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• Using these vector-boson pair production processes we can,
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Motivation Inc. W+W- VBS W±W±VBS W±Zpp → 4ũ Inc. W±ZZγ → ννγ̄

TGC

QGC

Triple Gauge Coupling

Quartic Gauge Coupling

• Data conditions for all of the included measurements:

• High energy proton-proton collisions recorded in 2015-2016 at √s = 13 TeV and ℒ = 36.1 fb-1.

• The ATLAS detector has recently been used to study a number of electroweak 
vector-boson pair production processes.

• Among these processes are the invisible Z, VBS and inclusive W±Z, inclusive W+W- 
and VBS W±W±.

• Probe the electroweak sector of the Standard Model.

• Investigate the mechanism responsible for electroweak symmetry breaking.

• Study triple and quartic gauge-boson interactions.

• Search for evidence of new physics (BSM, aTGC, aQGC, etc.)



•                     events with exactly one tight 
isolated photon and no leptons.
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Z Boson Production in Association with a High Energy Photon
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Z� ! ⌫⌫̄�
<latexit sha1_base64="w1ySdINXcY+O/DO/bPzbZfBFlUI="></latexit>

The Signals

arXiv:1810.04995

Four-lepton (pp → 4ũ) Production

• A set of processes with four leptons in the 
final state (                ).pp ! 4`

<latexit sha1_base64="dumxKQigSLKNNdj/izXJAXpk/Ys="></latexit>

arXiv:1902.05892

Inclusive W±Z Production

• W±Z production characterized by a decay to three leptons and a neutrino.

arXiv:1902.05759

•                      (ℓ = e or μ) and                (ℓℓ = e+e- or μ+μ-)

• Events are selected in an inclusive region 
(Njets ≥ 0) and an exclusive region (Njets = 0).

• 4ℓ = 4e, 4μ or 2e2μ.

W± ! `±⌫
<latexit sha1_base64="iiY/PeniryblFryDLDkpggHmKY8="></latexit>

Z ! ``
<latexit sha1_base64="yTwHZ1+2ofIb7Ri5fK4JIXwnBuc="></latexit>

• Events include any number of jets.

Zγ → ννγ̄ pp → 4ũ Inc. W±Z VBS W±Z Inc. W+W- VBS W±W±

Zγ → ννγ̄

pp → 4ũ

Inc. W±Z

https://arxiv.org/abs/1810.04995
https://arxiv.org/abs/1902.05892
https://arxiv.org/abs/1902.05759


VBS W±Z Electroweak VBS W±Zjj Production arXiv:1812.09740

• The purely electroweak scattering of two vector bosons 
yielding a W± boson, a Z boson and two jets (W±Zjj-EW). 
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The Signals

• The W± and Z bosons decay into three leptons and a 
neutrino.                       and              , (ℓ = e and/or μ).

Inclusive Opposite-Sign W Boson Pair Production
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ATLAS DRAFT

(SUSY) scenarios [19, 20]. These specific models can be constrained by their contribution to dimension-six52

operators in an e�ective Lagrangian at tree level [17]. At lower centre-of-mass energies, WW production53

can also be used to provide complementary constraints on compressed EW SUSY scenarios with low stop54

masses [21].55

The WW signal is composed of two leading sub-processes: qq̄ ! WW production1 (in the t- and s-channels)56

and gluon–gluon fusion production (both non-resonant gg ! WW and resonant gg ! H ! WW). Figure 157

shows representative sub-processes. To allow for a proper treatment and inclusion of the interference,58

which is especially relevant in the tails of kinematic distributions, the resonant production is kept as part of59

the signal. The fiducial phase space is defined to be orthogonal to the H ! WW measurements by the60

ATLAS Collaboration [22, 23] using a requirement on the dilepton invariant mass. Therefore the Higgs61

boson contribution included in the signal definition is dominated by o�-shell production and interference62

e�ects. The production of two W bosons from the decay of top–antitop quark pairs is not considered part63

of the signal.64
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Figure 1: Feynman diagrams for SM WW production at tree level (from left to right): qq̄ initial-state t-channel,
qq̄ initial-state s-channel, gg initial-state non-resonant and gg initial-state resonant production [6]. The s-channel
production contains the WW Z and WW� triple-gauge-coupling vertices. The gluon–gluon fusion processes are
mediated either by a quark loop (gg ! WW) or the resonant production of a Higgs boson with subsequent decay
into WW (gg ! H ! WW).

The di�erent sub-processes for WW production are known theoretically at di�erent orders in the strong65

coupling constant ↵s. The qq̄ ! WW production cross-section is known to O(↵2
s ), next-to-next-to-leading66

order (NNLO) [11, 15]. The non-resonant gg ! WW production cross-section is known to O(↵3
s ), next-to-67

leading order (NLO) [24], and its interference with the resonant gg ! WW production cross-section is68

known to O(↵2
s ).69

This paper presents a measurement of the fiducial cross-section for WW production at
p

s = 13 TeV using70

data recorded in 2015 and 2016 by the ATLAS experiment, corresponding to an integrated luminosity71

of 36.1 fb�1. The WW ! e±⌫µ⌥⌫ decay channel is studied (denoted in the following by WW ! eµ).72

The measurement is performed in a phase space close to the geometric and kinematic acceptance of the73

experimental analysis. This includes a veto on the presence of jets with transverse momenta (pT) above a74

series of thresholds, with a pT = 35 GeV threshold used as a baseline. Measuring the fiducial cross-section75

as a function of the jet veto pT threshold provides an indirect measure of the jet pT spectrum in WW events,76

without removing the jet veto that is necessary for background suppression.77

Six di�erential distributions involving kinematic variables of the final-state charged leptons are measured in78

the baseline phase space. Three of them characterize the energy of the process: the transverse momentum79

of the leading lepton plead `
T , the invariant mass of the dilepton system m

eµ and the transverse momentum80

of the dilepton system peµT . Three further distributions probe angular correlations and the spin state of the81

1 The notation qq̄ ! WW is used to include both the qq̄ and qg initial states for WW production.
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Suppressed by 
invariant mass 

(mℓℓ) cut

• W+W- production characterized by a decay to 
two leptons, two neutrinos and no jets.

• This analysis is orthogonal to the recent         
H → WW∗ analysis.

ATL-COM-PHYS-2018-1487

W+W� ! e±⌫µ⌥⌫
<latexit sha1_base64="9Q1ZVAB4z9G1VHbBOmqrtrt2zTc="></latexit>

VBS Same-Sign W Boson Pair Production ATLAS-CONF-2018-030

W± ! `±⌫
<latexit sha1_base64="iiY/PeniryblFryDLDkpggHmKY8="></latexit>

Z ! ``
<latexit sha1_base64="yTwHZ1+2ofIb7Ri5fK4JIXwnBuc="></latexit>

Zγ → ννγ̄ pp → 4ũ Inc. W±Z VBS W±Z Inc. W+W- VBS W±W±

Inc. W+W-

VBS W±W±

Interfere

• The electroweak scattering of two vector bosons yielding two same-sign W bosons and two jets.

• Each W boson decays into a lepton and a neutrino.                      , (ℓ = e and/or μ).W± ! `±⌫
<latexit sha1_base64="iiY/PeniryblFryDLDkpggHmKY8="></latexit>

https://arxiv.org/abs/1812.09740
https://cds.cern.ch/record/2644773
https://cds.cern.ch/record/2629411


The Fiducial Cross-Section:
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• In invisible Z boson (Zγ → ννγ̄) analysis, both the 
fiducial and differential cross-sections are measured in 
an extended fiducial region where many of the analysis 
cuts have been relaxed, (including the lepton veto).

Linck - ALPS 201922-27 Apr 2019

• The measured fiducial cross-sections are listed in the 
table to the right.

Inclusive Differential Cross-Sections

The Differential Cross-Section:
• The differential cross-sections are extracted using 

an iterative Bayesian unfolding method.

Fiducial Cross-Sections

• The measured fiducial cross-sections agree within 
one standard deviation with the SM prediction.

• The measured differential cross-sections generally 
show good agreement with the SM prediction.

• The disagreement in the last bin of the          
distribution is due to statistical fluctuation.

E�
T

<latexit sha1_base64="F2z4xEsUuZz/UTj2CtkVG4kU2wQ=">AAACKnicbVDLSgMxFM3Ud31VXboJFkFclJm60KUPBJcVrAqdWjLpbRuaZMbkjliG+R43/oqbLhRx64eY1i7q40LC4ZxzufeeKJHCou+/e4WZ2bn5hcWl4vLK6tp6aWPz2sap4VDnsYzNbcQsSKGhjgIl3CYGmIok3ET9s5F+8wDGilhf4SCBpmJdLTqCM3RUq3QSRtAVOoP7dMzs50VKz1tZiPCI7hd6kF3leX6XhV2mFMuLIej2tL1VKvsVf1z0LwgmoEwmVWuVhmE75qkCjVwyaxuBn2AzYwYFl+AGpBYSxvusCw0HNVNgm9n41JzuOqZNO7FxTyMds9MdGVPWDlTknIphz/7WRuR/WiPFzlEzEzpJETT/HtRJJcWYjnKjbWGAoxw4wLgRblfKe8wwji7dUQjB75P/gutqJTioVC+r5ePTSRyLZJvskD0SkENyTC5IjdQJJ0/khbySN+/ZG3rv3se3teBNerbIj/I+vwBcwKhv</latexit>

arXiv:1810.04995
Measurements Zγ → ννγ̄ Inc. W+W- VBS W±W±VBS W±Zpp → 4ũ Inc. W±Z

https://arxiv.org/abs/1810.04995
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• In the framework of the effective vertex function approach, this analysis 
parameterizes aTGC contributions as follows.
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• The CP-violating and the CP-conserving parameters do not interfere and are nearly 
identical.

• CP-violating:       h1
V and h2

V

• CP-conserving:  h3
V and h4

V {V = Z or γ,  where,
Z = ZZγ vertex

γ = Zγγ vertex{
• To optimize the sensitivity to aTGCs, the exclusive region (Njets = 0) is used with the 

additional requirement that ET
γ > 600 GeV.

95% CL Ellipses

ZZγ

Zγγ
• Shown here are the 

1D 95% confidence 
level limits for the 
CP-conserving 
parameters.

• This analysis did not observe anomalous couplings.

• When compared with previous analyses, this analysis imposes 3-7 times more 
stringent limits on anomalous couplings.

arXiv:1810.04995
Measurements Zγ → ννγ̄ Inc. W+W-VBS W±Zpp → 4ũ Inc. W±Z VBS W±W±

https://arxiv.org/abs/1810.04995
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Differential Cross-Section:
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• In the four lepton (pp → 4ℓ) analysis, the differential cross-section is determined as a function of the invariant mass, m4ℓ.

Leading Sources of Uncertainty in 
Cross-Section in Bins of pT

4ũ
Measured Differential Cross-Section as a 

Function of m4ũ, in Bins of pT
4ũ

• Overall, good agreement exists between the unfolded data and the predictions found using Sherpa and Powheg.
• The MATRIX prediction shows the effect of additional higher-order corrections and QED final state radiation.

• As can be seen to the right below, the overall cross-section uncertainty is dominated by the statistical uncertainty.

arXiv:1902.05892
Measurements pp → 4ũ Inc. W+W-VBS W±ZInc. W±ZZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1902.05892
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Signal strength for gluon-induced 4ũ production (               ).
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• Is determined relative to an uncorrected leading-
order precision MCFM prediction.

gg ! 4`
<latexit sha1_base64="gNlcR7TVwHD6n57QY4Qk2EXXSwc="></latexit>

µLO

gg =
�measured

gg!4`

�SM, LO QCD

gg!4`
<latexit sha1_base64="N1JJIAJse2d+nSDtTM1M7n+WCtE="></latexit>

Branching Fraction of Z ! 4`
<latexit sha1_base64="tzOsRgZYccLIqXfJSM3TaBh+iMs="></latexit>

• Is determined in a region that is dominated 
by single Z boson production.

Constraint on Off-Shell Higgs Boson Signal Strength

80 < m4ℓ < 100 GeV and mℓℓ > 4 GeV

• Is determined using the double-differential 
distribution for m4ℓ in terms of DME (matrix-element 
discriminant) at high mass (m4ℓ > 180 GeV).

95% CL Upper Limit for Off-Shell 
Higgs Boson Signal Strength

Observed 6.5
Expected 5.4

ATLAS at √s = 13 TeV ATLAS at √s = 8 TeV
Measured 2.7 ± 0.9 2.4 ± 1.4
Expected 2.2 ± 0.9

• The observed value of the 95% CL upper limit 
agrees with the expected within ±1! uncertainty.

Constraint on Modified Higgs Boson Couplings
• Is determined at high 

mass (> 180 GeV) for 
two BSM couplings.

ATLAS dataset comprising 36 fb�1, all detector-related systematic uncertainties as well as the luminosity
uncertainty of �Z are conservatively treated as uncorrelated with the equivalent uncertainties in the
measured cross-section in the lowest m4` bin.

This result is compared with previous dedicated measurements by the ATLAS [8] and CMS [6] collaborations
in Table 3. The largest contributing systematic uncertainties in this mass region come from lepton
identification and reconstruction e�ciencies, as shown in Figure 3. The di�erence in systematic
uncertainties compared to Ref. [8] is due to the assumptions of non-correlation between uncertainties in
the two contributing measurements discussed above. The larger statistical uncertainty compared to Ref. [6]
arises from an acceptance which has not been fully optimised for this interpretation. Nevertheless, the final
precision including all error sources allows this measurement to contribute an improvement in the total
precision of the Z ! 4` branching fraction.

Table 3: Comparison of measurements for the Z ! 4` branching fraction in the phase-space region
80 GeV < m4` < 100 GeV, m`` > 4 GeV.

Measurement BZ!4`/10�6

ATLAS,
p

s = 7 TeV and 8 TeV [8] 4.31±0.34(stat)±0.17(syst)
CMS,

p
s = 13 TeV [6] 4.83 +0.23

�0.22(stat) +0.32
�0.29(syst)±0.08(theo)±0.12(lumi)

ATLAS,
p
s = 13 TeV 4.70 ± 0.32(stat) ± 0.21(syst) ± 0.14(lumi)

Constraint on o�-shell Higgs boson signal strength

The double-di�erential distribution for m4`–DME is used to constrain the o�-shell Higgs production process
at high mass (m4` >180 GeV), assuming that the contribution of the box diagram is as predicted by the
Standard Model. As in the extraction of the signal strength for gluon-induced 4` production, a likelihood
scan is performed where the contribution of qq̄ ! 4` is set to the Standard Model prediction and allowed to
float within the associated theoretical uncertainties. The total yield from gg ! 4` is then parameterised [9]
as

N
gg!4`

⇣
µOS
H

⌘
=

✓
µOS
H

�
q
µOS
H

◆
⇥ N

gg!H
⇤!ZZ

(⇤)!4`
SM +

✓
1 �

q
µOS
H

◆
⇥ N

gg!4`(box)
SM +

q
µOS
H

⇥ N
gg!4`
SM ,

where µOS
H
= �gg!H⇤!4`/�SM

gg!H⇤!4` is the signal strength for the o�-shell Higgs production process,

the parameter of interest for this measurement. The yields N
gg!H

⇤!ZZ
(⇤)!4`

SM , N
gg!4`(box)
SM , and N

gg!4`
SM

are those predicted by the Standard Model for only the o�-shell Higgs production process, only the box
diagram, and the total gg ! 4` contribution including interference, respectively, and are set to the best
available prediction as discussed in Section 5. They are allowed to float within the associated theoretical
uncertainties discussed in Section 7. The observed 95% CL upper limit on the signal strength obtained in
this way is 6.5. This agrees with the expected 95% CL upper limit of 5.4 within the range of [4.2, 7.2]
for ±1� uncertainty. This extraction demonstrates the degree to which an interpretation of measured
cross-sections can approach the precision of dedicated measurements performed at detector level. The
result can be compared to the upper limit of 4.5 obtained by the dedicated detector-level measurement [9]
in the 4` final state using the same dataset and the same model. The sensitivity of this interpretation is
slightly lower in comparison, due to the restrictions the unfolding procedure imposes on the binning of
observables, the DME discriminant in particular.

27

• ct (ttH̄) and cg (ggH) 
• The parameter space 

outside of the observed 
contour is excluded at 
95% CL.

95% CL Exclusion Contours

arXiv:1902.05892
Measurements pp → 4ũ Inc. W+W-VBS W±ZInc. W±ZZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1902.05892


arXiv:1902.05759
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The Fiducial Cross-Section:

Linck - ALPS 201922-27 Apr 2019

• In the inclusive W±Z analysis, the fiducial cross 
section is determined separately in the different 
lepton channels for W-Z, W+Z and W±Z.

Measurements Inc. W±Z Inc. W+W-VBS W±Z

�fid.

W±Z ! `0⌫``
=

Ndata �Nbkg

L · CWZ

⇥
✓
1� N⌧

Nall

◆

<latexit sha1_base64="ixvPhyeGmPctuJrtrACSkemaxLA="></latexit>

• A χ2 minimization method is used to combine 
the results from the four lepton channels.

The Differential Cross-Section:

• The differential cross-section is determined for a combination 
of all four lepton channels as a function of several variables.

• The high energy tails of the mT
WZ and pT

Z distributions are 
sensitive to aTGC.

• Good agreement exits between the unfolded data and the 
prediction for each of the resulting distributions.

• As shown here, there is no excess of data events in the 
associated bins and thus no evidence of aTGC.

pp → 4ũZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1902.05759


arXiv:1902.05759
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Polarization of WZ Events:

Linck - ALPS 201922-27 Apr 2019

• The W and Z boson polarization measurements are performed on a sum of the four 
lepton channels (eee, eμμ, μee, and μμμ).

Measurements Inc. W±Z Inc. W+W-VBS W±Z

Decay Angles W Rest 
Frame

WZ Center-of-
Mass Frame

Z Rest 
Frame

Helicity Fractions for W±

• Binned profile-likelihood fits are performed of templets of the helicity states.
• The helicity parameters, f0 and fL - fR, are extracted from fits of qℓ独cos(θℓ,W) and 

cos(θℓ,Z) for W and Z separately.

• The resulting significance of the 
longitudinal helicity fractions, f0:

Helicity Fractions for Z

Significance

Observed Predicted

W± 4.2σ 3.8σ

Z 6.5σ 6.1σ

• Note that the f0 for the W is more 
difficult to extract and thus has greater 
uncertainty.

• This analysis successfully observed 
longitudinally polarized W bosons.

pp → 4ũZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1902.05759
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Fiducial Cross-Section:
• In the electroweak VBS W±Zjj analysis, two fiducial cross-sections are determined.

arXiv:1812.09740

• The BDT score is used to extract the signal significance (μWZjj-EW).  The 
fiducial cross-section for W±Zjj-EW production is then derived from μWZjj-EW.

assumed Gaussian distribution. The BDT score distribution in the QCD control region and in the signal
region, with background normalisations, signal normalisation and nuisance parameters adjusted by the
profile-likelihood fit are shown in Figure 1. The corresponding post-fit yields are detailed in Table 3. The
table presents the integral of the BDT score distribution in the SR, but the uncertainty on the measured
signal cross section is dominated by events at high BDT score. The signal strength is measured to be

µWZj j�EW = 1.77 +0.44
�0.40 (stat.) +0.15

�0.12 (exp. syst.) +0.15
�0.12 (mod. syst.) +0.04

�0.02 (lumi.) = 1.77 +0.49
�0.43 ,

and the background-only hypothesis is excluded with a significance of 5.3 standard deviations, compared
with 3.2 standard deviations expected. The normalisation parameters of the W Z j j�QCD, tt̄ + V and
Z Z backgrounds constrained by data in the control and signal regions are measured to be µWZj j�QCD =

0.56 ± 0.16, µt t̄+V = 1.07 ± 0.23 and µZZ j j�QCD = 1.34 ± 0.24. The observed W Z j j�EW production
integrated fiducial cross-section derived from this signal strength is

�fid.
WZj j�EW = 0.57 +0.14

�0.13 (stat.) +0.05
�0.04 (exp. syst.) +0.05

�0.04 (mod. syst.) +0.01
�0.01 (lumi.) fb

= 0.57 +0.16
�0.14 fb,

where the uncertainties correspond to statistical, experimental systematic, theory modelling and inter-
ference systematic, and luminosity uncertainties, respectively. It corresponds to the cross-section of
electroweak W±Z j j production, including interference e�ects between W Z j j�QCD and W Z j j�EW
processes, in the fiducial phase space defined in Section 3 using dressed-level leptons.

The SM LO prediction from S����� for electroweak production without interference e�ects is

�fid., Sherpa
WZj j�EW = 0.321 ± 0.002 (stat.) ± 0.005 (PDF)+0.027

�0.023 (scale) fb,

where the e�ects of uncertainties in the PDF and the ↵S value used in the PDF determination, as well as the
uncertainties due to the renormalisation and factorisation scales, are evaluated using the same procedure
as the one described in Section 8.

A larger cross-section of �fid., MadGraph
WZj j�EW = 0.366 ± 0.004 (stat.) fb is predicted by M��G����. These

predictions are at LO only and include neither the e�ects of interference, estimated at LO to be 10%, nor
the e�ects of NLO electroweak corrections as discussed in Ref. [62] for W±W± j j.

From the number of observed events in the SR, the integrated cross-section of W±Z j j production in the
VBS fiducial phase space defined in Section 3, including W Z j j�EW and W Z j j�QCD contributions and
their interference, is measured. It is calculated as

�fid.
W±Z j j =

Ndata � Nbkg

L · CWZj j
⇥
✓
1 � N⌧

Nall

◆
,

where Ndata and Nbkg are the number of observed events and the estimated number of background events
in the SR, respectively, and L is the integrated luminosity. The factor CWZj j , obtained from simulation,
is the ratio of the number of selected signal events at detector level to the number of events at particle level
in the fiducial phase space. This factor corrects for detector e�ciencies and for QED final-state radiation
e�ects. The contribution from ⌧-lepton decays, amounting to 4.7%, is removed from the cross-section
definition by introducing the term in parentheses. This term is computed using simulation, where N⌧ is
the number of selected events at detector level in which at least one of the bosons decays into a ⌧-lepton
and Nall is the number of selected W Z events with decays into any lepton. The CWZj j factor calculated

12
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region, with background normalisations, signal normalisation and nuisance parameters adjusted by the
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L · CWZj j
⇥
✓
1 � N⌧

Nall

◆
,

where Ndata and Nbkg are the number of observed events and the estimated number of background events
in the SR, respectively, and L is the integrated luminosity. The factor CWZj j , obtained from simulation,
is the ratio of the number of selected signal events at detector level to the number of events at particle level
in the fiducial phase space. This factor corrects for detector e�ciencies and for QED final-state radiation
e�ects. The contribution from ⌧-lepton decays, amounting to 4.7%, is removed from the cross-section
definition by introducing the term in parentheses. This term is computed using simulation, where N⌧ is
the number of selected events at detector level in which at least one of the bosons decays into a ⌧-lepton
and Nall is the number of selected W Z events with decays into any lepton. The CWZj j factor calculated
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where Ndata and Nbkg are the number of observed events and the estimated number of background events
in the SR, respectively, and L is the integrated luminosity. The factor CWZj j , obtained from simulation,
is the ratio of the number of selected signal events at detector level to the number of events at particle level
in the fiducial phase space. This factor corrects for detector e�ciencies and for QED final-state radiation
e�ects. The contribution from ⌧-lepton decays, amounting to 4.7%, is removed from the cross-section
definition by introducing the term in parentheses. This term is computed using simulation, where N⌧ is
the number of selected events at detector level in which at least one of the bosons decays into a ⌧-lepton
and Nall is the number of selected W Z events with decays into any lepton. The CWZj j factor calculated
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• Measured cross-section:

• Predicted cross-section:
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• Signal Significance:

• The integrated fiducial cross-section for all W±Zjj production (W±Zjj-EW and 
W±Zjj-QCD) can be expressed as,

Table 3: Observed and expected numbers of events in the W±Z j j signal region and in the three control regions,
after the fit. The expected number of W Z j j�EW events from S����� and the estimated number of background
events from the other processes are shown. The sum of the backgrounds containing misidentified leptons is labelled
‘Misid. leptons’. The total correlated post-fit uncertainties are quoted.

SR W Z j j�QCD CR b-CR Z Z-CR

Data 161 213 141 52
Total predicted 167 ±11 204 ± 12 146 ±11 51.3 ± 7.0

W Z j j�EW (signal) 44 ±11 8.52 ± 0.41 1.38 ± 0.10 0.211± 0.004
W Z j j�QCD 91 ±10 144 ± 14 13.9 ± 3.8 0.94 ± 0.14
Misid. leptons 7.8 ± 3.2 14.0 ± 5.7 23.5 ± 9.6 0.41 ± 0.18
Z Z j j�QCD 11.1 ± 2.8 18.3 ± 1.1 2.35 ± 0.06 40.8 ± 7.2
tZ j 6.2 ± 1.1 6.3 ± 1.1 34.0 ± 5.3 0.17 ± 0.04
tt̄ + V 4.7 ± 1.0 11.14 ± 0.37 71 ±15 3.47 ± 0.54
Z Z j j�EW 1.80 ± 0.45 0.44 ± 0.10 0.10 ± 0.03 4.2 ± 1.2
VVV 0.59 ± 0.15 0.93 ± 0.23 0.13 ± 0.03 1.06 ± 0.30

with S����� is 0.52 with a negligible statistical uncertainty. The theory modelling uncertainty in this
factor is 8%, as estimated from the di�erence between the S����� and M��G���� predictions.

The measured W±Z j j cross-section in the fiducial phase space is

�fid.
W±Z j j = 1.68 ± 0.16 (stat.) ± 0.12 (exp. syst.) ± 0.13 (mod. syst.) ± 0.044 (lumi.) fb ,

= 1.68 ± 0.25 fb ,

where the uncertainties correspond to statistical, experimental systematic, theory modelling systematic,
and luminosity uncertainties, respectively. The corresponding prediction from S����� for strong and
electroweak production without interference e�ects is

�fid., Sherpa
W±Z j j = 2.15 ± 0.01 (stat.) ± 0.05 (PDF)+0.65

�0.44 (scale) fb.

Events in the SR are also used to measure the W±Z j j di�erential production cross-section in the VBS
fiducial phase space. The di�erential detector-level distributions are corrected for detector resolution
using an iterative Bayesian unfolding method [63], as implemented in the RooUnfold toolkit [64]. Three
iterations were used for the unfolding of each variable. The width of the bins in each distribution is
chosen according to the experimental resolution and to the statistical significance of the expected number
of events in that bin. The fraction of signal MC events reconstructed in the same bin as generated is always
greater than 40% and around 70% on average.

For each distribution, simulated W±Z j j events are used to obtain a response matrix that accounts for
bin-to-bin migration e�ects between the reconstruction-level and particle-level distributions. The S�����
MC samples for W Z j j�EW and W Z j j�QCD production are added together to model W±Z j j production.
To more closely model the data and to minimise unfolding uncertainties, their predicted cross-sections
are rescaled by the respective signal strengths of 1.77 and 0.56 for the W Z j j�EW and W Z j j�QCD
contributions, respectively, as measured in data by the maximum-likelihood fit.
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• Measured cross-section:

• Predicted cross-section:
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• Both measured fiducial cross-sections include interference effects between W±Zjj-QCD and W±Zjj-EW.

• Neither of the predicted fiducial cross-sections include interference effects between W±Zjj-QCD and W±Zjj-EW.  They are 
also determined at LO and do not include NLO Electroweak corrections.

Measurements Inc. W+W-VBS W±Z

�fid.

W±Zjj
=

Ndata �Nbkg

L · CWZjj

⇥
✓
1� N⌧

Nall

◆
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pp → 4ũ Inc. W±ZZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1812.09740
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Differential Cross-Section:

• An iterative Bayesian unfolding is performed to measure the W±Zjj differential cross-section.
• Shown here is the differential cross-section as a function of three variables that are sensitive to aQGCs.

• The WZjj-EW and 
WZjj-QCD 
predicted cross-
sections have 
been scaled by 
their respective 
signal strengths to 
more closely 
model data and 
minimize unfolding 
uncertainties.

• Sherpa samples 
for WZjj-EW and 
WZjj-QCD have 
also been added 
together and 
similarly scaled.

Differential Cross-Section as a Function of ΣpT
ũ, Δφ(W,Z) and mT

WZ

arXiv:1812.09740
Measurements Inc. W+W-VBS W±Zpp → 4ũ Inc. W±ZZγ → ννγ̄ VBS W±W±

https://arxiv.org/abs/1812.09740


�13Linck - ALPS 201922-27 Apr 2019

• The measured and predicted 
fiducial cross-sections for the 
W+W- → e±νμ∓ν signal 
process are shown here.

Fiducial Cross-Section:

Comparison of the Measured and 
Predicted Fiducial Cross-Sections

�fid.
WW ! eµ =

Nobs �Nbkg

C ⇥ L
<latexit sha1_base64="b0PenY6/5xTAxsevJn1Kv+UgKTg="></latexit>

• Good agreement exists 
between the measured and 
predicted fiducial cross-
sections.

Differential Cross-Section:
• An iterative Bayesian unfolding procedure is used to find the differential 

cross-section as a function of a number of lepton based observables.

Differential Cross-Section as a 
Function of Leading Lepton pT

• All of the predictions for each of the observables do a fair job of predicting 
the unfolded data.  However, as seen here at low leading lepton pT, there is a 
tendency to under predict the data.

ATL-CO
M

-PHYS-2018-1487

• For the inclusive W+W- analysis:

Measurements Inc. W+W-VBS W±Zpp → 4ũ Inc. W±ZZγ → ννγ̄ VBS W±W±

https://cds.cern.ch/record/2644773
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• In the framework of effective field theory (EFT) there are five 
dimension six operators,      , that can generate aTGCs from 
purely electroweak processes.
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ATLAS DRAFT

Table 6: The expected and observed 95% CL intervals for the anomalous coupling parameters of the EFT model [104].
There is a change in convention relative to Ref. [6] that changes the sign on some of these parameters.

Parameter Observed 95% CL [TeV�2] Expected 95% CL [TeV�2]

c
WWW

/⇤2 [ �3.4 , 3.3 ] [ �3.0 , 3.0 ]
c
W
/⇤2 [ �7.4 , 4.1 ] [ �6.4 , 5.1 ]

c
B
/⇤2 [ �21 , 18 ] [ �18 , 17 ]

c
W̃WW

/⇤2 [ �1.6 , 1.6 ] [ �1.5 , 1.5 ]
c
W̃
/⇤2 [ �76 , 76 ] [ �91 , 91 ]

prediction with the baseline P�����-B��+P����� 8 generator normalized to the NNLO inclusive cross-546

section is ensured by making a bin-wise correction, determined as the ratio of the pure SM contributions547

from P�����-B��+P����� 8 and M��G����5_aMC@NLO.548

It is verified that the pure SM assumption used in the unfolding procedure introduces no bias to the549

extraction of limits from the unfolded cross-section. A reweighting procedure implemented in the550

M��G����5_aMC@NLO [106] generator is used to obtain multiple signal predictions that include aTGCs551

of a magnitude corresponding to the upper limits set by the Run 1 analysis [6]. The simulation is interfaced552

to H����� 6.5 [107] and passed through the ATLAS detector simulation. Neither the reconstruction553

e�ciency and the fiducial corrections nor the bin-to-bin migrations are significantly di�erent.554

The measured plead `
T cross-section and the M��G����5_aMC@NLO prediction, interfaced to P����� 8,555

as described above, are used to construct a likelihood function, in which systematic uncertainties in the556

theory prediction are considered as nuisance parameters, each constrained with a Gaussian distribution.557

Since electroweak radiative e�ects are already partially taken into account in the parton shower of the558

M��G����5_aMC@NLO prediction, the e�ect of applying NLO EW corrections to the plead `
T distribution559

in addition is considered as a further systematic uncertainty.560

Frequentist confidence intervals for the EFT coe�cients are computed from values of a profile likelihood561

ratio test statistic [108]. Observed and expected 95% CL intervals for the EFT coe�cients are summarized562

in Table 6. Due to the higher centre-of-mass energy, the limits reported here are more restrictive than those563

previously published by the ATLAS and CMS Collaborations in the WW final state [6, 8]. The sensitivity564

to dimension-six operators mostly stems from their direct e�ect on the WW cross-section, except for the c
W

565

coe�cient where both the direct contribution and the interference between the SM and terms containing566

EFT operators contribute equally.567

10 Conclusion568

The cross-section for the production of W+W� pairs in pp collisions at
p

s = 13 TeV (with subsequent569

decays into WW ! e⌫
e
µ⌫µ) is measured in a fiducial phase space that excludes the presence of jets with570

transverse momentum above 35 GeV. The measurement is performed with data recorded by the ATLAS571

experiment at the LHC in 2015 and 2016, which correspond to an integrated luminosity of 36.1 fb�1. The572

measured fiducial cross-section is �fid = (379.1 ± 5.0 (stat) ± 25.4 (syst) ± 8.0 (lumi)) fb, and is found to573
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• Using the unfolded leading lepton pT distribution it is possible 
constrain the five associated EFT coefficients,    .

• The observed and expected 95% CL intervals for these 
coefficients are listed in the table.

• The plot to the right is a breakdown of the sources of uncertainty 
on the leading lepton pT distribution.

• Sensitivity to anomalous couplings is greatest in the high leading 
lepton pT bins.

L = LSM +
X

i

ci
⇤2

Oi
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• Since these bins are statistics dominated, further improvements 
to the constraints on the EFT coefficients will require a significant 
improvement in statistics.

ATL-CO
M

-PHYS-2018-1487
Measurements Inc. W+W-VBS W±Zpp → 4ũ Inc. W±ZZγ → ννγ̄ VBS W±W±

https://cds.cern.ch/record/2644773
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• For the VBS same-sign WW analysis, to increase sensitivity to the electroweak signal, events are grouped according to 
lepton decay channel, (e±e±, μ±μ±, and e±μ±).

Linck - ALPS 201922-27 Apr 2019

• Shown here is a breakdown of the total number of expected signal and background 
events along with the number of observed data events for all lepton channels.

ATLAS-CO
NF-2018-030

Measurements VBS W±W±pp → 4ũ Inc. W±ZZγ → ννγ̄ Inc. W+W-VBS W±Z

• Shown here are mjj distributions for two of the six lepton decay channels.  Also shown is the combined result.

Events
Expected Background 78 ± 15

W±W±jj-EW 40.9 ± 2.9

Data 122
• Based on this, the electroweak W±W±jj signal is observed and the background-only 

hypothesis is rejected with a significance of 6.9σ.

https://cds.cern.ch/record/2629411


�16

Fiducial Cross-Section:

Linck - ALPS 201922-27 Apr 2019

ATLAS-CO
NF-2018-030

Measurements VBS W±W±pp → 4ũ Inc. W±ZZγ → ννγ̄ Inc. W+W-VBS W±Z

• The fiducial cross-section is extracted from a profile 
likelihood fit of the mjj distribution.

Observed & Predicted Fiducial Cross-Section

• Measured cross-section:

�fid = 2.91+0.51
�0.47 (stat.)± 0.27 (syst.) fb

<latexit sha1_base64="aErCR+cKelm+sTPrUSEZLmFXu/E="></latexit>

• Shown to the right is a comparison of the observed and 
predicted values for the fiducial cross-section.

• The observed cross-section includes interference between 
the electroweak and strong production.

• The predictions do not include strong interference effects 
and they do not include NLO electroweak corrections.

https://cds.cern.ch/record/2629411
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Conclusion
• As part of its ongoing studies into the nature of the particles produced in high energy proton-proton collisions, the ATLAS 

detector has been used to perform the following set of recent measurements involving electroweak vector-boson pair 
production:

Linck - ALPS 201922-27 Apr 2019

• The fiducial and differential cross-sections of electroweak W±Zjj production.

• The fiducial and differential cross-sections for invisible Z production and limits on the parameters in the effective vertex 
function approach to describing aTGC contributions.

• The differential cross-section as a function of the four-lepton invariant mass m4ℓ, the strength of gluon-induced 4ℓ 
production, the branching fraction of Z → 4ℓ, constraints on the off-shell Higgs boson signal strength and constraints on 
some modified Higgs boson couplings.

• The fiducial and differential cross-sections for leptonically decaying W+W- and constraints on the associated five EFT 
dimension six operators.

Inc. W+W- VBS W±W±VBS W±Zpp → 4ũ Inc. W±ZZγ → ννγ̄

• The fiducial and differential cross-sections of inclusive W±Z production and the longitudinal helicity fractions for W± and Z 
bosons.

• The fiducial cross-section for leptonically decaying VBS same-sign W±W± production and a rejection of the background-
only hypothesis.
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