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Diboson production:
• Accurate validation of higher-order QCD calculations

• NNLO calculations in QCD are used in many analyses
• High statistics allows measurements of differential distributions
• Model independent NP searches through possible aTGCs
• Important background for Higgs and other NP searches
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VBS and triboson production:
• Searches for femto-barn SM physics
• aQGCs searches provide a new window for NP



Recent ATLAS multiboson measurements

• Diboson Production

– ZZ leptonic decay @ 13 TeV (ATLAS-CONF-2017-031)

– WZ leptonic decay @ 13 TeV (ATLAS-CONF-2016-043, Phys.Lett.B 

762 (2016)1)

– WW leptonic decay @ 13 TeV (arXiv: 1702.04519)

– WW/WZ semi-leptonic decay @ 8 TeV (arXiv: 1706.01702)

• Vector Boson Scattering and triboson production

– VBS Zgjj production @ 8 TeV (JHEP07(2017)107)

– WVg production @ 8 TeV (arXiv: 1707.05597)
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Diboson measurements
• WW,  WZ and ZZ production

– ZZ: smallest cross-section but clean 4ℓ𝓁 signature : statistics dominant
– WW: largest cross-section but difficult 2ℓ𝓁2𝜈 final state: systematics dominant
– WZ: nice balance

• First step are measurements of full-leptonic decay modes
– 13 TeV results are published with all channels

• Then, analyses of semi-leptonic decay modes
– More stat. gives us higher sensitivity to NP
– 8 TeV result of WW/WZ production

6

]TeV  [s
4 6 8 10 12 14

[p
b]

To
ta

l p
ro

du
ct

io
n 

cr
os

s 
se

ct
io

n 

1

10

210

310

tt → pp

NNLO+NNLL

tq → pp

NLO+NNLL

H → pp

LO ggF)3LHC-XS (N

WW → pp
      0.1×

NNLO

WZ → pp
      0.1×

NNLO

ZZ → pp
      0.1×

NNLO

tt → pp
, Eur. Phys. J. C 74:3109 (2014)-17 TeV, 4.6 fb

, Eur. Phys. J. C 74:3109 (2014)-18 TeV, 20.3 fb
, arXiv:1606.02699-113 TeV, 3.2 fb

tq → pp
, PRD 90, 112006 (2014)-17 TeV, 4.6 fb

, arXiv:1702.02859-18 TeV, 20.3 fb
, arXiv:1609.03920-113 TeV, 3.2 fb

H → pp
, Eur. Phys. J. C76 (2016) 6-17 TeV, 4.5 fb

, Eur. Phys. J. C76 (2016) 6-18 TeV, 20.3 fb
, ATLAS-CONF-2017-047-113 TeV, 36.1 fb

WW → pp
, PRD 87, 112001 (2013)-17 TeV, 4.6 fb

, JHEP 09 029 (2016)-18 TeV, 20.3 fb
, arXiv:1702.04519-113 TeV, 3.2 fb

WZ → pp
, Eur. Phys. J. C (2012) 72:2173-17 TeV, 4.6 fb

, PRD 93, 092004 (2016)-18 TeV, 20.3 fb
, Phys. Lett. B 762 (2016)-113 TeV, 3.2 fb

ZZ → pp
, JHEP 03, 128 (2013)-17 TeV, 4.6 fb

, JHEP 01, 099 (2017)-18 TeV, 20.3 fb
, ATLAS-CONF-2017-031-113 TeV, 36.1 fb

  PreliminaryATLAS
Theory
Measurement

WW WZ ZZ

https://twiki.cern.ch/twiki/bin/view/
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ZZ full-leptonic @ 13 TeV

• ZZ→l+l-l’+l’- signal (Nominal: Sherpa)

– qq/gg processes are dominant

– EW ZZjj (including VBS) is included

• Also ZZV→l+l-l’+l’-jj is included

• Compared two generators

– Powheg: NLO ME calculation up to 1-jet

– Sherpa: + LO ME calculation for 2, 3-jets

• 2 same-flavour opposite-sign e/µ pairs

– Only on-shell: 66 < mll < 116 GeV

– Main background: fake-lepton

– Main systematics: lepton ID
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1 Introduction

Study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron Collider
(LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available energies.
Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp collisions at a
center-of-mass energy of

p
s = 13 TeV, ZZ production is dominated by quark–antiquark (qq) interactions,

with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3]. The production of
ZZ in association with two electroweakly produced jets, denoted EWK-ZZ j j, includes the rare ZZ weak-
boson scattering process. Study of the inclusive ZZ production in association with jets is an important
step in searching for this process, which has so far not been experimentally observed by itself.
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Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8, 9] and sensitive to anomalous triple gauge couplings (aTGCs)
of neutral gauge bosons, which are not allowed in the SM [10]. The SM does not have tree-level vertices
coupling three neutral gauge bosons (ZZZ, ZZ�), because these would violate the underlying SU(2)L ⇥
U(1)Y symmetry. However, these couplings exist in some extensions of the SM, where they enhance the
ZZ production cross section in regions where the energy scale of the interaction is high. An example
Feynman diagram of ZZ production via aTGC is shown in Figure 2.

Integrated and di↵erential ZZ production cross sections have been previously measured at
p

s = 7 and
8 TeV by the ATLAS and CMS collaborations [11–14] and found to be consistent with SM predictions.
The integrated pp ! ZZ ! `+`�`0+`0� cross section at

p
s = 13 TeV was recently measured by the

ATLAS [15] and CMS [16] collaborations, each analyzing data corresponding to an integrated luminosity
of about 3 fb�1. Searches for aTGCs have previously been performed at lower center-of-mass energies
by ATLAS [13], CMS [12, 17], D0 [18], and by the LEP experiments [19] and recently also at 13 TeV
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ZZ full-leptonic @ 13 TeV
• Fiducial cross-section is measured with ~5% uncertainty (combined)

• Good agreement with MATRIX NNLO calculation
– 2.7 s tension in 4e channel

8ATLAS-CONF-2017-031



ZZ full-leptonic @ 13 TeV
• 20 differential cross-sections are measured

9ATLAS-CONF-2017-031

Sherpa models better



WZ full-leptonic @ 13 TeV
• WZ→l’vl+l- signal (Nominal: Powheg+Pythia)
• Three high-pT e or µ

– On-shell Z boson: |Mll – MZ| < 10 GeV
– W boson selection: mT

W > 30 GeV

• Main background: mis-identified leptons
• Main systematics: Fake factor, lepton ID, luminosity

10Phys.Lett.B 762 (2016)1



WZ full-leptonic @ 13 TeV
• Fiducial cross-section measured with ~7% uncertainty

• Good agreement with Powheg+Pythia prediction
– Even better with approximate scale factor of 1.11 to MATRIX NNLO

11ATLAS-CONF-2016-043

Approximate NNLO value (MATRIX)



WW full-leptonic @ 13 TeV
• WW→enµn signal (nNNLO+H)

– qq →WW (Powheg norm. to O(𝛼%&))
– gg →WW (Sherpa norm. to O(𝛼%'))
– gg → H →WW (Powheg norm. to O(𝛼%'))

• High-pT 𝑒𝜇	  pair with ET
miss and no jet

– Major systematics: Jet energy scale, fake factor

• Fiducial cross section measured with ~10% uncert.

12
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arXiv: 1702.04519



WZ/WW semi-leptonic @ 8 TeV
• Extend out sensitivity to NP

– 6x BR than full-leptonic mode
– Better kinematics reconstruction in WW

• Two jet reconstruction approaches
– Resolved jet (lnjj): two jets with anti-kt (R=0.4)
– Boosted jet (lnJ): one jet with anti-kt with R=1.0 and jet grooming

13arXiv: 1706.01702
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aTGC search inputs
• Extract constraints on aTGC parameters in high �̂� regions
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ATLAS-CONF-2017-031 ATLAS-CONF-2016-043

ZZ leptonic WZ leptonic
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arXiv: 1706.01702



aTGC constraints
• Results with effective Lagrangian approach are shown

– Results with EFT approach are also available

15

= 1 in SM

= 0 in SM
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC



Zgjj production @ 8 TeV
• EWK and QCD processes with Sherpa
• Clean ℓ𝓁ℓ𝓁𝛾𝑗𝑗 channel for fiducial s

– Same-flavour opposite-sign lepton pair 
– One isolated g

• EWK processes: energetic forward di-jet
– mjj and 𝜁01 to separate from QCD bkg.

18JHEP07(2017)107
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Zgjj production @ 8 TeV

• Fiducial cross-section measured with ℓ𝓁ℓ𝓁𝛾𝑗𝑗

• Good agreement with VBFNLO

• Main uncertainties on sEW

– Statistical uncertainty: 40%
– Jet energy scale: 36%
– Sherpa modeling: 10%

19

2 s significance

JHEP07(2017)107



Zgjj production @ 8 TeV

• ET
𝛾 distributions to constrain aQGCs are obtained both in ℓ𝓁ℓ𝓁𝛾𝑗𝑗

and ν𝜈𝛾𝑗𝑗 samples   

20
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WVg production @ 8 TeV

• Modelled with Sherpa (LO + 1 parton)
• eν𝜇𝜈𝛾 channel

– Opposite-sign e𝜇	  pair
– One isolated g
– ET

miss from neutrinos
– Only Njet = 0 bin

• Fiducial cross section
– sfid = 1.5 ± 0.9 (stat.) ±	  0.5 (syst.) fb

• 1.4 s significance
• 2.0 fb (theory:  VBFNLO)

– Observed limit (95% CL): 3.7 fb
• 2.1;<.=><.? fb (expected)

21arXiv: 1707.05597
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WVg production @ 8 TeV

• ℓ𝓁ν𝑗𝑗𝛾 channel
– One high-pT e	  or 𝜇	  
– One isolated g
– ET

miss from neutrinos

– ≥	  2 jet with 70 < mjj < 100 GeV

• Fiducial cross section
– Observed limit (95% CL): 6 fb

• 8.4;&.E>'.E fb (expected:  VBFNLO)
• Most stringent limit to date!

22
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aQGC constraints
• 18 dim-8 aQGC parameters are assessed with an effective theory (Eboli et al., Phys.Rev. D 74, 

073005 (2006))

– 𝑓%,J : only cov. derivatives of Higgs field

– 𝑓K,J : only field strength tensors

– 𝑓L,J : field strength tensors and cov. derivatives of Higgs field
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]-4aQGC Limits @95% C.L. [TeV
2000− 0 2000 4000

July 2017
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

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

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

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC#aQGC_Results



aQGC constraints with Zgjj analysis
• Madgraph formalism with ΛFF = ∞

25JHEP07(2017)107
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Conclusions
• Showcased the full ATLAS multiboson programme
• Diboson productions:

– 13 TeV analysis for ZZ, WZ and WW with full-leptonic modes
• Accurate validations of SM at NNLO with ≤10% precision

– Adding sensitivity, in particular to aTGCs, with semileptonic modes
• Developing new analysis technique (boosted jet reconstruction)

• Triboson productions and VBS:
– ATLAS has more > 3.0 s evidence

• SM VBS ssWW (Phys. Rev. D 96, 012007)
• Exclusive gg →WW (Phys.Rev.D 94, 032011(2016)

• Triboson Wgg (Phys.Rev.Lett. 115 (2015) 3, 031802)
– ATLAS measurements started setting stringent constraints on aQGCs

• No evidence for the BSM physics yet
– Continue setting ever more stringent constraints on aTGCs/ aQGCs
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Back up

28



ZZ full-leptonic @ 13 TeV
• Rij are defined as the probability of an event in true bin j being 

observed with the detector in bin i

29



WW full-leptonic @ 13 TeV
30arXiv: 1702.04519


