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Multiboson Processes

I Multiboson production is sensitive to gauge-boson self-interactions
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I Cubic and quartic couplings with precise predictions of the coupling strength
I In the Standard Model, these always involve a pair of W bosons
I EWSB ensures renormalisability at O(α2) (experimentally accessible for the first time at the LHC)

Multiboson measurements serve as a test of the electroweak theory at the TeV scale
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Existing Measurements/Searches

I The ATLAS and CMS
collaborations have a rich
program of multiboson
analyses

I All diboson production
mechanisms have been measured
I by both collaborations
I exploring different decay modes of the vector bosons
I not always on recent data (i.e. with lower L and

√
s)

I Many triboson production mechanisms have been studied
I low cross sections require use of hadronic decays of

massive gauge boson
I hence, no clear separation of different processes

Diboson Triboson

7 TeV Wγ ATLAS
CMS γγγ ATLAS

8 TeV Zγ ATLAS (``γ, ννγ)
CMS@8TeV (``γ, ννγ) Zγγ ATLAS

CMS

13 TeV WW ATLAS
CMS@8TeV Wγγ ATLAS

CMS

not measured WZ ATLAS
CMS WWγ ATLAS

CMS

ZZ ATLAS (4`, 2`2ν,m4` )
CMS (4`,4`+jets,m4` ) WZγ ATLAS (WVγ)

CMS (WVγ)

ZZγ

WWW ATLAS
CMS

WWZ ATLAS (WV V )

WZZ ATLAS (WV V )

ZZZ
(results at lower

√
s are not shown in the table)
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https://arxiv.org/abs/1302.1283
http://cms-results.web.cern.ch/cms-results/public-results/publications/EWK-11-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-06/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-04/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-18/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-13-014/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-019/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2014-01/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-14-016/index.html
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http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-15-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-03/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/index.html
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-09/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-19-001/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-005/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-017/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-05/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-22/


Diboson Measurements
∫
L dt

[fb−1]
Reference

– ZZ∗→4` σ = 29.8 + 3.8 − 3.5 + 2.1 − 1.9 fb (data)
PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 73 ± 4 ± 5 fb (data)
PowhegBox norm. to NNLO & gg2ZZ (theory) 20.3 PLB 753, 552-572 (2016)

– ZZ→``νν
σ = 12.7 + 3.1 − 2.9 ± 1.8 fb (data)

PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 9.7 + 1.5 − 1.4 + 1 − 0.8 fb (data)
PowhegBox & gg2ZZ (theory) 20.3 JHEP 01, 099 (2017)

σ = 25.4 ± 1.4 ± 1 fb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 arXiv: 1905.07163

– ZZ→4`
σ = 25.4 + 3.3 − 3 + 1.6 − 1.4 fb (data)

PowhegBox & gg2ZZ (theory) 4.6 JHEP 03, 128 (2013)

σ = 23.2 + 2.4 − 2.3 + 1.4 − 1.2 fb (data)
PowhegBox & gg2ZZ (theory) 20.3 JHEP 01, 099 (2017)

σ = 46.2 ± 1.5 + 2 − 1.8 fb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

ZZ
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

NNLO (theory) 4.6 JHEP 03, 128 (2013)
PLB 735 (2014) 311

σ = 7.3 ± 0.4 + 0.4 − 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

σ = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

– WZ→`ν`` σ = 140.4 ± 3.8 ± 4.6 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 092004 (2016)

σ = 255 ± 1 ± 11 fb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79, 535 (2019)

WZ
σ = 19 + 1.4 − 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

σ = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

PLB 761 (2016) 179

σ = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79, 535 (2019)

PLB 761 (2016) 179

– WW→eµ, [njet = 1] σ = 136 ± 6 ± 14.3 fb (data)
NLO (theory) 20.3 PLB 763, 114 (2016)

– WW→eµ, [njet ≥ 0] σ = 563 ± 28 + 79 − 85 fb (data)
MCFM (theory) 4.6 PRD 91, 052005 (2015)

– WW→eµ, [njet = 0]
σ = 262.3 ± 12.3 ± 23.1 fb (data)

MCFM (theory) 4.6 PRD 87, 112001 (2013)

σ = 374 ± 7 + 26 − 24 fb (data)
approx. NNLO (theory) 20.3 JHEP 09 (2016) 029

σ = 379.1 ± 5 ± 27 fb (data)
NNLO + NLO EW (theory) 36.1 arXiv: 1905.04242

WW
σ = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

σ = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

σ = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 arXiv: 1905.04242

– WV→`νJ σ = 30 ± 11 ± 22 fb (data)
MC@NLO (theory) 20.2 EPJC 77 (2017) 563 [hep-ex]

WV→`νjj σ = 1.37 ± 0.14 ± 0.37 pb (data)
MC@NLO (theory) 4.6 JHEP 01, 049 (2015)

σ = 209 ± 28 ± 45 fb (data)
MC@NLO (theory) 20.2 EPJC 77 (2017) 563 [hep-ex]

– Zγ→ννγ
σ = 0.133 ± 0.013 ± 0.021 pb (data)

MCFM NLO (theory) 4.6 PRD 87, 112003 (2013)

σ = 68 ± 4 + 33 − 32 fb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

σ = 83.7 + 3.6 − 3.5 + 7.1 − 6.5 fb (data)
MCFM (NNLO) (theory) 36.1 JHEP 12 (2018) 010

– [njet = 0] σ = 1.05 ± 0.02 ± 0.11 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

σ = 1.189 ± 0.009 + 0.073 − 0.067 pb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

Zγ→``γ σ = 1.31 ± 0.02 ± 0.12 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

σ = 1.507 ± 0.01 + 0.083 − 0.078 pb (data)
NNLO (theory) 20.3 PRD 93, 112002 (2016)

arXiv:1407.1618 [hep-ph]

– [njet = 0] σ = 1.76 ± 0.03 ± 0.22 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

Wγ→`νγ σ = 2.77 ± 0.03 ± 0.36 pb (data)
NNLO (theory) 4.6 PRD 87, 112003 (2013)

arXiv:1407.1618 [hep-ph]

γγ
σ = 44 + 3.2 − 4.2 pb (data)

2γNNLO (theory) 4.9 JHEP 01, 086 (2013)

σ = 16.82 ± 0.07 + 0.75 − 0.78 pb (data)
2γNNLO + CT10 (theory) 20.2 PRD 95 (2017) 112005

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

ratio with respect to theory

Status: July 2019

ATLAS Preliminary

Run 1,2
√
s = 7,8,13 TeV

NNLO QCD

NLO QCD

LHC pp
√
s = 7 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 8 TeV

Data
stat
stat ⊕ syst

LHC pp
√
s = 13 TeV

Data
stat
stat ⊕ syst

Diboson Cross Section Measurements

theoσ / expσProduction Cross Section Ratio:   
0.5 1 1.5 2

CMS PreliminaryMarch 2019

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.05± 0.02 ±0.96 -135.9 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.04± 0.02 ±1.06 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

I The precision of all diboson measurements performed in the dataset recorded in the
years 2015+2016 at

√
s = 13 TeV is limited by systematic uncertainties

I They are in agreement with state-of-the-art theoretical calculations
I It seems, for inclusive cross sections “ultimate precision” is already reached

What are the prospects besides adding additional markers
at
√
s = 14 TeV, 27 TeV and 100 TeV?
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Precise measurements with Heavy Gauge Bosons
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WW → eνµν
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/NDOF=1.9292χaMC@NLO prediction: 

Stat.+bgr. unc.

Total unc.

Theory unc. on POWHEG prediction

 (13 TeV)-135.9 fbCMS

JHEP 04 (2019) 122

WZ → `ν``

I For all diboson processes differential distributions have been measured
I The datasets available already allow O(101) of bins with uncertainties of few per-cent
I Recent fixed-order calculations reproduce the distributions up to the TeV scale
I Shape of distribution well described by modern event generators at NLO (QCD)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-002/index.html


Event Yields for HL- and HE-LHC
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CERN-LPCC-2018-03, arXiv:1902.04070
L = 3 ab−1 (14 TeV), L = 15 ab−1 (27 TeV)

current analyses

I At the HL-LHC and HE-LHC, millions of gauge-boson pairs
will (could) be produced

I The energy reach is significantly extended compared to the
present dataset
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QCD in ZZ+jets
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I Also measurements of jet multiplicities and variables in V V events available
I Benchmarking pQCD predictions is required by our own experimental ambitions, e.g.:

I VBS studies require correct modeling of kinematic and angular dijet variables and correlations
I WW measurements require a jet-veto to suppress background
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QCD with Dibosons
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WW → eνµν

I Different tools on the market:
I Fixed-order calculations at NNLO+NNLL
I Event generators with parton shower at NLO (QCD)
I Multi-leg configurations up to one parton at NLO (QCD) and

up to three partons at LO

I Large differences between predictions, and between
predictions and data possible in tails WW
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WW → eνµν@8TeV
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Electroweak Corrections
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I In the tails of the distributions we are already
sensitive to the effects of NLO electroweak corrections

I They are very important in our interpretation of the
differential measurements as EFT limits

I Can we find variables maximally sensitive to these predictions with small sensitivity to
non-SM gauge couplings?
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Double Differential ZZ → 4`
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I Double differential measurements give access to
different sub-processes

I Extensive set of cross-sections, uncertainties and
correlations made available

I An example of how we can make our data accessible
to theorists and preserve it for the post-LHC era
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Polarisation Measurements
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I A first measurement of the polarisation fractions in V V events is available from WZ
events, using the angular distributions of the leptons

I The longitudinal polarisation states of heavy gauge bosons result from the extra
degrees of freedom introduced by the Higgs potential

I Similar measurements in other V V processes and the possibility to enrich events in
longitudinal final states will be critical to study EWSB (and conceptual studies can start now)
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Z-boson Decays to 2` and 2ν

I The ZZ and Zγ measurements usually
explore both Z → `` and Z → νν

I Cross-section results comparable in precision
(with expected differences in stat. and syst. uncertainties)

σfid.
4` = 46.2 ± 1.5 (stat.)+1.2

−1.1 (syst.)+1.6
−1.4 (lumi.) fb

σfid.
2`2ν = 25.4 ± 1.4 (stat.) ± 0.9 (syst.) ± 0.5 (lumi.) fb
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ZZ → 2`2ν

I Additional selection on pmiss
T leads to loss in acceptance, usually only at low energy

→ Higher branching ratio is beneficial in studies of
anamalous couplings and limits are consistently better
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ZZ → 4`
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Beyond Leptons

I Measurements with hadronically decaying gauge
bosons typically have:
I much larger background
I much larger uncertainties
I more statistics in the tails!

than the measurements using only leptons
I The W bosons can be fully reconstructed

→ Hadronic final states consistently give better
constraints on anomalous gauge couplings

I Active developments in jet-substructure techniques
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WW → eνµν

E
ve

nt
s 

/ 1
00

 G
eV

-110

1

10

210

310

410

CMS  (13 TeV)-135.9 fb
Electron channel

 < 105 GeVSD65 < m

Data
-2=1.59 TeV2Λ/

WWW
Signal c

W+jets

tt

WW

WZ

Single t

Post-fit unc.

 (GeV)WVm
1000 1500 2000 2500 3000 3500 4000 4500

  
D

at
a

σ
D

at
a-

F
it

-3
-2
-1
0
1
2

WW → `νjj

E
ve

nt
s 

/ 1
00

 G
eV

-110

1

10

210

310

410

CMS  (13 TeV)-135.9 fb
Muon channel

 < 105 GeVSD65 < m

Data
-2=1.59 TeV2Λ/

WWW
Signal c

W+jets

tt

WW

WZ

Single t

Post-fit unc.

 (GeV)WVm
1000 1500 2000 2500 3000 3500 4000 4500

  
D

at
a

σ
D

at
a-

F
it

-3
-2
-1
0
1
2

arXiv:1907.08354

WW → `νjj

13 / 20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-24/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-008/index.html


Challenges at High Luminosity

I Pileup is already a source of background in
some measurements

I In particular, unconverted photons are
difficult to associate to the primary
interaction vertex

I Many performance measurements are
already systematically limited, they do not
necessarily descrease with more luminosity

→ Only small improvements of uncertainties
for systematically limited measurements
(“experimental uncertainties are either correlated or

uncorrelated depending on their origin”)
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CMS-PAS-SMP-19-001

ZZ → 4` at
√
s = 13 TeV (CMS)
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Systematic Uncertainties

Uncertainty source Uncertainty [%]

Electron 0.7
Muon 0.9
Jets 3.0
b-tagging 3.4
Emiss,track

T 0.4
Pile-up 1.6
W+jets background modelling 3.1
Top-quark background modelling 2.6
Other background modelling 1.3
Unfolding, incl. signal MC stat. uncertainty 1.4
PDF+scale 0.1
Systematic uncertainty 6.7
Statistical uncertainty 1.3
Luminosity uncertainty 2.1
Total uncertainty 7.1

Eur. Phys. J. C 79 (2019) 884

WW → eνµν, ATLAS

I General statements on systematic
uncertainties are:
I Multilepton final states have large lepton uncertainties
→ in principle known at the per-mille level
I The most concerning source of uncertainty is

reducible background (misid. leptons, b-tag ineff.)
→ for the future, we should reevaluate if our

lepton/b-jet/...working points are still appropriate

Source Uncertainty [%] Correlation

e+e−γ µ+µ−γ
Trigger efficiency – 0.2 no
Photon identification efficiency 1.0 yes
Photon isolation efficiency 0.9 yes
Electron identification efficiency 1.4 – no
Electron reconstruction efficiency 0.3 – no
Electron–photon energy scale 0.9 0.6 partial
Muon isolation efficiency – 0.4 no
Muon identification efficiency – 0.7 no
Z + jets background 1.3 yes
Pile-up background 0.6 yes
Other backgrounds 0.8 0.7 partial
Monte Carlo event statistics 0.4 0.4 no
Integrated luminosity 1.7 yes
Systematic uncertainty 3.2 2.9
Statistical uncertainty 0.6 0.5
Total uncertainty 3.2 3.0

arXiv:1911.04813

Zγ → ``γ, ATLAS

Uncertainty Range of values
Lepton efficiency 2–8%
Trigger efficiency 1–2%
Background 0.6–1.3%
Pileup 1%
PDF 1%
µR, µF 1%
Integrated luminosity 2.3% (2017) 2.5% (2018)

CMS-PAS-SMP-19-001

ZZ → 4` at
√
s = 13 TeV (CMS)
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Triboson Production

∫
L dt

[fb−1]
Reference

WWZ, (tot.) σ = 0.55 ± 0.14 + 0.15 − 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 arXiv: 1903.10415

– WWW→`ν`ν`ν σ = 0.31 + 0.35 − 0.33 + 0.32 − 0.35 fb (data)
Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

– WWW→`ν`νjj σ = 0.24 + 0.39 − 0.33 ± 0.19 fb (data)
Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

WWW, (tot.)
σ = 230 ± 200 + 150 − 160 fb (data)

Madgraph5 + aMCNLO (theory) 20.3 EPJC 77, 141 (2017)

σ = 0.65 + 0.16 − 0.15 + 0.16 − 0.14 pb (data)
Sherpa 2.2.2 (theory) 79.8 arXiv: 1903.10415

WWγ→eνµνγ σ = 1.5 ± 0.9 ± 0.5 fb (data)
VBFNLO+CT14 (NLO) (theory) 20.2 EPJC 77, 646 (2017)

– [njet = 0] σ = 2.9 + 0.8 − 0.7 + 1 − 0.9 fb (data)
MCFM NLO (theory) 20.3 PRL 115, 031802 (2015)

Wγγ→`νγγ σ = 6.1 + 1.1 − 1 ± 1.2 fb (data)
MCFM NLO (theory) 20.3 PRL 115, 031802 (2015)

– [njet = 0] σ = 3.48 + 0.61 − 0.56 + 0.3 − 0.26 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 112002 (2016)

Zγγ→``γγ σ = 5.07 + 0.73 − 0.68 + 0.42 − 0.39 fb (data)
MCFM NLO (theory) 20.3 PRD 93, 112002 (2016)

γγγ σ = 72.6 ± 6.5 ± 9.2 fb (data)
MG5 aMCNLO (theory) 20.2 PLB 781 (2018) 55

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Status: July 2019

ATLAS Preliminary

Run 1,2
√
s = 7,8,13 TeV

VBF, VBS, and Triboson Cross Section Measurements

I Triboson production so far has only been discovered in
the γγγ and Zγγ channels, based on data at

√
s = 8 TeV

I In particular, no production of three massive gauge
bosons has been observed
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Theory prediction

I Due to σ × BR(to leptons) below 1 fb these can particularly benefit from the dataset
expected from the HL-LHC
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Observed Processes

I Measurements of γγγ production from ATLAS
and Zγγ production from ATLAS and CMS
based on ∼ 20 fb−1 at

√
s = 8 TeV

I Triphoton cross section measured differentially
in several variables

σfid = 72.6 ± 6.5 stat.± 9.2 syst. fb

approx. 2σ higher than MG5 aMC@NLO

I The Zγγ cross sections have been measured
slightly high (ATLAS) and in agreement (CMS)
with the predictions at NLO
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σfid.
CMS = 12.7 ± 1.4 (stat.) ± 1.8 (syst.) fb

σtheo.
CMS = 13.0 ± 1.5 fb (MG5 aMC@NLO)

σfid.
ATLAS = 5.07+0.73

−0.68 (stat.)+0.42
−0.39 (syst.) fb

σtheo.
ATLAS = 3.70+0.21

−0.11 fb (MCFM)
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WWW/WWV /WVZ

I Searches for the production of three massive gauge bosons have been performed by
both ATLAS (79.8 fb−1) and CMS (35.9 fb−1)

I Branching fraction WWW → 3`3ν ∼ 1%

→ Analysis of up to one V → jj final states
I Classification in number of same-flavour opposite-charge pairs
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Phys. Rev. D 100 (2019) 012004

Decay channel
Significance

Observed Expected

WWW combined 3.2σ 2.4σ
WWW → `ν`νqq 4.0σ 1.7σ
WWW → `ν`ν`ν 1.0σ 2.0σ

WV Z combined 3.2σ 2.0σ
WV Z → `νqq`` 0.5σ 1.0σ
WV Z → `ν`ν``/qq```` 3.5σ 1.8σ

WV V combined 4.1σ 3.1σ

Phys. Lett. B 798 (2019) 134913

ATLAS

I Evidence for WV V production from ATLAS with 4.1σ (3.1σ expected)
I Search for WWW production in CMS with 0.6σ (1.8σ expected) 18 / 20
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Triboson Production at the HL-LHC
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70 75 80 85 90 95 100 105 110

 [GeV]llm

0

2

4

6

8

10

12

14

16

18

20

22

E
nt

rie
s 

/ 2
 G

eV

 Simulation PreliminaryATLAS

-1=14 TeV, 3000 fbs

ν 5l1→WZZ 
Fake-lepton
Top
Diboson
Higgs+X
Triboson

WZZ → 5`1ν

I At the HL-LHC there is sufficient integrated luminosity to study V V V production in the
purely leptonic decay channels

I Background considerations are similar, so only particular combinations of lepton
flavour and charge are considered

I The observation of WWW , and evidence for
WWZ and WZZ are projected

I Compared to 1σ obs. (2σ exp.) from
79.8 fb−1 in ATLAS

W
±
W
±
W
∓ → 3`3ν W

±
W
∓
Z → 4`2ν W

±
ZZ → 5`1ν

Signal 312 168 19
Diboson 208 357 4.0
Triboson 37 11 3.0
Higgs+X 25 10 0.3
Top 60 390 15
fake-lepton 97 16 3.0
Total: 427 784 25

Significance Zσ 6.7 3.0 3.0
Significance Zσ (4000 fb−1) 7.0 3.1 3.4
Precision ∆µ

µ
11% 27% 36%

Precision ∆µ
µ

(4000 fb−1) 10% 25% 31%

arXiv:1902.04070
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Conclusions

I Measurements of inclusive diboson cross sections already are systematically limited

I Differential measurements become increasingly sensitive (and demanding) to
theoretical predictions from pQCD and NLO EW corrections

I Diboson final states are important for studies of the electroweak theory at the TeV scale
and the implications of EWSB

I There is evidence for the production of three massive gauge bosons

I The production involves quartic gauge couplings
I The full LHC dataset allows analysis of different VVV categories, also using purely

leptonic final states
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