

most sensitive to probe quartic gauge coupling
19

EW Signal
Interference,

uncertainty or added to 
background, usually O(1%)

Background  
(QCD induced)

�EW (V V + jj)

�QCD(V V + jj)

�EW / O(↵6)
<latexit sha1_base64="LmbtjHyXXjVHgIjGPr9L97p31a4=">AAACEHicbVDLSsNAFJ3UV62vqks3wSLWTUlE1GVRBHdWsA9oYriZTtuhk8wwMxFKyCe48VfcuFDErUt3/o3Tx0JbD1w4nHMv994TCkaVdpxvK7ewuLS8kl8trK1vbG4Vt3caiicSkzrmjMtWCIowGpO6ppqRlpAEopCRZji4HPnNByIV5fGdHgriR9CLaZdi0EYKioeeor0IgvSqmXlCcqG5F4HuY2DpTVb2gIk+3J8eBcWSU3HGsOeJOyUlNEUtKH55HY6TiMQaM1Cq7TpC+ylITTEjWcFLFBGAB9AjbUNjiIjy0/FDmX1glI7d5dJUrO2x+nsihUipYRSaztGxatYbif957UR3z/2UxiLRJMaTRd2E2Zrbo3TsDpUEazY0BLCk5lYb90EC1ibDggnBnX15njSOK65TcW9PStWLaRx5tIf2URm56AxV0TWqoTrC6BE9o1f0Zj1ZL9a79TFpzVnTmV30B9bnD0knnVU=</latexit><latexit sha1_base64="LmbtjHyXXjVHgIjGPr9L97p31a4=">AAACEHicbVDLSsNAFJ3UV62vqks3wSLWTUlE1GVRBHdWsA9oYriZTtuhk8wwMxFKyCe48VfcuFDErUt3/o3Tx0JbD1w4nHMv994TCkaVdpxvK7ewuLS8kl8trK1vbG4Vt3caiicSkzrmjMtWCIowGpO6ppqRlpAEopCRZji4HPnNByIV5fGdHgriR9CLaZdi0EYKioeeor0IgvSqmXlCcqG5F4HuY2DpTVb2gIk+3J8eBcWSU3HGsOeJOyUlNEUtKH55HY6TiMQaM1Cq7TpC+ylITTEjWcFLFBGAB9AjbUNjiIjy0/FDmX1glI7d5dJUrO2x+nsihUipYRSaztGxatYbif957UR3z/2UxiLRJMaTRd2E2Zrbo3TsDpUEazY0BLCk5lYb90EC1ibDggnBnX15njSOK65TcW9PStWLaRx5tIf2URm56AxV0TWqoTrC6BE9o1f0Zj1ZL9a79TFpzVnTmV30B9bnD0knnVU=</latexit><latexit sha1_base64="LmbtjHyXXjVHgIjGPr9L97p31a4=">AAACEHicbVDLSsNAFJ3UV62vqks3wSLWTUlE1GVRBHdWsA9oYriZTtuhk8wwMxFKyCe48VfcuFDErUt3/o3Tx0JbD1w4nHMv994TCkaVdpxvK7ewuLS8kl8trK1vbG4Vt3caiicSkzrmjMtWCIowGpO6ppqRlpAEopCRZji4HPnNByIV5fGdHgriR9CLaZdi0EYKioeeor0IgvSqmXlCcqG5F4HuY2DpTVb2gIk+3J8eBcWSU3HGsOeJOyUlNEUtKH55HY6TiMQaM1Cq7TpC+ylITTEjWcFLFBGAB9AjbUNjiIjy0/FDmX1glI7d5dJUrO2x+nsihUipYRSaztGxatYbif957UR3z/2UxiLRJMaTRd2E2Zrbo3TsDpUEazY0BLCk5lYb90EC1ibDggnBnX15njSOK65TcW9PStWLaRx5tIf2URm56AxV0TWqoTrC6BE9o1f0Zj1ZL9a79TFpzVnTmV30B9bnD0knnVU=</latexit><latexit sha1_base64="LmbtjHyXXjVHgIjGPr9L97p31a4=">AAACEHicbVDLSsNAFJ3UV62vqks3wSLWTUlE1GVRBHdWsA9oYriZTtuhk8wwMxFKyCe48VfcuFDErUt3/o3Tx0JbD1w4nHMv994TCkaVdpxvK7ewuLS8kl8trK1vbG4Vt3caiicSkzrmjMtWCIowGpO6ppqRlpAEopCRZji4HPnNByIV5fGdHgriR9CLaZdi0EYKioeeor0IgvSqmXlCcqG5F4HuY2DpTVb2gIk+3J8eBcWSU3HGsOeJOyUlNEUtKH55HY6TiMQaM1Cq7TpC+ylITTEjWcFLFBGAB9AjbUNjiIjy0/FDmX1glI7d5dJUrO2x+nsihUipYRSaztGxatYbif957UR3z/2UxiLRJMaTRd2E2Zrbo3TsDpUEazY0BLCk5lYb90EC1ibDggnBnX15njSOK65TcW9PStWLaRx5tIf2URm56AxV0TWqoTrC6BE9o1f0Zj1ZL9a79TFpzVnTmV30B9bnD0knnVU=</latexit>

�EW⇥QCD / O(↵5↵S)
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�QCD / O(↵4↵2
S)
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VBS Signature in the Detector
• Distinct 2-jet topology

large dijet invariant mass  
(mJJ > 500 GeV)
large pseudorapidity separation (|ΔηJJ|>2.5)
diboson system centralilty wrt dijets  
(|ηVV - <ηJJ>| <2.5),”zeppenfeld variable”

20 Tri-Boson contribution

arXiv:hep-ph/9605444

dijet studies for EW Z production via s-channel

arxiv:1803.07943

⌘⇤ = ⌘3l �
1

2
(⌘j1 + ⌘j2)
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https://arxiv.org/abs/hep-ph/9605444


Progress On Theoretical Pred.
• Diboson production cross section predictions recently improved

Full QCD+EW NLO computation for VBS W±W±   
(Biedermann, Denner, Pellen arXiv:1708.00268)
Full QCD+EW NLO computation for VBS W±Z  
(work in progress Pellen, Schwan et. al.)

• For W±W±  -13% effect on cross section, ~ -19% for WZ

• At LO, various generators  
show good agreement

Additional comparisons being 
performed also for the  
QCD-Induced background 21

WZ

W±W±

arxiv:1803.07943

https://arxiv.org/abs/1708.00268
https://indico.cern.ch/event/702614/contributions/3065043/attachments/1688273/2715620/loopfest-schwan.pdf


W±W± VBS (Observation 13 TeV)
• SMP-17-004: VBS EW W±W± measurement performed inclusively in 

ee, eμ, μμ channel, with 35.9 fb-1

Probing the WWWW quartic coupling

• Event Selection:
Two same-sign isolated leptons  
pT>25,20 GeV and |η|<2.5
VBS selection: 2 jets with pT > 30 GeV 
mjj > 500 GeV |ΔηJJ|> 2.5 
Additional kinematic cuts to remove  
tt+jets and WZ contributions  
(b-jet veto and 3rd lepton veto)

• Largest background from non-prompt   
lepton and WZ processes,  
both controlled in the data

22

https://inspirehep.net/record/1624170


W±W± VBS (Observation 13 TeV)
• 2d mll vs mjj distribution used to measure best-fit signal strength 

modifier, enhances sensitivity
Major syst. unc.: jet energy scale, non-prompt background

• Significance with respect to background only hypothesis:
Observed (expected): 5.5σ (5.7σ)
Madgraph LO prediction:
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�meas. = 3.83± 0.66(stat)± 0.35(syst)fb
�EW

LO
= 4.25± 0.27fb



WZ VBS at 13 TeV
• SMP-18-001: Most recent CMS VBS analysis, EW WZ cross section 

measurement performed with 35.9 fb-1, in 3-lepton final-state 
(electron/muon)

Probing the WWZZ  
quartic coupling

• WZ QCD induced largest background contribution, followed by 
VVV,ttV,tV and non-prompt
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https://inspirehep.net/record/1681230


WZ VBS at 13 TeV
• QCD WZ process controlled in background enriched side-band

Signal region: events pass the VBS cuts mJJ > 500 GeV, |ΔηJJ|>2.5, |η*|<2.5
Control region: events pass mJJ > 100 GeV and fail either of the VBS cuts

• Additional control regions: non-prompt (ttbar and Z+jets) enriched
• EW Signal extraction using 2d mJJ vs |ΔηJJ| distribution, combined 

fit performed with QCD WZ background control region
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WZ VBS at 13 TeV
• Full 2-jet associated (QCD+EW) WZ production measured in VBS 

fiducial volume
measured:
MadGraph (LO) predicted:

• Significance with respect to background only hypothesis
Observed (expected) significance: 1.9σ (2.7σ)

• Best fit signal strength modifyer value for EW VBS WZ production
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Ideal for comparisons to  
full QCD+EW NLO 

predictions

�LO = 4.51+0.59
�0.45(scale)± 0.18(PDF)

<latexit sha1_base64="/rIOyulkGCLqng2kiDozrRH/lus="></latexit><latexit sha1_base64="/rIOyulkGCLqng2kiDozrRH/lus="></latexit><latexit sha1_base64="/rIOyulkGCLqng2kiDozrRH/lus="></latexit><latexit sha1_base64="/rIOyulkGCLqng2kiDozrRH/lus="></latexit>

µEW = 0.64+0.45
�0.37�pred.

EW = 1.48+0.12
�0.11(scale)± 0.07(PDF)fb

fb

fb



• SMP-17-006: EW VBS ZZ production  
cross section measurement performed  
in fully leptonic final state with 35.9 fb-1

Probing the WWZZ quartic coupling, 
but also “effective” ZZZZ coupling!

• Event selection requires: 
4 leptons: pT > 20,12,7,7 (20,10,5,5) GeV,  
|η|<2.5 (2.4) for electrons (muons)
2 OSSF dilepton pairs with 60 < mll < 120 GeV
2 jets with pT > 30 GeV and mjj > 100 GeV

ZZ VBS at 13 TeV

27

https://arxiv.org/abs/1708.02812


• Signal extraction performed exploiting boosted decision tree to 
enhance sensitivity (7 most performant variables used)

mJJ, ΔηJJ, mZZ, Z1,2-centrality, vector/scalar sum of VBS-jets and of ZZ+jets
• Significance with respect to background only hypothesis

2.7σ (1.6σ) observed (expected)
• Best fit signal strength modifier for EW VBS ZZ production:

ZZ VBS at 13 TeV
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µ = 1.39+0.86
�0.65
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Summary of EW Diboson Production
• General experimental features of the different analysis shown in 

table below (for 2016 dataset):
EW cross section largest for W±W±, smallest for ZZ
Relative QCD contribution largest for ZZ, smallest for W±W±

Non-prompt background largest for W±W±, smallest for ZZ
WZ is in between W±W± and ZZ

• Jet energy scale uncertainty has largest impact on the 
measurements, similar to EW W/Z production via VBF
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W±W± WZ ZZ
exp. EW yield in VBS 

region 67 13 4

exp. QCD yield in VBS 
region 5 35 19

#leptons 2+2v 3+v 4

major backgrounds non-prompt non-prompt/VVV/
QCD

QCD



Summary of EW Diboson Production
• First EW 2-jet associated diboson production process observed
• EW NLO corrections are 10-20% for VBS processes

Statistical unc. for W±W± will decrease to ~10% on full Run-2 dataset
• With full Run-2 dataset aim for observation of VBS WZ and ZZ  

production
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Dim-8 Operators and EFT
• Anomalous Quartic Gauge Couplings  

(aQGC), basis from Eboli et al  
(hep-ph/0606118)

Note 1.: dim-6 operators can also  
change QGC
Note 2.: New Physics models exist for  
which dim-8 effects are larger than  
effects introduced on TGC from dim-6

• Unitarity generally not preserved
Unitarity constraints on EFT introduce  
model dependence
By default, no unitarization 
scheme applied

comparisons made using  
clipping method

31arxiv.1307.8170

Work ongoing for specific model  
applications and dim-6 dim-8  

aQGC disentanglement

Will we see effective ZZZZ  
couplings at the LHC?

https://arxiv.org/pdf/1307.8170.pdf


EFT Interpretation
• Contributions from EFT dimension-8 operators would be signaled  

by an excess of events at high diboson invariant masses
transverse mass used for VBS WZ
m(4l) used for VBS ZZ
m(2l) used for VBS W±W±

• Madgraph used for simulation of dim-8 operator contributions
32

VBS WZ VBS ZZ VBS W±W±



• Important to probe all diboson processes to cover full range of  
contributions dim-8 operators

Constraints on dim-8 Operators 
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]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

June 2018
4Λ /M,0f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV

γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-3.3e+01, 3.2e+01] -119.4 fb 8 TeV
ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV
WZ [-8.8e+00, 8.6e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

4Λ /M,1f γWV [-2.1e+02, 2.1e+02] -120.2 fb 8 TeV
γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-4.4e+01, 4.7e+01] -119.4 fb 8 TeV
ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV
WZ [-8.2e+00, 8.9e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

4Λ /M,2f γγZ [-5.1e+02, 5.1e+02] -120.3 fb 8 TeV
γγW [-7.0e+02, 6.8e+02] -119.4 fb 8 TeV
γγW [-2.5e+02, 2.5e+02] -120.3 fb 8 TeV
γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γγZ [-8.5e+02, 9.2e+02] -120.3 fb 8 TeV
γγW [-1.2e+03, 1.2e+03] -119.4 fb 8 TeV
γγW [-4.4e+02, 4.7e+02] -120.3 fb 8 TeV
γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV

γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γWV [-2.5e+02, 2.5e+02] -120.2 fb 8 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-6.5e+01, 6.3e+01] -119.4 fb 8 TeV
ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV

4Λ /M,7f γWV [-4.7e+02, 4.7e+02] -120.2 fb 8 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-7.0e+01, 6.6e+01] -119.4 fb 8 TeV
ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS

ATLAS

]-4aQGC Limits @95% C.L. [TeV
100− 0 100 200 300

June 2018
4Λ /T,0f γγW [-3.4e+01, 3.4e+01] -119.4 fb 8 TeV

γγW [-1.6e+01, 1.6e+01] -120.3 fb 8 TeV
γγZ [-1.6e+01, 1.9e+01] -120.3 fb 8 TeV
γWV [-1.8e+01, 1.8e+01] -120.2 fb 8 TeV
γWV [-2.5e+01, 2.4e+01] -119.3 fb 8 TeV

γZ [-3.8e+00, 3.4e+00] -119.7 fb 8 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
WZ [-7.2e-01, 7.5e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV

4Λ /T,1f γWV [-3.6e+01, 3.6e+01] -120.2 fb 8 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
WZ [-4.8e-01, 5.2e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV

4Λ /T,2f γWV [-7.2e+01, 7.2e+01] -120.2 fb 8 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
WZ [-1.4e+00, 1.8e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γWV [-2.0e+01, 2.1e+01] -120.2 fb 8 TeV

γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV
4Λ /T,6f γWV [-2.5e+01, 2.5e+01] -120.2 fb 8 TeV

γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV
4Λ /T,7f γWV [-5.8e+01, 5.8e+01] -120.2 fb 8 TeV

γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV
4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV

γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV
ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV

4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV
γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS



Constraints on dim-8 Operators 
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]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

June 2018
4Λ /M,0f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV

γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-3.3e+01, 3.2e+01] -119.4 fb 8 TeV
ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV
WZ [-8.8e+00, 8.6e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

4Λ /M,1f γWV [-2.1e+02, 2.1e+02] -120.2 fb 8 TeV
γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-4.4e+01, 4.7e+01] -119.4 fb 8 TeV
ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV
WZ [-8.2e+00, 8.9e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

4Λ /M,2f γγZ [-5.1e+02, 5.1e+02] -120.3 fb 8 TeV
γγW [-7.0e+02, 6.8e+02] -119.4 fb 8 TeV
γγW [-2.5e+02, 2.5e+02] -120.3 fb 8 TeV
γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γγZ [-8.5e+02, 9.2e+02] -120.3 fb 8 TeV
γγW [-1.2e+03, 1.2e+03] -119.4 fb 8 TeV
γγW [-4.4e+02, 4.7e+02] -120.3 fb 8 TeV
γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV

γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γWV [-2.5e+02, 2.5e+02] -120.2 fb 8 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-6.5e+01, 6.3e+01] -119.4 fb 8 TeV
ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV

4Λ /M,7f γWV [-4.7e+02, 4.7e+02] -120.2 fb 8 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-7.0e+01, 6.6e+01] -119.4 fb 8 TeV
ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS

ATLAS

]-4aQGC Limits @95% C.L. [TeV
100− 0 100 200 300

June 2018
4Λ /T,0f γγW [-3.4e+01, 3.4e+01] -119.4 fb 8 TeV

γγW [-1.6e+01, 1.6e+01] -120.3 fb 8 TeV
γγZ [-1.6e+01, 1.9e+01] -120.3 fb 8 TeV
γWV [-1.8e+01, 1.8e+01] -120.2 fb 8 TeV
γWV [-2.5e+01, 2.4e+01] -119.3 fb 8 TeV

γZ [-3.8e+00, 3.4e+00] -119.7 fb 8 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
WZ [-7.2e-01, 7.5e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV

4Λ /T,1f γWV [-3.6e+01, 3.6e+01] -120.2 fb 8 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
WZ [-4.8e-01, 5.2e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV

4Λ /T,2f γWV [-7.2e+01, 7.2e+01] -120.2 fb 8 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
WZ [-1.4e+00, 1.8e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γWV [-2.0e+01, 2.1e+01] -120.2 fb 8 TeV

γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV
4Λ /T,6f γWV [-2.5e+01, 2.5e+01] -120.2 fb 8 TeV

γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV
4Λ /T,7f γWV [-5.8e+01, 5.8e+01] -120.2 fb 8 TeV

γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV
4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV

γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV
ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV

4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV
γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS

• Generally, VBS W±W± places most stringent limits 
with few exceptions, fM,0 exclusive γγ→WW analysis at 8 TeV places more 
stringent limits than W±W± results



Constraints on dim-8 Operators 

35

]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

June 2018
4Λ /M,0f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV

γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-3.3e+01, 3.2e+01] -119.4 fb 8 TeV
ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV
WZ [-8.8e+00, 8.6e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

4Λ /M,1f γWV [-2.1e+02, 2.1e+02] -120.2 fb 8 TeV
γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-4.4e+01, 4.7e+01] -119.4 fb 8 TeV
ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV
WZ [-8.2e+00, 8.9e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

4Λ /M,2f γγZ [-5.1e+02, 5.1e+02] -120.3 fb 8 TeV
γγW [-7.0e+02, 6.8e+02] -119.4 fb 8 TeV
γγW [-2.5e+02, 2.5e+02] -120.3 fb 8 TeV
γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γγZ [-8.5e+02, 9.2e+02] -120.3 fb 8 TeV
γγW [-1.2e+03, 1.2e+03] -119.4 fb 8 TeV
γγW [-4.4e+02, 4.7e+02] -120.3 fb 8 TeV
γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV

γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γWV [-2.5e+02, 2.5e+02] -120.2 fb 8 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-6.5e+01, 6.3e+01] -119.4 fb 8 TeV
ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV

4Λ /M,7f γWV [-4.7e+02, 4.7e+02] -120.2 fb 8 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-7.0e+01, 6.6e+01] -119.4 fb 8 TeV
ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS

ATLAS

]-4aQGC Limits @95% C.L. [TeV
100− 0 100 200 300

June 2018
4Λ /T,0f γγW [-3.4e+01, 3.4e+01] -119.4 fb 8 TeV

γγW [-1.6e+01, 1.6e+01] -120.3 fb 8 TeV
γγZ [-1.6e+01, 1.9e+01] -120.3 fb 8 TeV
γWV [-1.8e+01, 1.8e+01] -120.2 fb 8 TeV
γWV [-2.5e+01, 2.4e+01] -119.3 fb 8 TeV

γZ [-3.8e+00, 3.4e+00] -119.7 fb 8 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
WZ [-7.2e-01, 7.5e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV

4Λ /T,1f γWV [-3.6e+01, 3.6e+01] -120.2 fb 8 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
WZ [-4.8e-01, 5.2e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV

4Λ /T,2f γWV [-7.2e+01, 7.2e+01] -120.2 fb 8 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
WZ [-1.4e+00, 1.8e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γWV [-2.0e+01, 2.1e+01] -120.2 fb 8 TeV

γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV
4Λ /T,6f γWV [-2.5e+01, 2.5e+01] -120.2 fb 8 TeV

γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV
4Λ /T,7f γWV [-5.8e+01, 5.8e+01] -120.2 fb 8 TeV

γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV
4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV

γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV
ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV

4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV
γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS

• Generally, VBS W±W± places most stringent limits 
• W±W± not sensitive to neutral fT,8 ,fT,9 operators, VBS ZZ search 

needed



• Indirectly probing mass scales of >1 TeV with fT,1 operator 
(assuming coupling coefficient of O(1)) with ZZ, WZ and W±W±
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]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

June 2018
4Λ /M,0f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV

γWV [-7.7e+01, 8.1e+01] -119.3 fb 8 TeV
γZ [-7.1e+01, 7.5e+01] -119.7 fb 8 TeV
γZ [-7.6e+01, 6.9e+01] -120.2 fb 8 TeV
γW [-7.7e+01, 7.4e+01] -119.7 fb 8 TeV

ss WW [-3.3e+01, 3.2e+01] -119.4 fb 8 TeV
ss WW [-6.0e+00, 5.9e+00] -135.9 fb 13 TeV
WZ [-8.8e+00, 8.6e+00] -135.9 fb 13 TeV

WW→γγ [-2.8e+01, 2.8e+01] -120.2 fb 8 TeV
WW→γγ [-4.2e+00, 4.2e+00] -124.7 fb 7,8 TeV

4Λ /M,1f γWV [-2.1e+02, 2.1e+02] -120.2 fb 8 TeV
γWV [-1.3e+02, 1.2e+02] -119.3 fb 8 TeV

γZ [-1.9e+02, 1.8e+02] -119.7 fb 8 TeV
γZ [-1.5e+02, 1.5e+02] -120.2 fb 8 TeV
γW [-1.2e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-4.4e+01, 4.7e+01] -119.4 fb 8 TeV
ss WW [-8.7e+00, 9.1e+00] -135.9 fb 13 TeV
WZ [-8.2e+00, 8.9e+00] -135.9 fb 13 TeV

WW→γγ [-1.1e+02, 1.0e+02] -120.2 fb 8 TeV
WW→γγ [-1.6e+01, 1.6e+01] -124.7 fb 7,8 TeV

4Λ /M,2f γγZ [-5.1e+02, 5.1e+02] -120.3 fb 8 TeV
γγW [-7.0e+02, 6.8e+02] -119.4 fb 8 TeV
γγW [-2.5e+02, 2.5e+02] -120.3 fb 8 TeV
γWV [-5.7e+01, 5.7e+01] -120.2 fb 8 TeV

γZ [-3.2e+01, 3.1e+01] -119.7 fb 8 TeV
γZ [-2.7e+01, 2.7e+01] -120.2 fb 8 TeV
γW [-2.6e+01, 2.6e+01] -119.7 fb 8 TeV

4Λ /M,3f γγZ [-8.5e+02, 9.2e+02] -120.3 fb 8 TeV
γγW [-1.2e+03, 1.2e+03] -119.4 fb 8 TeV
γγW [-4.4e+02, 4.7e+02] -120.3 fb 8 TeV
γWV [-9.5e+01, 9.8e+01] -120.2 fb 8 TeV

γZ [-5.8e+01, 5.9e+01] -119.7 fb 8 TeV
γZ [-5.2e+01, 5.2e+01] -120.2 fb 8 TeV
γW [-4.3e+01, 4.4e+01] -119.7 fb 8 TeV

4Λ /M,4f γWV [-1.3e+02, 1.3e+02] -120.2 fb 8 TeV
γW [-4.0e+01, 4.0e+01] -119.7 fb 8 TeV

4Λ /M,5f γWV [-2.0e+02, 2.0e+02] -120.2 fb 8 TeV
γW [-6.5e+01, 6.5e+01] -119.7 fb 8 TeV

4Λ /M,6f γWV [-2.5e+02, 2.5e+02] -120.2 fb 8 TeV
γW [-1.3e+02, 1.3e+02] -119.7 fb 8 TeV

ss WW [-6.5e+01, 6.3e+01] -119.4 fb 8 TeV
ss WW [-1.2e+01, 1.2e+01] -135.9 fb 13 TeV

4Λ /M,7f γWV [-4.7e+02, 4.7e+02] -120.2 fb 8 TeV
γW [-1.6e+02, 1.6e+02] -119.7 fb 8 TeV

ss WW [-7.0e+01, 6.6e+01] -119.4 fb 8 TeV
ss WW [-1.3e+01, 1.3e+01] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS

ATLAS

]-4aQGC Limits @95% C.L. [TeV
100− 0 100 200 300

June 2018
4Λ /T,0f γγW [-3.4e+01, 3.4e+01] -119.4 fb 8 TeV

γγW [-1.6e+01, 1.6e+01] -120.3 fb 8 TeV
γγZ [-1.6e+01, 1.9e+01] -120.3 fb 8 TeV
γWV [-1.8e+01, 1.8e+01] -120.2 fb 8 TeV
γWV [-2.5e+01, 2.4e+01] -119.3 fb 8 TeV

γZ [-3.8e+00, 3.4e+00] -119.7 fb 8 TeV
γZ [-3.4e+00, 2.9e+00] -129.2 fb 8 TeV
γW [-5.4e+00, 5.6e+00] -119.7 fb 8 TeV

ss WW [-4.2e+00, 4.6e+00] -119.4 fb 8 TeV
ss WW [-6.2e-01, 6.5e-01] -135.9 fb 13 TeV
WZ [-7.2e-01, 7.5e-01] -135.9 fb 13 TeV
ZZ [-4.6e-01, 4.4e-01] -135.9 fb 13 TeV

4Λ /T,1f γWV [-3.6e+01, 3.6e+01] -120.2 fb 8 TeV
γZ [-4.4e+00, 4.4e+00] -119.7 fb 8 TeV
γW [-3.7e+00, 4.0e+00] -119.7 fb 8 TeV

ss WW [-2.1e+00, 2.4e+00] -119.4 fb 8 TeV
ss WW [-2.8e-01, 3.1e-01] -135.9 fb 13 TeV
WZ [-4.8e-01, 5.2e-01] -135.9 fb 13 TeV
ZZ [-6.1e-01, 6.1e-01] -135.9 fb 13 TeV

4Λ /T,2f γWV [-7.2e+01, 7.2e+01] -120.2 fb 8 TeV
γZ [-9.9e+00, 9.0e+00] -119.7 fb 8 TeV
γW [-1.1e+01, 1.2e+01] -119.7 fb 8 TeV

ss WW [-5.9e+00, 7.1e+00] -119.4 fb 8 TeV
ss WW [-8.9e-01, 1.0e+00] -135.9 fb 13 TeV
WZ [-1.4e+00, 1.8e+00] -135.9 fb 13 TeV
ZZ [-1.2e+00, 1.2e+00] -135.9 fb 13 TeV

4Λ /T,5f γγZ [-9.3e+00, 9.1e+00] -120.3 fb 8 TeV
γWV [-2.0e+01, 2.1e+01] -120.2 fb 8 TeV

γW [-3.8e+00, 3.8e+00] -119.7 fb 8 TeV
4Λ /T,6f γWV [-2.5e+01, 2.5e+01] -120.2 fb 8 TeV

γW [-2.8e+00, 3.0e+00] -119.7 fb 8 TeV
4Λ /T,7f γWV [-5.8e+01, 5.8e+01] -120.2 fb 8 TeV

γW [-7.3e+00, 7.7e+00] -119.7 fb 8 TeV
4Λ /T,8f γZ [-1.8e+00, 1.8e+00] -119.7 fb 8 TeV

γZ [-1.8e+00, 1.8e+00] -120.2 fb 8 TeV
ZZ [-8.4e-01, 8.4e-01] -135.9 fb 13 TeV

4Λ /T,9f γγZ [-7.4e+00, 7.4e+00] -120.3 fb 8 TeV
γZ [-4.0e+00, 4.0e+00] -119.7 fb 8 TeV
γZ [-3.9e+00, 3.9e+00] -120.2 fb 8 TeV

ZZ [-1.8e+00, 1.8e+00] -135.9 fb 13 TeV

Channel Limits ∫ dtL s
CMS
ATLAS



Extended Higgs Sectors in VBF
• Experiments usually search charged Higgs bosons in lepton decays, 

inspired by models with additional Higgs doublets (nHDM)
Higgs sectors are largely constrained by custodial symmetry
Simple triplet extensions are constrained to have very small vacuum 
expectation value

• H. Georgi, M. Machacek 1985 found trick to cancel violating effects 
for SU(2) triplets at tree-level (next-to-minimal Higgs extensions) 

• Distinct phenomenological 
features: VBF production 
of charged Higgs bosons

doubly-charged Higgs bosons
large couplings to vector  
bosons, small couplings to fermions

• Model parameters consist of additional Higgs masses and sH, 
fraction of W mass generated by Higgs triplets
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1 Introduction
Charged Higgs bosons appear in many extensions of standard model (SM) physics, such as
two Higgs doublet [1–4] and triplet models [5–10].

Current searches for H
± at the LHC concentrate on production and decay via couplings in-

volving fermions. This is well motivated by the minimal supersymmetric standard model
(MSSM) [11], where the H

±
tb coupling is the strongest irrespective of mH± and tan b, the ratio

of vacuum expectation value of the two Higgs doublets.

In this paper we study H
± in the production and decay to W

±
Z. The coupling is predicted

in Higgs triplet models at tree level. The search is performed using the leptonic (electron and
muons) decays of the W and Z boson. Events are selected with two jets with large rapidity
separation and high dijet mass to select a vector boson scattering (VBS) topology. The data are
compared with the Georgi-Machacek Higgs Triplet Model [12] for a charged Higgs mass range
of 200 GeV < mH± < 1000 GeV. Figure 1 shows a Feynman diagram of the production and
decay of a charged Higgs Boson with coupling to W and Z bosons. An independent search
was performed by the ATLAS collaboration in proton-proton collisions at

p
s = 8 TeV in the

semi-leptonic final state [13].

The data used in this search were recorded by the CMS detector in proton-proton collisions atp
s = 13 TeV and corresponds to an integrated luminosity of 15.2 fb�1’s.

q q

W
±

q q

Z

H
±

W
±

Z

Figure 1: Feynman diagram showing the production of a charged Higgs Boson via WZ fusion.

2 The CMS experiment
The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the
magnet. The first level of the CMS trigger system, composed of custom hardware processors, is
designed to select the most interesting events within 3 µs, using information from the calorime-
ters and muon detectors. The high level trigger processor farm further reduces the event rate
to a few hundred hertz before data storage. Details of the CMS detector and its performance
can be found elsewhere [14].

3 Data and Monte Carlo samples
This analysis uses a sample of pp collisions collected at

p
s = 13 TeV. The data sample cor-

responds to an integrated luminosity of 2.3 fb�1 and 12.9 fb�1 recorded during the years 2015

http://inspirehep.net/record/214561


• CMS performed searches for  
VBF H++ and H+ production at 13 TeV

• VBF/VBS dijet selection  
applied exploiting 

• W±W± analysis most performant when 
interpreted in Georgi-Machacek Model 

VBF Diboson Resonances (13 TeV)
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VBF H+ ->WZ

arxiv:1705.02942

SMP-18-001SMP-17-004 VBF H+ ->WZ

https://arxiv.org/abs/1705.02942


Future Of VBS Measurements
• Disentangle longitudinal from transverse amplitudes in the 

scattering process
Particular sensitivity to BSM contributions to EWSB mechanism
Recent dedicated workshop in VBScan project (link)
Interesting new approaches being developed  
(arxiv.org:1510.01691) 

• Related to the above: investigate and  
derive constraints on Higgs sector  
from VBS measurements  
(e.g. Ellis, Campbell:  
arxiv.org:1502.02990)

• Improve meaning of constraints on EFT operators, derive concise 
bounds and strategy to apply for possible New Physics guidelines
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https://indico.cern.ch/event/744263/
https://arxiv.org/pdf/1510.01691.pdf
https://arxiv.org/pdf/1502.02990v1.pdf


Conclusions
• The SM EW quartic and triple gauge couplings are under intense 

scrutiny at the LHC, full suite of measurments performed:
Higgs coupling measurements
Triple gauge couplings with VV inclusive, VBF W/Z
Quartic gauge couplings with VBS processes

• First observation of VBS W±W± with 35.9 fb-1 at 13 TeV initiates an 
independent test for full closure of the Standard Model predictions

Unitarity in VBS only restored iff Standard Model predictions are exact
• Inclusive diboson production cross section measurements probe 

~10% NNLO QCD corrections, VBS probe EW NLO corrections of 
10-20%

High gain with more data for differential cross section measurements of 
inclusive diboson production 

• CMS results probing TGC/QGC involving all EW gauge bosons 
(γ,Z,W±) are in the pipeline, including triboson production
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Additional Material



WZ Inclusive Event Yields
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ZZ Inclusive Event Yields
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WZ Dim-6 Unitarity Check
• “Clipping” method used, scan limits on EFT operators as 

function of cut-off on the invariant mass variable 
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Non-Abelian Structure at Colliders
• Quartic- and triple-gluon interaction vertices predicted through 

SU(3) gauge group

• Experimental studies performed e+e- 
at LEP2 early 1990s

4-jet events
discrimination of gluon/quark jets
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NA: #gluons, NC: #colors 
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Interlude: Fake Rate Method
• Fake Rate method applied in almost all CMS multi-lepton 

analyses
Measure contributions for processes with leptons not coming from W, Z 
or tau decays in signal region

• Select clean “nonprompt”-lepton enriched samples, compute 
“loose” to “tight” transfer-factor, prompt-lepton contributions 
subtracted using simulated samples

Option 1: Z+jets, same as WZ selection, but invert MET cut, third lepton 
is a jet
Option 2: di-jet events, jet firing 
single lepton trigger

• Loose-to-tight transfer factors  
usually around ~30%

• Uncertainty of 30%, based on 
flavour composition and  
closure on simulated samples 
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Firing prescaled single  
lepton trigger


