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Introduction
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• Vector boson scattering (VBS) measurements offers 
an important way to probe electroweak symmetry 
breaking. 

• Sensitive to new physics: probe aTGC, aQGC … 

1st observation of EW 𝑾𝜸𝒋𝒋 at ATLAS.

• A good probe of the SM in the electroweak (EW) 
sector. Measure VBS via the corresponding EW 
productions.

𝑾𝜸𝒋𝒋

• For VBS processes, many 
channels have been measured 
and observed at LHC.

• CMS 𝑊𝛾𝑗𝑗:

Phys. Lett. B 811 (2020) 135988
Phys. Rev. D 108 (2023) 032017

https://www.sciencedirect.com/science/article/pii/S0370269320307917?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017


𝑾𝜸𝒋𝒋
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- Observation of EW 𝑊𝛾𝑗𝑗 production. 
- Differential cross-section measurements. 
- Limits on aQGC.

• EW 𝑾(→ 𝒍𝝂)𝜸𝒋𝒋: 

• Full Run2 datasets (140 𝒇𝒃−𝟏).

• Perform measurement in VBS-enhanced
phase space.

- two energetic jets in the forward and backward region. 
- High 𝑚𝑗𝑗, large ∆𝑦𝑗𝑗. 

EW signal

Irreducible QCD background

• VBS topology:

Nature Physics 19 (2023) 237-253

𝑍𝑍𝑗𝑗

𝑊(→ 𝑙𝜈)𝛾𝑗𝑗

https://www.nature.com/articles/s41567-022-01757-y


Analysis strategy
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• Observation and fiducial cross section measurement

• Differential cross section measurement

- A control region (CR) is defined to constrain the QCD background.   

- Data driven method is used to estimate all non-prompt, fake, pileup backgrounds.

- Fit the Neural Network (NN) output to extract the signal strength (𝜇𝐸𝑊).

- Fiducial cross-section is obtained by correcting the detector effects.

- Three CRs are defined to constrain QCD background.  

- Observables: 𝑚𝑗𝑗 , 𝑝𝑇
𝑗𝑗
, 𝑝𝑇

𝑙 , 𝑚𝑙𝛾(VBS observables, sensitive to aQGC), ∆𝜙𝑗𝑗 , Δ𝜙𝑙𝛾(Charge 

conjugation and Parity observables, probe CP structure). 

- EFT interpretation: The six unfold observable distributions are used to constrain dimension-8 
(D-8) operators (sensitive to quartic gauge couplings).

Δ𝜙𝑗𝑗 = 𝜙𝑓
𝑗
− 𝜙𝑏

𝑗
𝑦𝑓
𝑗
> 𝑦𝑏

𝑗

Δ𝜙𝑙𝛾 = 𝜙𝑓 − 𝜙𝑏 𝑦𝑓 > 𝑦𝑏



Object & event selection
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• object selection:

𝛾 lepton Jets

- At least 1 tight and 
isolated 𝛾. 

- 𝑝𝑇 > 22 GeV.
- 𝜂 < 2.37.

- 1 tight and isolated 
lepton. 

- 𝑝𝑇 > 30 GeV.
- 𝜂 < 2.5. 
- 2nd lepton veto.

- At least 2 jets. 
- 𝑝𝑇 > 50 GeV.
- 𝜂 < 4.4. 
- No b-jets (DL1r at 

85%WP)

• Event selection:

- 𝑚𝑇
𝑊 > 30 GeV. 

- 𝐸𝑇
𝑚𝑖𝑠𝑠 > 30 GeV. 

- 𝑚𝑙𝛾 −𝑚𝑍 > 10 GeV. 

- Standard object overlap removal.

𝑁𝑗𝑒𝑡𝑠
𝑔𝑎𝑝

:Number of jets in 

rapidity gap ∆𝑦.

𝜉𝑙𝛾 = ൘𝑦𝑙𝛾 −
𝑦𝑗1 + 𝑦𝑗2

2
𝑦𝑗1 − 𝑦𝑗2

SR CR

∆𝑦𝑗𝑗 > 2, 𝑚𝑗𝑗 > 500 GeV

𝑁𝑗𝑒𝑡𝑠
𝑔𝑎𝑝

= 0 𝑁𝑗𝑒𝑡𝑠
𝑔𝑎𝑝

> 0

Observation & fiducial cross-section
Differential 
cross-
section

∆𝑦𝑗𝑗 > 2

𝑚𝑗𝑗 > 1000 GeV

+



Background estimation
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SR

EW Wγjj Strong Wγjj

non-prompt prompt (Top+Zγjj)

CR

EW Wγjj Strong Wγjj

non-prompt prompt (Top+Zγjj)

• QCD background:

- Main background. 
- Strong 𝑊𝛾𝑗𝑗.
- A control region is defined to constrain the QCD background.
- Simultaneously fit the NN output in signal region and control region.

• Prompt background:

- Top + 𝑍𝛾𝑗𝑗. 
- Estimate by using MC simulation.

• Non-prompt background:

- Jet fake photon: Largest non-prompt background (W+jet). A data-driven 
template fit is used.

- Jet fake lepton: Leptons arising from mis-reconstructed jets or in-flight decays 
of hadrons. Fake factor method is used. 

- Electron fake photon: Arise from conversions and inefficient calorimeter to 
track matching (Z+jets & 𝑡 ҧ𝑡). Tag & probe method is used.

- Pile-up photon: A photon originating from one 𝑝𝑝 interaction is selected 
alongside a Wjj event from another 𝑝𝑝 interaction from the same bunch 
crossing. Data driven method is used.



Background estimation
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• Jet fake photon:

- Prompt 𝛾 isolation shape ← tight ID 𝛾. 
- Non-prompt 𝛾 isolation shape ← non-tight ID 𝛾. 

• Jet fake lepton:

Fake efficiency: Fake factor:

Fake lepton background in SR:

- Uncertainties: Stat. uncertainty in template & 
fit, choice of 𝛾 ID criteria, real 𝛾 subtraction , 

𝐸𝑇
𝑖𝑠𝑜,𝛾

modelling.
- ABCD method is used to cross check. 

- Uncertainties: Stat., jet composition uncertainty (γ + jet vs dijet), 
variation of selection cuts, prompt lepton subtraction with 
different QCD MC samples, variation of 𝑝𝑇, 𝜂 binning of fake 
factor, background subtraction in dijet region.

- Dijet sample is used to get fake 
factors. A closure test has 
performed between dijet and 
gamjet samples. 

- Fake factor with different 𝑝𝑇
and 𝜂 bins are measured.



Background estimation
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• Electron fake photon:

- Fake and real enriched regions defined by the presence 
of a probe electron or a probe photon. 

- Fake rate:

𝜖𝛾, 𝜖𝑒:the identification efficiency for 𝛾 and e.

- Estimated under Z peak: 

𝑀𝑍 −𝑀𝑒𝛾 < 10 using 
a signal + background fit. 

- uncertainties: Stat., variation of fit range, integration 
range, 𝑝𝑇, 𝜂 binning, different fit function in the fit. 

• Pile-up photon
C is a normalization 
factor derived by 
comparing the MC 
to data.

Pile-up fraction: 

- Only converted photons with hits in the silicon 
tracker are used to ensure good resolution. 

- Real photon purity is applied to fake fraction to 
avoid double counting pileup jets with fake 
photons.

- 𝑓𝑝𝑢 = 1.7 ± 1.6 % in SR.

• Event yields:



Observation & fiducial cross-section
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• Signal extraction:

- Simultaneously fit the NN output 
in signal region and control 
region. 

- Two floating normalization 
factors: 𝜇𝐸𝑊 & 𝜇𝑠𝑡𝑟𝑜𝑛𝑔.

- 𝜇𝐸𝑊 = 1.5 ± 0.5.  
- Observed (expected) significance: 9.0𝝈

(6.3𝝈)

• Observation:

Dominant

Large JES 
& JER

• Fiducial cross-section: 

𝐶𝐸𝑊𝑊𝛾𝑗𝑗 =
𝑁𝑟𝑒𝑐𝑜.

𝑁𝑓𝑖𝑑.

1st observation at ATLAS!



Differential cross-section
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• Signal extraction:

- SR + 3CRs: defined by 𝑁𝑗𝑒𝑡𝑠
𝑔𝑎𝑝

& 𝜉𝑙𝛾.  

- Observables: 𝑚𝑗𝑗, 𝑝𝑇
𝑗𝑗
, 𝑝𝑇

𝑙 , 𝑚𝑙𝛾, ∆𝜙𝑗𝑗 , Δ𝜙𝑙𝛾.
- Simultaneously fit in signal and control regions with 

bin by bin reweighting of signal and QCD components 
in each region.

- The extracted yields are unfolded to produce 
differential cross sections.

Dominated 
uncertainties

• Differential cross-section:

- The predictions from both 
MadGraph5+Pythia8 and 
Sherpa are in agreement 
with the data within 
uncertainties. 



EFT interpretation
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- Sensitive to potential anomalous quartic couplings of 
𝑊𝑊𝛾𝛾 & 𝑊𝑊𝛾𝑍. 

- 𝑝𝑇
𝑗𝑗

(most sensitive to tensor-type operators), 𝑝𝑇
𝑙 (most 

sensitive to mixed-scalar operators).
- Constraints on the 𝑓𝑇3 and 𝑓𝑇4 operators: 1st such limits 

at the LHC.

• The effective Lagrangian:

dimension-8 operatorsWilson coefficients

energy scale of new physics

Tensor-
type 
operators

Mixed-
scalar 
operators• The differential cross-section can be decomposed into 

3 terms:

scales quadratically w/ 𝑓𝑗
(8)

scales linearly w/ 𝑓𝑗
(8)

• 𝑊𝛾𝑗𝑗:



Summary
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• 1st observation of EW 𝑊𝛾𝑗𝑗 at ATLAS.

• Publication: Eur. Phys. J. C 84 (2024) 1064

- 𝜇𝐸𝑊 = 1.5 ± 0.5.  
- Observed (expected) significance: 9.0𝝈 (6.3𝝈).

• Measurements of EW 𝑊𝛾𝑗𝑗 fiducial and differential cross-section are reported.

- 𝜎𝐸𝑊
𝑓𝑖𝑑

= 13.2 ± 2.5 𝑓𝑏.  

- Differential cross-sections are measured as functions of six kinematic observables.
- The data are corrected for detector effects of inefficiency and resolution using an iterative Bayesian 

unfolding method.
- These differential measurements are used to search for anomalous quartic boson interactions using D-

8 operators in the context of an effective field theory.
- The first LHC constraints on 𝑓𝑇3 and 𝑓𝑇4 are presented.

https://doi.org/10.1140/epjc/s10052-024-13311-6
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谢谢！



Particle level definition
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MC samples
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MadGraph & Sherpa signal comparison
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• The difference certainly comes from having the 3rd jet included in the matrix element in Sherpa.

• Diagrams with gluon emission from the incoming or outgoing 
quarks interfere destructively, resulting in a suppression of 
centrally produced jets. (More details) 

• Sherpa sample predicts more hadronic activity in the gap 
between the two leading jets.

𝑚𝑗𝑗>500GeV

𝜂𝑗3
∗ = 𝜂𝑗3 −

𝜂𝑗1 + 𝜂𝑗2

2

https://indico.scc.kit.edu/event/507/contributions/5055/attachments/2604/3726/b1c_zeppenfeld.pdf
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