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Introduction

• SM electroweak theory predicts self interaction of EWK gauge
bosons.

• The self interaction of these boson in triple and quartic gauge
boson couplings provides us with important tool to test SM.
◦ Unitarization of the Higgs boson.
◦ Background for new physics searches.
◦ aTGC’s and aQGC’s to test new physics.

• In this presentation we are going to present production of:
◦ Wjj → ℓνjj
◦ Zjj → ℓℓjj

• Large cross-section of vector boson fusion allows us to test
triple gauge couplings with high precision.
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Measurement of the Electroweak Zjj
STDM-2016-09 and JHEP 04 (2014) 031
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EWK Zjj production.• There are different processes that can generate the Zjj.
• This analysis puts constraints on the productions of Zjj by:

◦ Strong
◦ EW VBF, Z bremstrahlung and non-resonant.

• The interference between the two channels is minimal.
• In this presentation we are going to focus on 13 TeV results in comparison

with the 8 TeV results.
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Strong Zjj production.
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Modeling
STDM-2016-09 and JHEP 04 (2014) 031

13 TeV Analysis
• The analysis has been conducted at√

(s) = 13 TeV with
∫

Ldt = 3.2 fb−1

• PowHeg Box (NLO) and Sherpa (LO) are used for EWK
modeling.

• Sherpa (NLO), ALPGEN (LO) and MadGraph_aMC@NLO
(NLO) are used for QCD modeling.

8 TeV Analysis
• The analysis has been conducted at√

(s) = 8 TeV with
∫

Ldt = 20.3 fb−1

• PowHeg Box (NLO) and Sherpa (LO) are used for strong and
EWK theoretical predictions.
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Search Method
STDM-2016-09 and JHEP 04 (2014) 031

13 TeV Fiducial Regions
• Baseline is the inclusive Signal that contains all other fiducial regions.
• EWK-enriched Enhances the EWK contribution by pbalanceT and 0 central jets
• QCD-enriched Enhances the QCD contribution by pbalanceT and at least one central jet

8 TeV Fiducial Regions
• It is really similar to 13 TeV with different names.
• QCD-enriched → Control region , EW-enriched → Search region
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Inclusive (EWK+QCD) Results
Meas. of the Electroweak Zjj at 13 TeV, STDM-2016-09

• Zjj with EWK+QCD fiducial x-sections are measured using σfid = Nobs−Nbkg∫
Ldt·C

• Good agreement with theory among all regions.
• X-sections are measured in ee and µµ channels and found compatible.
• The primary uncertainties are jet energy scale and resolution.
• We observe a shape discrepancy in mjj distribution due to QCD-Zjj

mis-modeling.
◦ This is corrected while calculating fiducial x-sections.
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Inclusive (EWK+QCD) Results
Meas. of the Electroweak Zjj at 13 TeV, STDM-2016-09

• Good agreement between theory and observation
• The other data points will be explained later.

Ismet Sıral; 28 Aug 2017 Measurments of Vector Boson Fusion With The ATLAS Detector 7/26
7/26

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-09/


Inclusive (QCD+EWK) Results
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031

• The 8 TeV inclusive results are obtained in the same way as 13
TeV.

• Similar same mjj problem are observed.
• The primary uncertainties are jet energy scale and resolution.
• Good agreement with theory among all regions.
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mjj Shape Corrections
Meas. of the Electroweak Zjj at 13 TeV, STDM-2016-09

• QCD-enriched and EWK-enriched regions are designed to be
kinematically similar.

• In order to correct the mjj shape mismatch
◦ On the QCD-enriched region, the background is removed.
◦ Corrections to W jj-QCD are extracted.
◦ Applied to EWK-enriched region.

• Linear fit was used for the data-driven correction.
• The difference between quadratic and linear fits are found to
be minimal.
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EWK Zjj Measurement
Meas. of the Electroweak Zjj at 13 TeV, STDM-2016-09

• Zjj EWK contribution is extracted on mjj

• It’s extracted on EWK-enriched region.
• Binned likelihood fit of QCD & EWK mjj

templates are used.
• The QCD-background shape in

EWK-enriched is corrected using a data
driven method.

• The cut mjj > 1 TeV is used to enhance the
signal to background ratio by 26%.

• The largest uncertainty is the QCD modeling
uncertainty.
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EWK Zjj Measurement
Meas. of the Electroweak Zjj at 13 TeV, STDM-2016-09

• We observe a good agreement with the theory.
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EWK Zjj Measurement
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031

• Zjj EWK contribution is extracted on
mjj distribution inside the search
region.

• The control region is used for
estimating and constraining the
background shape using re-weighting.

• PowHeg signal and data has good
agreement.

• The background only
hypothesis is rejected > 5σ

Obs:
σEWK = 54.7 ± 4.6(stat)+9.8

−10.4(syst) ± 1.5(lumi) fb
Exp:
σEWK = 46.1 ± 0.2(stat)+0.3

−0.2(scale)± 0.8(pdf)± 0.5(model) fb
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Differential Results
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031

• Some of the considered differential observables are:
◦ mjj ,|∆y| , |∆ϕ(j, j)|, Ngap

jet , pbalanceT

• To get the differential distribution in particle level.
1. In differential distribution, BG is subtracted from data.
2. Bayesian unfolding is then applied to get particle level distribution.

• PowHeg has better agreement in baseline as it’s NLO.
• On search region both PowHeg and Sherpa have good
agreements.
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Differential Plots
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031
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• On both plots we can observe that high |∆Y | and Mjj is sensitive to EWK.
• On the Mjj differnatial we can observe modelling problems.
• None off the generators can fully describe the modeling.
• We have good agreement with prediction.
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aTGC Results
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031

• Effective lagrangian has been used to set limits on aTGC

L
gW W Z

= i[g1,Z (W
†
µν W µZν − Wµν W †µZν ) + KZ W

†
µWν Zµν + λZ

m2
W

W
†
ρµW

µ
ν Zνρ]

• aTGC limits have been set on search region with mjj > 1 TeV
• To preserve unitarity a form factor is used , α(ŝ) = α0

(1+ŝ2/Λ2)2 ,
where α is anomalous coupling of interest.

• Two scales have been used. (Λ = 6TeV, ∞)

Ismet Sıral; 28 Aug 2017 Measurments of Vector Boson Fusion With The ATLAS Detector 15/26
15/26

http://dx.doi.org/10.1007/JHEP04(2014)031


EWK Zjj Measurement Summary
Measurement of the Electroweak Zjj

Overall all measurements are in good agreement with the theory.
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Measurement of the Electroweak Wjj
Eur. Phys. J. C (2017) 77:474
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• Similar to VBF Zjj prod., Wjj prod. is composed of:
◦ Strong
◦ EWK VBF, W bremstrahlung and non-resonant.

• Similar to Zjj, Wjj EWK contribution increases with mjj .
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Modeling
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• Wjj is simulated using PowHeg + Pythia8 (NLO)
with data driven corrections.

• Sherpa (LO) is also used to validate the signal as well to
estimate the uncertainty of interference between strong and
EWK channels.

• For testing unfolded distributions, HEJ (High Energy
Jets)(all-order) is also used.

• The BG with prompt charged leptons are modeled with MC.
• The multi-jet background is estimated using a data-driven
method.

• The analysis has been conducted at both√
(s) = 7, 8 TeV with

∫
Ldt = 4.7, 20.3 fb−1

◦ This is the only VBF measurement at 7 TeV.
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Search Method
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• The analysis has been split into 3 fiducial
regions for setting fiducial cross-section
limits. Marked Blue.

• 6 additional fiducial regions have been
implements for differential
measurements. Marked Red.

• There is a fiducial region defined to
enhance aTGC’s production.
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EWK Wjj Measurement
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• Using the mjj distribution on the signal region, the fiducial
EWK Wjj cross-section was measured.

• The primary uncertainties, jet energy scaling and resolution.
• Similar to Zjj, mjj shape correction has been driven for

QCD-Wjj contribution in forward-lepton control region,
The slopes of the fit were consistent with 0.

• The cross-sections are extracted using a binned likelihood
fit on mjj distributions in the signal region.
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Differential Measurements
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• The differential measurements are only done for 8 TeV.
• Differential measurements are done in all nine fiducial regions.
• EWK differential measurements require mjj > 1 TeV

◦ For EWK differential measurements, before unfolding in addition to
background, QCD Wjj is also removed.

• The considered observables that are EWK sensitive:
◦ Cℓ, Cj , Mjj , ∆y(j1, j2), N

gap
jets

• The considered observables that are aTGC sensitive:
◦ pj1

T , pjj
T , ∆ϕ(j1, j2)
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Differential EWK cross section
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• The over estimation on mjj cannot be seen here.
• Interference effects becomes much more dominant on low |∆Y |.
• Differential cross section measured for EW-Only W jj processes in various fiducial regions in

agreement with prediction.
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Integrated Differential Cross-Sections
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• Integrated cross-sections are also extracted from each fiducial region.
• Each region has good agreement with theory.
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aTGC Results
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• Limits on aTGC are set with the fiducial region
mjj > 1 TeV, N cen

ℓ = 1, N cen
j = 0, pj1

T > 600 GeV.
• 39 Events were predicted and 30 events were observed.
• The aTGC’s were modeled using the following effective
Lagrangian.

• aTGC limits of 95% CL is set.

iLW W W
eff = gW W W {[gV

1 V µ(W −
µν W +ν − W +

µν W −ν ) + KV W +
µ W −

ν V νµ + λV
m2

W

V µν W
+ρ
ν W −

ρµ]

−[ K̃V
2 W −

µ W +
ν ϵµνρσVρσ + λ̃V

2m2
W

W −
ρµW

+µ
ν ϵνραβVαβ ]}

• To preserve unitarity a form factor is used , α(q2) = α
(1+q2/Λ2)2 ,

where α is anomalous coupling of interest.
• Two scales have been used.( Λ = 4TeV, ∞)
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aTGC Results
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

Λ = 4 TeV Λ = ∞
Expected Observed Expected Observed

∆gZ1 [−0.39, 0.35] [−0.32, 0.28] [−0.16, 0.15] [−0.13, 0.12]

∆κZ [−0.38, 0.51] [−0.29, 0.42] [−0.19, 0.19] [−0.15, 0.16]

λV [−0.16, 0.12] [−0.13, 0.090] [−0.064, 0.054] [−0.053, 0.042]

κ̃Z [−1.7, 1.8] [−1.4, 1.4] [−0.70, 0.70] [−0.56, 0.56]

λ̃V [−0.13, 0.15] [−0.10, 0.12] [−0.058, 0.057] [−0.047, 0.046]
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• Limits on aTGC are set with 95% CL.
• Conversion to effective field theory are also available.
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Summary
• Understanding of the EWK process is crucial for

our understanding and testing of SM.
• Detailed EWK VBF studies have been conducted for

8, 13TeV Zjj and 7, 8TeV Wjj.
• Differential cross-sections and aTGC limits are

available at 8 TeV studies for both productions.
• Overall good agreement is found
between data and predictions.

 normalized to SM predictionσ
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Backup Slides
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mjj Shape Corrections
Measurement of the Electroweak Zjj at 8 TeV, JHEP 04 (2014) 031

• Control and search regions are designed to be kinematically
similar.

• In order to correct the mjj shape mismatch, corrections to
Wjj-QCD are extracted in control region and applied to
search region.

• First order poly. was used for the data-driven correction.
• The difference between second order poly. and first order
poly. are found to be minimal.
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http://dx.doi.org/10.1007/JHEP04(2014)031


mjj Shape Corrections
Measurement of the Electroweak Wjj, Eur. Phys. J. C (2017) 77:474

• Control and signal regions are designed to be kinematically
similar

• In order to correct the mjj shape mismatch, corrections to
Wjj-QCD are extracted in control region and applied to
search region.

• First order poly. was used for the data-driven correction.
• The effect of slope correction of 1%/TeV is approx 0.1 in µEW .
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https://link.springer.com/article/10.1140/epjc/s10052-017-5007-2

