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Introduction

ÅMultibosonfinal state = [²½Ω][²½Ω]+[j]*
ÅIncludes both leptonicallydecaying W and Z bosons and hadronicallydecaying W and 

Z bosons
ÅIncludes both precision measurements and searches

ÅMotivation
ÅTest of Standard Model electroweak cubic and quartic interactions
ÅIndirect study the Higgs boson
ÅBackground for direct Higgs measurements

ÅNo recently released multibosonresults from CMS, but several previously 
released multibosonresults were recently published
ÅProduction of ZZ
ÅElectroweak Production of W±W±jj
ÅElectroweak Production of ZZjj
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Generator Tools

ÅMadGraph_aMC@NLO
ÅAutomated LO and NLO generator

ÅSherpa
ÅAutomated LO and NLO generator

ÅVBFNLO
ÅFor final states involving Higgs bosons and vector bosons

ÅPhantom
ÅFor QCD and electroweak for vector boson scattering (VBS) and vector boson fusion (VBF)

ÅPOWHEG
ÅNLO-QCD generator for specific list of processes with almost very few negative event weights

ÅMCFM
ÅGenerator and differential cross-section calculator with a long list of processes implemented

ÅMultibosonprocesses can involve thousands of diagrams --> stress test of generators
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1 processes with 18818 diagrams generated in 34.243 s

Total: 1 processes with 18818 diagrams

MG5_aMC>

ÅPythia8 or Herwig 
Å for partonshowering and hadronization



Anomalous Couplings Frameworks

ÅQuantify deviations from the Standard Model in a general or model-independent 
way

ÅAllows us to compare measurements in different channels and different 
experiments 

ÅAnomalous Triple Gauge Couplings
ÅFor example: QW =eĄQW =(ЎὫ + 1)e
ÅCharged triple gauge coupling parameters: ЎὫ , ʇ, Ўʆ
ÅNeutral triple gauge coupling parameters: Ὤ, Ὤ , Ὤ, Ὤ , Ὢ, Ὢ , Ὢ, Ὢ

ÅDimension 8 Effective Field Theory

Åfl fl В ײַ

ÅOperators involving D˃˒ : LS0-1

ÅOperators involving B˃˄ or Wi
˃ :˄ LT0-9

ÅOperators involving D˃˒ and either B˃ ˄ or Wi
˃ :˄ LM0-7

ÅFor example: LT8 = Bh µB˃ B̡̡ B˄˄ ʰ
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Production of ZZ (I)

ÅPublishedin EPJC in February 2018

ÅBased on 36 fb-1 of data collected by CMS in 2016 at 
13 TeV

ÅUse ZZ --> 4l channel (l = e or µ)

ÅTotal cross-section measurement result: ̀(pp-->ZZ) = 
ρχȢυ Ȣ

Ȣ (stat) ±πȢφ(syst) ±πȢτ(syst) ±πȢτ(lumi) pb

ÅCan be compared to
ÅNNLO prediction from MATRIX: ρφȢς Ȣ

Ȣpb

ÅNLO prediction from MCFM: ρυȢπ Ȣ
Ȣ± 0.2 pb
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https://link.springer.com/article/10.1140/epjc/s10052-018-5567-9


Production of ZZ (II)

ÅUnfolding
ÅUnfolding performed by iterative technique, using RooUnfold

ÅUnfolded distributions for mZZ, ЎὙ ȟ ,Ð , and Ð provided

ÅAnomalous Couplings
Å²ƻǊƭŘΩǎ ōŜǎǘ ƭƛƳƛǘǎ ƻƴ Ὢ, Ὢ , Ὢ, Ὢ

ÅUse m4l cutoffs to impose unitarity constraints
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-0.0012 < Ὢ < 0.0013

-0.0010 < Ὢ < 0.0013

-0.0012 < Ὢ < 0.0013
-0.0012< Ὢ < 0.0010



ÅSelection
ÅFollows the H --> ZZ --> 4l analysis
ÅRequire Z boson masses > 60 GeV

ÅSystematic Uncertainties

ÅBackground estimation
ÅMain background comes from events in which a jet causes a lepton to be reconstructed are 

the main background
ÅWe use the following data-driven method to estimate this background:

1. 5ŜŦƛƴŜ άƭŜǇǘƻƴ ŦŀƪŜ ǊŀǘŜέ ǘƻ ōŜ ǘƘŜ ǊŀǘŜ ŀǘ ǿƘƛŎƘ ŀ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ƭŜǇǘƻƴ ǿƘƛŎƘ ǇŀǎǎŜǎ ŀ ƭƻƻǎŜ L5 ŀƭǎƻ 
passes the final tight ID

2. Using Z + 1 reconstructed lepton events in data, we measure lepton fake rate in data as a function of 
pT,| |́, and lepton flavor

3. We then apply appropriate factors of the lepton fake rates to control regions with one or more 
leptons failing the lepton ID to extrapolate to the signal region

ÅThere are a large number of subtleties and complications involved this method, and also a 
large number of validation studies

Production of ZZ (III)
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Uncertainty Source Uncertainty Size (%)

Lepton efficiency 2ς6

Trigger efficiency 2

Statistical (simulation) 0.5

Background 0.5ς1

Pileup 1

PDF 1

µR, µF 1

Integrated luminosity 2.5



Electroweak Production of W±W±jj (I)

ÅPublished in PRLin February 2018

ÅSignal significance: 5.5 ̀observed, 5.7 ̀ expected

Å²ƻǊƭŘΩǎ ŦƛǊǎǘ ƻōǎŜǊǾŀǘƛƻƴ ƻŦ ŜƭŜŎǘǊƻǿŜŀƪ-induced VVjjproduction at a 
pp collider
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VBS

VBS

non-VBS EWK

QCD

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801


ÅLimits on 9 dimension 8 EFT operator coefficients

ÅLimits on VBF production and decay to W±W±of H++ boson in the 
Georgi-Macachekmodel

Electroweak Production of W±W±jj (II)
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Observed limits 
(TeVī4)

Expected limits 
(TeVī4)

fS0/ȿ
4 [ī7.7,7.7][ī7.0,7.2]

fS1/ȿ
4 [ī21.6,21.8][ī19.9,20.2]

fM0/ȿ
4 [ī6.0,5.9][ī5.6,5.5]

fM1/ȿ
4 [ī8.7,9.1][ī7.9,8.5]

fM6/ȿ
4 [ī11.9,11.8][ī11.1,11.0]

fM7/ȿ
4 [ī13.3,12.9][ī12.4,11.8]

fT0/ȿ
4 [ī0.62,0.65][ī0.58,0.61]

fT1/ȿ
4 [ī0.28,0.31][ī0.26,0.29]

fT2/ȿ
4 [ī0.89,1.02][ī0.80,0.95]



ÅSelection
Åmjj > 500 GeV
Å| ɲ j́j| > 2.5

ÅÍÁØʂ ȟʂ Ўʂ < 0.75

ÅMissing Transverse Energy (MET) > 40 GeV
ÅThird lepton veto, including hadronic ̱s
ÅVeto events with high b-tagging discriminator jets

ÅSystematic Uncertainties 

ÅBackground estimation
ÅWZ, where one lepton is somehow missed, including electroweak-induced WZjjproduction, 

estimated from Monte Carlo and normalized with a tribosoncontrol region
ÅSemileptonicttbar and w+jets, where one jet causes a lepton to be reconstructed, estimated 

using the same data-driven method as for the ZZ analysis

Electroweak Production of W±W±jj (III)
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Uncertainty Source Signal (%) WZ (%) Leptons 
caused by 
jets (%)

Lepton efficiency < 2 per lepton < 2 per lepton

Jet energy 
scale/resolution

up to 7 up to 7

Integrated luminosity 2.5 2.5

EWK/QCD Interference 4.5

PDF 5

µR, µF 12

Normalization with CR 20-40

Data-driven method 30



Electroweak Production of ZZjj(I)

ÅPublished in PLBin November 2017

ÅUse BDT to separate electroweak and QCD ZZjj

ÅSignal significance: 2.6 ̀observed, 1.6 ̀
expected
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QCDVBS

VBS VBS

https://www.sciencedirect.com/science/article/pii/S0370269317308328?via%3Dihub

