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What do we know?
The Standard Model of particle physics

• Diboson processes

• Beautiful probes of the electroweak

gauge structure in the SM

• Stringent test for physics beyond

the SM

• Two fronteers

• Precision

• Cross section

→ Explore both → Push towards

smaller values
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Dibosons in ATLAS

• Inclusive diboson production and vector boson scattering (VBS)

• Listing the most recent measurements in each channel at 13 TeV

An inventory

More details on 

• EWK diboson production with

aQGC by A. Levin on Tuesday

• Semileptonic decay modes of

diboson production by R. 

Aggleton on Tuesday

• Diboson production involving 

photons by N. Lorenzo Martinez 

on Wednesday

Precision fronteer Cross section fronteer

WW 13 TeV, 36.1 fb-1 WWjj 13 TeV, 36.1 fb-1

WZ 13 TeV, 36.1 fb-1 WZjj 13 TeV, 36.1 fb-1

ZZ (4l) 13 TeV, 36.1 fb-1

(2l2ν) 13 TeV, 36.1 fb-1

ZZjj (4l/2l2ν) 13 TeV, 139 fb-1

VVjj 13 TeV, 36.1 fb-1

Zγ (llγ) 13 TeV, 139 fb-1

(ννγ) 13 TeV, 36.1fb-1

Zγjj 13 TeV, 36.1 fb-1

https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/1906.03203
https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://link.springer.com/article/10.1007/JHEP04(2019)048
https://arxiv.org/abs/1905.07163
https://cds.cern.ch/record/2682845
https://arxiv.org/abs/1905.07714
https://cds.cern.ch/record/2682846
https://link.springer.com/article/10.1007/JHEP12(2018)010
https://cds.cern.ch/record/2686248
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Dibosons in ATLAS

• Inclusive diboson production and vector boson scattering (VBS)

• Listing the most recent measurements in each channel at 13 TeV

An inventory

→ Focus on new WW and ZZ measurements, both inclusive and VBS

More details on 

• EWK diboson production with

aQGC by A. Levin on Tuesday

• Semileptonic decay modes of

diboson production by R. 

Aggleton on Tuesday

• Diboson production involving 

photons by N. Lorenzo Martinez 

on Wednesday

Precision fronteer Cross section fronteer

WW 13 TeV, 36.1 fb-1 WWjj 13 TeV, 36.1 fb-1

WZ 13 TeV, 36.1 fb-1 WZjj 13 TeV, 36.1 fb-1

ZZ (4l) 13 TeV, 36.1 fb-1

(2l2ν) 13 TeV, 36.1 fb-1

ZZjj (4l/2l2ν) 13 TeV, 139 fb-1

VVjj 13 TeV, 36.1 fb-1

Zγ (llγ) 13 TeV, 139 fb-1

(ννγ) 13 TeV, 36.1fb-1

Zγjj 13 TeV, 36.1 fb-1

WW 13 TeV, 36.1 fb-1

ZZ 

(2l2ν) 13 TeV, 36.1 fb-1

WWjj 13 TeV, 36.1 fb-1

ZZjj (4l/2l2ν) 13 TeV, 139 fb-1

https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/1906.03203
https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://link.springer.com/article/10.1007/JHEP04(2019)048
https://arxiv.org/abs/1905.07163
https://cds.cern.ch/record/2682845
https://arxiv.org/abs/1905.07714
https://cds.cern.ch/record/2682846
https://link.springer.com/article/10.1007/JHEP12(2018)010
https://cds.cern.ch/record/2686248
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/1905.07163
https://arxiv.org/abs/1906.03203
https://cds.cern.ch/record/2682845
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Inclusive diboson production
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Measurement of WW production

• WW production includes WWZ/γ* coupling

• Measure in the 𝑊𝑊 → 𝑒𝜈𝜇𝜈 decay channel

• Opposite sign leptons!

• Fiducial definition excludes presence of jets

Triple gauge coupling in the SM

arXiv:1905.04242

https://arxiv.org/abs/1905.04242
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Measurement of WW production

• WW production includes WWZ/γ* coupling

• Measure in the 𝑊𝑊 → 𝑒𝜈𝜇𝜈 decay channel

• Opposite sign leptons!

• Fiducial definition excludes presence of jets

Triple gauge coupling in the SM

• Jet veto needed for background suppression

• Top-quark production includes real W bosons

→ in general, more jets than direct WW production

• After jet-veto and b-jet veto: top-quark production still 

largest contribution: ~26% → Partially data-driven

estimate for reduced uncertainties

arXiv:1905.04242

https://arxiv.org/abs/1905.04242
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Fiducial and differential cross sections

• Integrated cross section vs. NNLO prediction

• Most precise WW measurement at the LHC so far

• In agreement, but at lower uncertainty boundary

WW in action

• Six kinematic distributions measured

• No strong deviation from SM observed

• Leading lepton pT used to set limits on anomalous triple

gauge couplings (aTGC)

7.1%

arXiv:1905.04242

https://arxiv.org/abs/1905.04242
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Measurement of ZZ production

• ZZ production through TGC forbidden at tree level

• Through correction with fermion loop: O(10-4)

• Measure in 𝑍𝑍 → 𝑙𝑙𝜈𝜈 channel

• Need better signal-to-background suppression than

𝑍𝑍 → 𝑙𝑙𝑙𝑙 → Move to high pT, boosted configuration

• Selected requirements on the ZZ system

No triple gauge coupling in the SM

Boosted Z boson back-to-back with ET
miss

ET
miss > 90 GeV

VT/ST > 0.65

VT: magnitude of

vector sum

ST: scalar sum

of selected

leptons

and jets

arXiv:1905.07163

https://arxiv.org/abs/1905.07163
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Measurement of ZZ production

• ZZ production through TGC forbidden at tree level

• Through correction with fermion loop: O(10-4)

• Measure in 𝑍𝑍 → 𝑙𝑙𝜈𝜈 channel

• Need better signal-to-background suppression than

𝑍𝑍 → 𝑙𝑙𝑙𝑙 → Move to high pT, boosted configuration

• Selected requirements on the ZZ system

No triple gauge coupling in the SM

Boosted Z boson back-to-back with ET
miss

ET
miss > 90 GeV

VT/ST > 0.65

• Extract total & fiducial cross sections

• Binned maximum likelihood fit of ET
miss distribution

•

•

with

• In fit, ee and μμ channel treated separately

Pre-fit

arXiv:1905.07163

https://arxiv.org/abs/1905.07163


Page 11

Total, fiducial and differential cross sections

• Integrated cross sections

• Uncertainty in the combined fiducial cross section

• Measurement precision: 7.0%!

• Big contribution from data statistics

→ Gain with full run 2!

• Compared to NNLO QCD+NLO EW predictions

• In agreement, but again prediction slightly lower

ZZ in action

arXiv:1905.07163

https://arxiv.org/abs/1905.07163
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Total, fiducial and differential cross sections

• Integrated cross sections

• Uncertainty in the combined fiducial cross section

• Measurement precision: 7.0%!

• Big contribution from data statistics

→ Gain with full run 2!

• Compared to NNLO QCD+NLO EW predictions

• In agreement, but again prediction slightly lower

ZZ in action

• Eight differential cross sections measured

• Obtained from iterative Bayesian unfolding procedure

→ Similar to what is used in WW

• No strong deviation from SM observed

• Dilepton system pT
ll used to set limits on aTCGs

For aTGCs

arXiv:1905.07163

https://arxiv.org/abs/1905.07163
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Limits on aTGCs

• WW → Limits on Wilson coefficients of operators

• 𝑐𝐵/Λ
2, 𝑐𝑊𝑊𝑊/Λ

2, 𝑐𝑊/Λ
2 (CP-even)

• 𝑐  𝑊𝑊𝑊/Λ
2, 𝑐  𝑊/Λ

2 (CP-odd)

Effective field theory and effective vertex function approach

• ZZ → Limits on coupling parameters

• 𝑓4
𝛾
, 𝑓4

𝑍 (CP-violating)

• 𝑓5
𝛾
, 𝑓5

𝑍 (CP-conserving)
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Limits on aTGCs

• WW → Limits on Wilson coefficients of operators

• 𝑐𝐵/Λ
2, 𝑐𝑊𝑊𝑊/Λ

2, 𝑐𝑊/Λ
2 (CP-even)

• 𝑐  𝑊𝑊𝑊/Λ
2, 𝑐  𝑊/Λ

2 (CP-odd)

Effective field theory and effective vertex function approach

• ZZ → Limits on coupling parameters

• 𝑓4
𝛾
, 𝑓4

𝑍 (CP-violating)

• 𝑓5
𝛾
, 𝑓5

𝑍 (CP-conserving)

• Most stringent compared to earlier WW and

EW Wjj and Zjj production, but weaker than

WV (lνJ) at 8 and 13 TeV

• Interesting how different final states probe 

the same operators
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Limits on aTGCs

• WW → Limits on Wilson coefficients of operators

• 𝑐𝐵/Λ
2, 𝑐𝑊𝑊𝑊/Λ

2, 𝑐𝑊/Λ
2 (CP-even)

• 𝑐  𝑊𝑊𝑊/Λ
2, 𝑐  𝑊/Λ

2 (CP-odd)

Effective field theory and effective vertex function approach

• ZZ → Limits on coupling parameters

• 𝑓4
𝛾
, 𝑓4

𝑍 (CP-violating)

• 𝑓5
𝛾
, 𝑓5

𝑍 (CP-conserving)

• Most stringent compared to earlier WW and

EW Wjj and Zjj production, but weaker than

WV (lνJ) at 8 and 13 TeV

• Interesting how different final states probe 

the same operators

• Higher cross section helps

• ZZ (2l2ν) actually more sensitive than

ZZ (4l) due to boosted topology, inspite

of larger backgrounds

• SM expectation at O(10-4) → Current

limits at O(10-3) → Getting closer
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Vector boson scattering
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Measurement of WWjj production

• VBS with quartic gauge coupling (QGC)

• Electroweak production O(αQED
6) about 5 times larger 

than strong production O(αQED
4 αS

2)! → Best ratio

• Measure in 6 decay channels 𝑒±𝑒±, 𝑒±𝜇±, 𝜇±𝜇±

• Selected requirements for the fiducial region

Vector boson scattering (VBS) of same-sign W bosons

2-jet system

pT > 65 (35) GeV for leading (subleading) jet

mjj > 500 GeV

|Δyjj| > 2

arXiv:1906.03203

https://arxiv.org/abs/1906.03203


Page 19

Measurement of WWjj production

• VBS with quartic gauge coupling (QGC)

• Electroweak production O(αQED
6) about 5 times larger 

than strong production O(αQED
4 αS

2)! → Best ratio

• Measure in 6 decay channels 𝑒±𝑒±, 𝑒±𝜇±, 𝜇±𝜇±

• Selected requirements for the fiducial region

Vector boson scattering (VBS) of same-sign W bosons

2-jet system

pT > 65 (35) GeV for leading (subleading) jet

mjj > 500 GeV

|Δyjj| > 2

• Determine signal strength μEW ssWW

• Fit to mjj distribution → 6 signal region (SR) channels + 

1 low mjj control region (CR) per channel + 1 WZ CR

• Main background: WZ → Normalization simultaneously

constrained in the fit

• μEW ssWW = w.r.t. Sherpa

Post-fit

arXiv:1906.03203

https://arxiv.org/abs/1906.03203
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Observation of WWjj production

• Event yields in the signal region

• For the 6 channels combined

• EWK WW production observed with 6.5σ significance!

→ Expected 4.4σ/6.5σ for Sherpa/Powheg-Box

It is there!

• Fiducial cross section 𝜎𝑓𝑖𝑑. = 𝜇𝐸𝑊 𝑠𝑠𝑊𝑊 ⋅ 𝜎𝑝𝑟𝑒𝑑
𝑓𝑖𝑑.

• Includes the interference with WWjj strong production

• Data agrees well with Powheg+Pythia8 (NLO QCD), 

less well with Sherpa (LO-multileg QCD)1

• Interference not included in predictions

arXiv:1906.03203

~20%

1) An issue in the Sherpa 2.2.2 color flow handling reduced the cross section artificially. 

This is fixed in Sherpa 3.0.0, leading to an increase of ~20% in the cross section. [1]

https://arxiv.org/abs/1906.03203
https://indico.cern.ch/event/700961/contributions/3069895/attachments/1706021/2749483/annarbor_18-08.pdf
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Measurement of ZZjj production

• VBS with other outcome: ZZ

• Very rare! → O(0.1) fb with full leptonic final state

• Measurement in final states with ZZ→4l/2l2ν

• Defining characteristics

With a little help from a boosted decision tree (BDT)

Leptons pairs and the 2-jet system

Opposite sign, same flavor (OSSF) lepton pairs

consistent with Z boson(s)

2 most energetic jets in opposite rapidity regions

mjj > 300 (400) GeV for lllljj (llννjj) & |Δyjj| > 2

ATLAS-CONF-2019-033

https://cds.cern.ch/record/2682845
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Measurement of ZZjj production

• VBS with other outcome: ZZ

• Very rare! → O(0.1) fb with full leptonic final state

• Measurement in final states with ZZ→4l/2l2ν

• Defining characteristics

With a little help from a boosted decision tree (BDT)

• Selected events in data

• Fiducial cross section for inclusive ZZjj production

• Very small fiducial cross section!

• Now extract EW ZZjj only from that

→ Expect ~19 % (~37%) contribution for lllljj (llννjj) 

→ Use BDT!

Leptons pairs and the 2-jet system

Opposite sign, same flavor (OSSF) lepton pairs

consistent with Z boson(s)

2 most energetic jets in opposite rapidity regions

mjj > 300 (400) GeV for lllljj (llννjj) & |Δyjj| > 2

~97% 

purity

~42% 

purity

ATLAS-CONF-2019-033

https://cds.cern.ch/record/2682845
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Observing EW ZZjj production

• One multivariate discriminant per channel

• 12 input variables for lllljj → jet-related information

• 13 input variables for llννjj → jet- & dilepton-related

information important

Trained BDT does the job

→ Fit multivariate 

discriminant

distributions

Post-fit

ATLAS-CONF-2019-033

https://cds.cern.ch/record/2682845
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Observing EW ZZjj production

• One multivariate discriminant per channel

• 12 input variables for lllljj → jet-related information

• 13 input variables for llννjj → jet- & dilepton-related

information important

Trained BDT does the job

• It‘s an observation

• Test statistics using the profile likelihood ratio method

• Likelihood includes all fitted bins in the BDT output

distribution

• EW ZZjj cross section → from the combined μEW

• 𝜎𝐸𝑊 𝑍𝑍𝑗𝑗
𝑓𝑖𝑑

=

→ Fit multivariate 

discriminant

distributions

Post-fit

→ Among the smallest measured cross

sections in ATLAS

→ Already ~26% measurement precision

ATLAS-CONF-2019-033

Madgraph5 

(LO QCD)

https://cds.cern.ch/record/2682845
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Summary

• Inclusive diboson production and via vector boson scattering at 13 TeV well on their way

• Window to electroweak symmetry breaking in the SM and search for anomalous triple and quartic couplings

• Aim for highest precision and tiniest cross sections in the SM

Measurement of diboson production in ATLAS

Precision fronteer Cross section fronteer

WW 13 TeV, 36.1 fb-1 WWjj 13 TeV, 36.1 fb-1

WZ 13 TeV, 36.1 fb-1 WZjj 13 TeV, 36.1 fb-1

ZZ (4l) 13 TeV, 36.1 fb-1

(2l2ν) 13 TeV, 36.1 fb-1

ZZjj (4l/2l2ν) 13 TeV, 139 fb-1

VVjj 13 TeV, 36.1 fb-1

Zγ (llγ) 13 TeV, 139 fb-1

(ννγ) 13 TeV, 36.1fb-1

Zγjj 13 TeV, 36.1 fb-1

→ 2 results already with the full run 2 dataset of 139 fb-1 → More to come. Stay tuned!

https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/1906.03203
https://link.springer.com/article/10.1140/epjc/s10052-019-7027-6
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://link.springer.com/article/10.1007/JHEP04(2019)048
https://arxiv.org/abs/1905.07163
https://cds.cern.ch/record/2682845
https://arxiv.org/abs/1905.07714
https://cds.cern.ch/record/2682846
https://link.springer.com/article/10.1007/JHEP12(2018)010
https://cds.cern.ch/record/2686248
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Summary
Measurement of diboson production in ATLAS

WWjj in 

ATLAS!
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Thanks for your attention.
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Extra information.
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WW measurement

• Selection at detector level

• Definition of |cosθ*|

Selection and backgrounds

• Events at detector level

• Uncertainties in fiducial cross section

Partially data-driven

MC with validation region

Otherwise MC

arXiv:1905.04242

https://arxiv.org/abs/1905.04242
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WW measurement

• Cross section as function of jet-veto pT threshold

Cross section and limits

• Limits on additional dimension-6 operators

• Can generate aTGCs

arXiv:1905.04242

https://arxiv.org/abs/1905.04242
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ZZ measurement

• Selection at the detector level

• Full fiducial phase space

Selection and likelihood

• Extracting the cross section from likelihood fit

• With

• (i = ee, μμ channels, j = bin in fitted ET
miss distribution)

arXiv:1905.07163

https://arxiv.org/abs/1905.07163
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ZZ measurement

• Uncertainties in the measured combined fiducial

cross section

• Differentially → pT
ll

Uncertainties and limits

• One-dimensional 95% confidence intervals (CIs)

• Two-dimensional CIs

• Conversion to

effective field

theory

• CP-even dim-8

operator

• Observed:

arXiv:1905.07163

https://arxiv.org/abs/1905.07163
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WWjj measurement

• Fit input

• Together with mjj distribution (see main part of talk)

Fit and event yields

• Event yields after the fit

Post

-fit

arXiv:1906.03203

https://arxiv.org/abs/1906.03203
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WWjj measurement

• Uncertainties in the measured fiducial cross section

• Estimated by repeating the fit with corresponding

uncertainty nuissance parameter fixed to ±1σ

Uncertainties

• Data vs. prediction

arXiv:1906.03203

https://arxiv.org/abs/1906.03203
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ZZjj measurement

• Selection at the detector level

• Select both EW and QCD ZZjj production together

Selection

• Distributions in the signal region

• EW and QCD contributions scaled according to fit 

normalizations from combined fit

ATLAS-CONF-2019-033

https://cds.cern.ch/record/2682845
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ZZjj measurement

• Further BDT distributions

Selection and distributions in the signal region

• Fitted signal significance

Post-fit

Post-fit

ATLAS-CONF-2019-033

https://cds.cern.ch/record/2682845
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Additional analyses.
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Measurement of Zγ production

• Initial and final state radiation

• Selecting the final state llγ

• Suppress final state radiation

Selecting initial state radiation in Zγ events

• Events at the detector level

ATLAS-CONF-2019-034

https://cds.cern.ch/record/2682846
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Extracting Zγ

• Fiducial definition

• Systematic

uncertainties

• 4 differential distributions

• Iterative Bayesian unfolding with 2 iterations

ATLAS-CONF-2019-034

https://cds.cern.ch/record/2682846
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Measurement of VVjj production

• EW production via VBS and non-VBS processes

• Measurement in semileptonic final states

• One boson: 𝑍 → 𝜈𝜈 (0-lepton), 𝑊 → 𝑙𝜈 (1-lepton), 𝑍 →
𝑙𝑙 (2-leptons)

• Other boson: 𝑍 → 𝑞𝑞, 𝑊 → 𝑞𝑞′ (2 small-radius jets or 1 

large-radius jet with substructure) → resolved / merged

• 2 small-radius tagging jets in opposite η-hemispheres

and mjj > 400GeV

Checking the number of leptons

• Training BDTs to separate EW- and QCD-induced

VVjj production

• One BDT per lepton channel and for merged & 

resolved regimes separately

• Use various

kinematic properties,

such as “centrality

of boson

canditates“ 𝜁𝑉

arXiv:1905.07714

https://arxiv.org/abs/1905.07714
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• Extracted signal strength

• Fiducial cross section

Extracting the signal

• Binned profile likelihood fit to extract EW VVjj

• Fit BDT outputs in 9 SRs (split merged in low / high 

purity) + mjj
tag or number of events in 12 CRs

Narrowing in on EW VVjj production

Post-fit

→ Excluded

background-only

hypothesis with 2.7σ

(2.5σ) significance

observed (expected)

arXiv:1905.07714

https://arxiv.org/abs/1905.07714

