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Vector Boson Scattering: a new 
toolkit to probe the standard 

model and beyond



The Standard Model of particle physics



The  Higgs boson was found 7 years ago!
➞ no significant deviation from the SM found in its properties
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✓ γ/Z → ℓℓ, W → ℓν most frequent and very 

well understood

✓WW V (V = W, Z, γ) precisely measured at 
LEP and the LHC

✓ H → WW,ZZ, γγ and H → ττ recently 
observed at LHC

• Higgs self couplings not yet seen

• WW VV limited by experimental data
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✓ γ/Z → ℓℓ, W → ℓν most frequent and very 
well understood

✓WW V (V = W, Z, γ) precisely measured at 
LEP and the LHC

✓ H → WW,ZZ, γγ and H → ττ recently 
observed at LHC

• Higgs self couplings not yet seen

• WW VV was limited by experimental data

A new chapter is now 

accessible if we look at 

Vector Boson 
Scattering !!
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 Particle interactions

Is the SM complete? 



Why Vector Boson scattering is interesting?
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Theoretical answer
A possible approach to test this, is to remove the quartic vertex from the SM Lagrangian.
) Cross section for longitudinal W+

L W-
L ! W+

L W-
L scattering: [Denner, Hahn, 1997]

The scope of such an approach is, however,
theoretically limited as the SM Lagranian with removed
quartic EW couplings is not gauge invariant any more!

In a similar way this has been done at LEP when
measuring triple EW gauge couplings for the first time:
[LEP Physics Report, Fig 5.1]
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Vector Boson Scattering (VBS) 
important test of electroweak 
sector and EW Symmetry 
Breaking 

Interaction with Higgs boson 
unitarizes the scattering 
amplitude → is unitarization 
complete ? 
Complementary to “direct” Higgs 
boson property studies 

[Denner, Hahn, 1997] 

Example: Cross-section for longitudinal WL+WL− → WL+WL− scattering
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nothing ?

Yet no sign of new physics with direct searches @LHC

Why Vector Boson scattering is interesting?

Exclusions are 
model dependent 

Looking for new physics?
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New physics in bumps and tails

X If MX > ELHC,

new interaction in tails
V1

V2

V1

V2

MX
MX

ELHC

Mx > ELHCMV1V2MV1V2

Direct search approach
(model dependent)

Indirect search approach
(model independent)

New physics may 
be (just) beyond 

our reach

New resonance Deviation in tails
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Effective Field Theory (EFT) 

New interactions 
from UV theories

New physics 
theories?

Deviations are parametrized by higher order operators from SM fields 

LEFT = LSM  + ∑ ci 

 Λ2 
Oi,dim-6  + ∑ cj 

 Λ2 
Oj,dim-8

ji
LSM ~ determines 
the bulk distribution UV theories maps 

to specific 
coefficients [1]

dim-8 operators can 
affect VBS at tree level

EFT are model independent and self consistent framework for parametrizing deviations from 
the SM 
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[Denner, Hahn, 1997] 

nothing ?
Today we will discuss the most recent 
experimental results obtained at the LHC

Vector Boson Scattering is 

important  

1. Test the consistency of the SM 

2. Deviations from predictions can be 

sign for new physics



Vector Boson Scattering at the LHC
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Protons in LHC serve as source of vector boson beams.

W,Z

W,Zq q

ℓ
ℓ

ℓ
ℓ

protonsprotons

jet

jet
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                 =

gauge structure of the 
Standard Model

electroweak symmetry 
breaking
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4 / 22

Vector Boson Scattering at the LHC

 18

Motivation
Theorie

Ergebnisse
Zusammenfassung

Vektorbosonstreuung
Anomale Viereichkopplungen
Unitarität

Vektorbosonstreuung

O(↵6
W

) Prozess mit folgenden Feynman-Diagrammen:

f

¯f

f

¯f

qq

q q

V

V

V

V

V

V V

V

V

VV

V V

V

V

V V

V

H

VV

V V

H

V

V V

V

nur W±W± und W±Z0 Kanäle betrachtet

4 / 22

Motivation
Theorie

Ergebnisse
Zusammenfassung

Vektorbosonstreuung
Anomale Viereichkopplungen
Unitarität

Vektorbosonstreuung

O(↵6
W

) Prozess mit folgenden Feynman-Diagrammen:

f

¯f

f

¯f

qq

q q

V

V

V

V

V

V V

V

V

VV

V V

V

V

V V

V

H

VV

V V

H

V

V V

V

nur W±W± und W±Z0 Kanäle betrachtet
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                 =

decay 
products of 
the vector 
bosons
(leptons/jets)

jet

jet

final state

VVjj
(V=W,Z)

Protons in LHC serve as source of vector boson beams.
O(α6W) process with following diagrams at LO:
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Signal definition
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Signal definition
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W,Z

W,Zq q

ν
μ±

ν
μ± tagging 

jet

tagging 
 jet

jet

jet

Missing traverse momentum

μ±

μ±



Phenomenology of VBS
✤ VBS: has typical final states topology

1. Two hadronic jets in forward and backward regions 
with very high energy (tagging jets)

2. Hadronic activity suppressed between the two jets 
(rapidity gap) due to absence of colour flow between 
interacting partons  

3. Two bosons produced ~back-to-back 

VBF W parton level dist.
-> Zeppenfeld 

variable
 « centrality »

5

VBS at the LHC has a typical final state topology 

Two hadronic jets in forward and backward 
regions with very high energy (tagging jets) 

Two bosons produced ~back-to-back           
(lepton centrality ζ)

Hadronic activity suppressed between the two jets 
due to absence of color flow between interacting 
partons → not used jet because of MC miss modeling
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Zeppenfeld 
variable

“centrality”

Phenomenology of VBS
✤ VBS: has typical final states topology

1. Two hadronic jets in forward and backward regions 
with very high energy (tagging jets)

2. Hadronic activity suppressed between the two jets 
(rapidity gap) due to absence of colour flow between 
interacting partons  

3. Two bosons produced ~back-to-back 

VBF W parton level dist.
-> Zeppenfeld 

variable
 « centrality »

5Vector Boson Scattering topology 

signal
signal

signal

→ 3rd jet centrality
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Phenomenology of VBS
✤ VBS: has typical final states topology

1. Two hadronic jets in forward and backward regions 
with very high energy (tagging jets)

2. Hadronic activity suppressed between the two jets 
(rapidity gap) due to absence of colour flow between 
interacting partons  

3. Two bosons produced ~back-to-back 

VBF W parton level dist.
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5Vector Boson Scattering topology 

with

ζ =

VBS at the LHC has a typical final state topology 

Two hadronic jets in forward and backward 
regions with very high energy (tagging jets) 

Two bosons produced ~back-to-back           
(lepton centrality ζ)

Hadronic activity suppressed between the two jets 
due to absence of color flow between interacting 
partons → not used jet because of MC miss modeling

Experimentally VBS is challenging  

• very low rate (O(fb))  

• large background, generally from QCD mediated production of 

same final state  

What can help ?  

• Topological selection to reduce QCD mediated background 

• Use of leptons/photons final states (clean channels, more 

limited backgrounds)
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2018

2016

2017

2012

2015

LHC delivered
• ~ 160 fb-1 at 13 TeV
• ~ 23 fb-1 at 8 TeV



Best EFT  
limits

final state
W±W± l±vl±v jj PRL 120 (2018) 081801 CONF-2018-030 
W±Z l±vll jj arXiv:1901.04060 arXiv:1812.09740 
W𝛾 l±v𝛾 jj JHEP 06 (2017) 106
Z𝛾 ll𝛾 jj PLB 770 (2017) 380 JHEP07(2017)107
ZZ llll jj PLB 774 (2017) 682 
WV l±vJ jj

PAS-SMP-18-006 arXiv:1905.07714
ZV llJ jj
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Experimental results
Datasets

ATLAS: 8 TeV (20.2 fb-1) and 13 TeV (36.1 fb-1)
CMS: 8 TeV (19.7 fb-1) and 13 TeV (35.9 fb-1) 

Channels studied

Best EW/QCD

very sensitive 
to new physics

Largest cross section

First 
observation !!



ATLAS experimental results
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tZj+VVV
4 %

tt+V
3 %

Misid. leptons
5 %

ZZ
8 %

WZjj QCD
54 %

WZjj EW
26 %

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
19 %

WZ
27 %

WWjj QCD
6 %

WWjj EW
34 %

W±W± →ℓνℓν  [ATLAS-CONF-2018-030]W±Z →ℓνℓℓ  [arXiv:1812.09740]

2 jets (pT > 40 GeV)
Mjj > 500 GeV and jets in the 

opposite hemisphere 

2 jets ( pT > 65, 35 GeV)
Mjj > 500 GeV and |Δyjj | > 2

3 high pT leptons (e, μ)
2ℓ of same flavour and opposite charge 

with pT>15GeV
1ℓ with pT>20 GeV
Z window (10 GeV)

MT(W)>30GeV

2 high pT leptons (e, μ)
2ℓ of same charge pT> 27 GeV

mℓℓ > 20 GeV
ETmiss > 30 GeV

Fu
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b-jet veto, 4 lepton veto Veto ee pairs in Z mass window (15GeV),
3 lepton veto, b-jet veto

https://cds.cern.ch/record/2629411
https://arxiv.org/abs/1812.09740
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Multivariate analysis

Boosted Decision Tree used in signal region to 
distinguish between WZjj-EW and backgrounds  

15 variables that have a characteristic signature. 

In order of importance:
1. |yZ - yℓ,W| 
2. ζlep 
3. RpT har 
4. Jets multiplicity (pT > 25 GeV)
5. ∆φjj

Trained on simulation events, to separate      
WZjj-EW from backgrounds
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Signal extraction

Simultaneous template fit of BDT score in signal region 
and 3 different control regions
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Signal extraction

Simultaneous template fit Mjj and Δηjj 

separate by lepton flavors

Signal and background normalization 
extracted from data

Shape fit → Consider uncertainties 
affecting shape and normalization

QCD Control region

2D Signal region
VBS W±Z
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Exploit VBF jets
• CMS 2D fit in mjet-jet v. |∆ηjet-jet |
• ATLAS constructed BDT

Tri-lepton final states
• Suppresses SM bkg.
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.
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Exploit VBF jets
• CMS 2D fit in mjet-jet v. |∆ηjet-jet |
• ATLAS constructed BDT

Tri-lepton final states
• Suppresses SM bkg.
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.

Tue Dec 18 08:34:36 2018

0.5 - 1.0
1.0 - 1.5

1.5 - 2.0
 2.0≥ 0.5 - 1.0

1.0 - 1.5
1.5 - 2.0

 2.0≥ 0.5 - 1.0
1.0 - 1.5

1.5 - 2.0
 2.0≥

 [TeV]jjm

0

1

2

D
at

a 
/ P

re
d.

10

20

30

40

Ev
en

ts
 / 

bi
n

 (13 TeV)-135.9 fbCMS

Data
EW-WZjj
γZ

Nonprompt
VV
t+V/VVV
QCD-WZjj

Syst.⊕Stat.

 [2.5, 4.0]∈| 
jj
ηΔ |  [4.0, 5.0]∈| 

jj
ηΔ |  5.0    ≥| 

jj
ηΔ     |

Figure 3: The one-dimensional representation of the 2D distribution of mjj and |Dhjj|, used for
the EW signal extraction. The x axis shows the mjj distribution in the indicated bins, split into
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stacked on top of the backgrounds that are shown as filled histograms. The hatched bands
represent the total and relative systematic uncertainties on the predicted yields. The bottom
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Figure 2: The mjj (left) and |Dhjj| (right) of the two leading jets for events satisfying the EW sig-
nal selection. The last bin contains all events with mjj > 2500 GeV (left) and |Dhjj| > 7.5 (right).
The dashed line shows the expected EW WZ contribution stacked on top of the backgrounds
that are shown as filled histograms. The hatched bands represent the total and relative statis-
tical uncertainties on the predicted yields. The bottom panel shows the ratio of the number
of events measured in data to the total number of expected events. The predicted yields are
shown with their pre-fit normalizations.
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Systematics uncertainties 
Source Uncertainty [%]

WZjj�EW theory modelling 4.8
WZjj�QCD theory modelling 5.2
WZjj�EW and WZjj�QCD interference 1.9

Jets 6.6
Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8

Luminosity 2.1

Total Systematics 10.7

Jet reconstruction 
and calibration
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Theory uncertainties* 
QCD scale: vary renormalisation and factorization 
scale by 0.5 and 2 

20% to 30% effect in QCD, 
5% for EW

PDF and as: standard PDF4LHC description: 
Small effect (1-2%) 

Signal modeling (including parton shower) 
shape difference between generators        
(Up to 14% effect )

WZ QCD background modeling 
shape difference between generators

5-20% effect

* EW corrections to VBS WZ (~-15%)  were not 
available by the time of the publication and are 
not included 

Source Uncertainty [%]

WZjj�EW theory modelling 4.8
WZjj�QCD theory modelling 5.2
WZjj�EW and WZjj�QCD interference 1.9

Jets 6.6
Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8

Luminosity 2.1

Total Systematics 10.7

* EW corrections to VBS WZ 
(~-19%)  were not available by 
the time of the publication and 
are not included 

Systematics uncertainties 



Systematics uncertainties 
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QCD/EWK Interference 

Part of the measured signal
Included as shape uncertainty on signal
Size of interference: +10% of EW WZjj 

Source Uncertainty [%]

WZjj�EW theory modelling 4.8
WZjj�QCD theory modelling 5.2
WZjj�EW and WZjj�QCD interference 1.9

Jets 6.6
Pile-up 2.2
Electrons 1.4
Muons 0.4
b-tagging 0.1
MC statistics 1.9
Misid. lepton background 0.9
Other backgrounds 0.8

Luminosity 2.1

Total Systematics 10.7

Other backgrounds
Normalization uncertainties applied on 
non-dominant background 

Large uncertainty in Misid. Leptons 
background (~40%)



theory
Zjj±Wσ / fid.

Zjj±Wσ
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

combined

µµµ

µµe

eeµ

eee
ATLAS

Data
Sherpa

-1 = 13 TeV, 36.1 fbs

Zjj±W

 0.18±0.71 

 0.19±0.87 

 0.17±0.73 

 0.16±0.79 

 0.12±0.78 
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WZjj-EWK: Fiducial Cross-Section

Measured WZjj-EWK fiducial cross section 

First observation of WZjj EWK process!
Observed (Expected with Sherpa) Significance is 5.3σ (3.2σ)

Observed (Expected with Sherpa) Significance is 1.9σ (2.7σ)

Measured WZjj EWK+QCD fiducial cross section (including b-jets looser PS)

LO Sherpa cross-section (No EW/QCD interference)

MADGRAPH5 AMC@NLO at LO+PYTHIA 

QCD+EWK
(in VBS PS)



W±W± analysis
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Small signal contribution (~30%)
Exploit discriminant variables, BDT

Need to keep under control the backgrounds! 
Data Control Regions

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
19 %

WZ
27 %

WWjj QCD
6 %

WWjj EW
34 %



Backgrounds and control regions

di-jet invariant mass [GeV]

Le
pt

on
 n

um
be

r

500200

Signal Region
Mjj > 500 GeV

Exactly 2 good leptons

WZ Control Region
Exactly 3 leptons

Mjj > 200 GeV

Non-prompt
200 > Mjj > 500 GeV

Exactly 2 good leptons

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
19 %

WZ
27 %

WWjj QCD
6 %

WWjj EW
34 %

WZ
Shape taken from simulation

Modeling theory uncertainties applied       
(PDF, scale, shower)

Normalization taken from data control region
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Backgrounds and control regions

di-jet invariant mass [GeV]

Le
pt

on
 n

um
be

r

500200

Signal Region
Mjj > 500 GeV

Exactly 2 good leptons

Non-prompt
200 > Mjj > 500 GeV

Exactly 2 good leptons

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
19 %

WZ
27 %

WWjj QCD
6 %

WWjj EW
34 %

Non-prompt
Shapes and normalization are taken from data

Fake factor calculated in a di-jet control region
Uncertainties 40-90% for the different 
channels μμ, μe and ee

Control region region used to constrain 

WZ Control Region
Exactly 3 leptons

Mjj > 200 GeV

WZ
Shape taken from simulation

Modeling theory uncertainties applied       
(PDF, scale, shower)

Normalization taken from data control region
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Backgrounds and control regions

Other
2 %

e/ 𝛾 conversions
11 %

Misid. leptons
19 %

WZ
27 %

WWjj QCD
6 %

WWjj EW
34 %

WZ
Shape taken from simulation

Modeling theory uncertainties applied (PDF, 
scale, shower)

Normalization taken from data control region

e/𝛾 conversions
Charge miss-ID rates calculated from simulation 
and applied to data

Uncertainties 10% in forward region,         
20% in central region

Non-prompt
Shapes and normalization are taken from data

Fake factor calculated in a di-jet control region
Uncertainties 40-90% for the different 
channels μμ, μe and ee

Control region region used to constrain 

WWjj QCD, other prompts
Taken from simulation

Theory uncertainties vary from 20% to 30%
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Appendix
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Figure 2: The m j j distribution for events passing all selection criteria of the signal region. Signal and background
distributions are shown as predicted after the fit. The hatched band represents the statistical and systematic
uncertainty added in quadrature. The backgrounds from V� production and electron charge misreconstruction are
combined in the “e/� conversions“ category. The “Other prompt” category combines Z Z , VVV and tt̄V background
contributions.
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Analysis strategy
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Measurement of electro-weak production in W±W±jj
Measurement of fiducial cross section

Sherpa v2.2.2 Powheg+Pythia8 Data

[fb
]

fid
.

�

2

3

4 ATLAS Preliminary
-1= 13 TeV, 36.1 fbs

corrections are not included in theoretical predictions
Interference with strong production and NLO EW

Experimental uncertainties
Theoretical uncertainties

Statistical uncertainty
pQCD scale uncertainty

                     (2,3j@ LO pQCD)
d = 2.01 +0.33 0.23 (sys.+stat.) fb

 (@NLO pQCD)
d = 3.08 +0.45 0.46 (sys.+stat.) fb

Measured fiducial cross section:

�fid
meas = 2.91+0.51

-0.47(stat.)± 0.27(sys.) fb

Signal predictions do not include:
• Interference between EWK and

QCD-induced production (+6%)
[VBSCan 1803.07943]

• NLO EWK corrections (-16%)
[A. Denner, M. Pellen et al. (1708.00268)]
(More details in Pietro Govoni’s talk)

Stefanie Todt - TU Dresden - VBS at ATLAS 6 / 10

Signal extraction: used 6 binned Mjj 
distributions, separated by :

• lepton flavours: ee, eμ+μe, μμ
• charge: + + and - - 

Perform simultaneous template fit in signal region 
and other observables in different control regions 

ATLAS Result [ATLAS-CONF-2018-030]

Observed (expected with Sherpa) 
significance is 6.9σ (4.9σ)

CMS Result [PRL 120 (2018) 081801]

Observed (expected with Madgraph) 
significance is 5.5σ (5.7σ)
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https://cds.cern.ch/record/2629411
http://dx.doi.org/10.1103/PhysRevLett.120.081801


Looking for new physics 
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SMEFT for multiboson

 6

Chang
UCSD

Multiboson processes provide opportunities to probe dim-6/8 operators
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Signal

LSMEFT = LSM + OT2FT2

OT2 = Tr[WɑµWµβ] × Tr[WβvWvα]

W± Z scattering process
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Z
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v

j

j

Creates tail 
in interaction

BSM interaction 
of SM particles

Coefficient

Looking for new physics 
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EW-WZ signal

FT2 = 3TeV-4

Let’s take as an example 
the WZ→lvll result from 
CMS

Bulk distribution 
from the SM

Tail from OT2 with 
FT2 = 3TeV-4LEFT = LSM  + FT2 OT2

Coefficient

The tails will show 
discrepancies with the 
SM and can be used to 
look for new physics

 WZ      lvll 

BSM interaction 
of SM particles
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Now lets have a look on 
the WZ semileptonic

Boosted jets allow us to 
get events higher in the 
energy tails

Small sensitivity to the 
SM rate

LEFT = LSM  + FT2 OT2

BSM interaction 
of SM particles

Coefficient
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 WZjj      lvJ jj / llJ jj / vvJ jj
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Now lets have a look on 
the WZ semileptonic

Boosted jets allow us to 
get events higher in the 
energy tails

Small sensitivity to the 
SM rate

 WZjj      lvJ jj / llJ jj / vvJ jj

LEFT = LSM  + FT2 OT2

BSM interaction 
of SM particles

Coefficient
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ATLAS Result [arXiv:1905.07714]

Observed (expected) significance is 
2.7σ (2.5σ)

−14.6
45.1 ± 8.6 (stat) +15.9 (syst.) fb
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Now lets have a look on 
the WZ semileptonic

Boosted jets allow us to 
get events higher in the 
energy tails

Small sensitivity to the 
SM rate but strong limits 

 WZjj      lvJ jj /  llJ jj
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Now lets have a look on 
the WZ semileptonic

 WZjj      lvJ jj /  llJ jj

SMEFT for multiboson
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Multiboson processes provide opportunities to probe dim-6/8 operators
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VBS in Context of full SM
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Standard Model Production Cross Section Measurements

Figure 3: Summary of several Standard Model total and fiducial production cross section measurements, corrected
for leptonic branching fractions, compared to the corresponding theoretical expectations

4 Fiducial cross section overview plots

Figures 3, 4, 5, 6, 7, 8, 9, 10 and 11 summarize several Standard Model total and fiducial production cross
section measurements, corrected for leptonic branching fractions, compared to the corresponding theoretical
expectations. All theoretical expectations were calculated at NLO or higher. Some measurements have been
extrapolated using branching ratios as predicted by the Standard Model for the Higgs boson. Uncertainties
for the theoretical predictions are quoted from the original ATLAS papers. They were not always evaluated
using the same prescriptions for PDFs and scales. Not all measurements are statistically significant yet.

5 Overview plots for inclusive measurements

Figures 12, 13, 14 show the data/theory ratio for several inclusive jet fiducial production cross section
measurements. All theoretical expectations were calculated at NLO or higher. The dark-color error bar
represents the statistical uncertainty. The lighter-color error bar represents the full uncertainty, including
systematics and luminosity uncertainties. The luminosity used and reference for each measurement are
also shown. Uncertainties for the theoretical predictions are quoted from the original ATLAS papers.

6 Overview plots for single boson measurements

Figures 15 and 16 show the data/theory ratio for several single-boson fiducial production cross section
measurements, corrected for leptonic branching fractions. All theoretical expectations were calculated
at NLO or higher. The dark-color error bar represents the statistical uncertainly. The lighter-color error

4
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A new chapter of the SM now accessible !! 

✓ Observation the EWK production of vector boson pairs 
✓ WZ and same charge WW with a significances higher than 5σ

✓ Huge efforts to extract a small signal over a big background
◦ More channels to come

✓ Mesure for the first time a process that include QGC at tree level
◦ Test Electroweak Symmetry breaking and Higgs properties

◦ e.g. Longitudinal component VLVL → VLVL no measurement yet         
(150fb-1, HL-LHC ?)

◦ Look for new physics using the EFT approach
◦ More data can bring us surprises

◦ Precise measurements will need :
◦ Much more data (Full Run-2, HL-LHC!)
◦ Precise theory predictions for signal and background                            

(Shape fits and multivariate analysis heavily rely on MC descriptions)
◦ Precise Jets 


