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• Standard Model tested across 7 orders 
of magnitude with good agreement 
with predictions

• WW process:
◦ Evidence in Run1 at 𝑠 = 8 TeV

◦ Measurement in 2015 at 𝑠 = 8 TeV

◦ Differential measurement at 𝑠 =13 TeV 
with partial Run2 (36.1 fb−1)

◦ Differential, EFT and asymmetry at   
𝑠 = 13 TeV for full Run2 (140 fb−1)

• This analysis (team from Cambridge 
and Manchester)

◦ First partial Run3 WW measurement at 
𝑠 = 13.6 TeV (163.9 fb−1)

◦ Differential measurement with focus on 
CP-Violation (CPV) and WW polarisation 
observables

◦ Will also perform EFT interpretation

Standard Model Physics at the LHC

ATL-PHYS-PUB-2024-011

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.141803
https://link.springer.com/article/10.1007/JHEP09(2016)029
https://link.springer.com/article/10.1007/JHEP09(2016)029
https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20191102
https://link.springer.com/article/10.1140/epjc/s10052-019-7371-6?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20191102
https://link.springer.com/article/10.1007/JHEP08(2025)142
https://link.springer.com/article/10.1007/JHEP08(2025)142
http://cds.cern.ch/record/2903866
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http://cds.cern.ch/record/2903866
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http://cds.cern.ch/record/2903866
http://cds.cern.ch/record/2903866
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• Opposite-sign opposite-flavour WW final state

• Predicted cross section (Matrix 2.1 NNLO x NLO EW): 𝜎 𝑊+𝑊− = 123 ± 1 (PDF) ±2 (scale) fb 

• Full Run2 analysis ( 𝑠 =13 TeV, 140 fb−1):

◦ Inclusive cross-section  𝜎 𝑊+𝑊− → 𝑒±𝜈 𝜇∓𝜈 = 127 ± 1 𝑠𝑡𝑎𝑡. ± 4 (𝑠𝑦𝑠𝑡. ) fb

◦ Differential cross section measured as a function of kinematic variables

• Partial Run3 analysis ( 𝑠 =13.6 TeV, 163.9 fb−1 :
◦ Goal is to unfold variables sensitive to CPV and= WW polarisation

◦ First look at CP-odd observables (signed Δ𝜙(ℓℓ))

◦ Enhance sensitivity to linear EFT over previous measurements

◦ In particular Triple Gauge Coupling

WW production

JHEP 08 (2025) 142

https://arxiv.org/abs/2505.11310
https://link.springer.com/article/10.1007/JHEP08(2025)142
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Event selection

WW Signal: 𝑒±𝜇∓+ MET 𝑡 ҧ𝑡: 𝑒±𝜇∓+ MET + 2 b-jets
=>  b-jet veto 

Single top: 𝑒±𝜇∓+ MET + 1 b-jet
=> b-jet veto

𝑍 → 𝜏+𝜏−: 𝑒±𝜇∓+ MET
-> mll > 100 GeV

Good data/MC agreement
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• ATLAS has a finite detector acceptance and resolution

• These effects lead to mismeasurements of the final state objects, which make it harder to 
compare with the truth-level prediction

ATLAS detector effects

Crack veto region: no electrons

Support for magnets: no muons
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• Unfolding: correcting the measured distribution to account for the detector’s effects

• The unfolding procedure can be parametrised as follows:
◦ Response matrix: probability of measuring an event in reco given the event is measured in truth

◦ Migration matrix: probability of observing both reco and truth

◦ Reconstruction efficiency: probability of measuring reco

◦ Fiducial acceptance : probability of measuring truth

Unfolding

https://cds.cern.ch/record/1694351
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Reco-level data analysis workflow
Detector interaction

Detector 
reconstruction

Analysis

Detector simulation
Physics model

Collision
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Unfolding analysis workflow
Collision

Detector simulation

Physics model

Unfolding
Detector 
reconstruction
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• Unfolding variables which are sensitive to polarisation and potential BSM effects, particularly EFT

Variables to unfold

Δ𝜙(ℓℓ) for 𝑂෪W

ATLAS coordinate system

JHEP 08 (2025) 142

https://link.springer.com/article/10.1007/JHEP08(2025)142
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• Low-𝑝𝑇(ℓℓ) bin: 0 ≤ 𝑝𝑇 ℓℓ ≤ 150 GeV

• Bin optimisation:
◦ ≥ 70% diagonal in Migration Matrix (limit migration) and ≥ 400 signal events 

per bin

◦ Stack plot (left), fiducial and efficiency corrections (middle) and MM (right)

Unfolding Δ𝜙 ℓℓ  vs 𝑝𝑇 ℓℓ



• Renormalisation and factorisation scale:
◦ 𝜇𝑅 affects 𝛼𝑆 directly

◦ 𝜇𝐹 affects PDFs

• Evaluated as 7-point envelope

• PDF and 𝛼𝑆:
◦ Using PDF4LHC21 recommendations

◦ PDF uncertainty evaluated through 100 variations

◦ 𝛼𝑆 varied between 0.118 (nominal) ± 0.001

◦ Two uncertainties combined and symmetrised

• Scale uncertainty dominates
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Signal truth: variations

https://arxiv.org/pdf/2203.05506


Good agreement with Sherpa theory 
prediction

Experimental systematic uncertainty less than 
5% in every bin
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Data unfolding w/ systematics
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• WW process is sensitive to potential EFT and CP-violating effects

• Presented first look into OSOF WW differential measurement with ATLAS Run3 data
◦ 163 fb−1 of data -> highest recorded to date

◦ Focus on enhancing sensitivity to linear EFT over previous measurements, particularly on triple gauge 
coupling

◦ First measurement of CP-odd sensitive variables (signed Δ𝜙(ℓℓ))

◦ Will extend to neural network observables to probe CP-violating effects

• Good agreement between theory and prediction for CP-odd sensitive variables

• Analysis nearing ATLAS internal review, stay tuned for publication this Summer!

Summary and conclusions



Thank you for your attention

Alberto Plebani
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Event selection and yields
• Event selection mimics Run2 selection as close as possible, except:

◦ GN2 @90% eff (before was DL1r @85%)

◦ Updated isolation and identification WPs

100 GeV



• Small but not insignificant contribution of fake leptons to 
the signal region (<10%), largely from W+jets.

• Data-driven methods were used to calculate the fake 
lepton background.

• The nominal fake lepton background was estimated 
using the asymptotic matrix method.

• Fake factor method also used to provide a systematic 
variation.

• Fake lepton efficiencies were calculated in a Z+jets CR

• Fake efficiencies also calculated in a ttbar CR to provide 
a systematic variation for fake leptons originating in 
heavy flavour decays.

08/04/2026 Alberto Plebani; Opposite-sign WW production with Run3 data in ATLAS 16

Fake lepton background 

Z+jets CR definition



• Fakes VR:
◦ Orthogonal to SR due to same-

sign requirement on ℓℓ pair

◦ Good agreement in both 
normalisation and shape for 
mc23a
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Fake leptons VR



• Ttbar constitutes the largest background in the signal region

• A data-driven approach known as b-tag counting was used to estimate it.

• This approach was adopted in the Run 2 WW analysis.

• Ttbar yields are derived from data in 2b-jet and 1b-jet CRs

• The yield in the 0b-jet signal region is estimated by exploiting correlation effects between the 
1b and 2b CR yields
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ttbar background 



• ttbar VR:
◦ Extra cuts at 𝑚𝑙𝑗 < 140 𝐺𝑒𝑉 

and Δ𝜙 𝑒𝜇 < 𝜋/2

• Good agreement in shape and 
normalisation
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ttbar VR
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• Data-driven bias uncertainty
◦ Obtained by reweighting MC to reflect data

Unfolding: bias uncertainty and closure

• Closure test:
◦ Unfold MC-to-MC 

◦ Perfect closure observed
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• Unfolding performed using custom-made IBU script with RooUnfold 

• Bin optimised so that each bin has at least 500 entries and at least 70% in diagonal of the 
migration matrix (details in backup)

• Performed unfolding both MC-to-MC (closure test) and using real Data
◦ For fakes, using both MC and data-driven fakes estimation

◦ Plan to include data-driven estimation also for ttbar

• Uncertainties:
◦ All instrumental systematics added

◦ Currently working on theoretical (PDF and scale)

• Added theoretical uncertainties on the truth distribution

Unfolding setup

https://gitlab.cern.ch/alpleban/wz_unfolding
https://gitlab.cern.ch/alpleban/wz_unfolding
https://gitlab.cern.ch/alpleban/wz_unfolding


• Scale variations: 
◦ 7-point envelope:

◦  

• Ex. for signal 𝑊+𝑊− → 𝑒±𝜈𝜇∓𝜈 (701050, Sh_llvv_os):
◦ Take syst-variated reco and truth for each pair of 𝜇𝑅 and 𝜇𝐹 and calculate MM, efficiency, and 

acceptance

◦ Take NOSYS for backgrounds to subtract from data

◦ Unfold the syst-variated truth 

◦ Get the uncertainty

• Repeat for all processes (WZ, ttbar, Zee, and so on) independently
◦ Still not fully implemented 
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Theory: scale uncertainties calculation

Nominal



• Working with the 100 NNPDF variations, combining them according to PDF4LHC21 recs:
◦  (N_eig = 100)

◦ Two extra variations for 𝛼𝑆 = 0.117 and 𝛼𝑆 = 0.119 (nominal is 𝛼𝑆 = 0.118)

◦ Combining the two:
◦  

• Consider together all processes with the same PDF set
◦ Ex. take all Sherpa processes which use NNPDF3.0 NNLO Hessian PDF set, change reco and truth (only if 

signal) and calculate MM, efficiency, and acceptance. Use the syst-variated estimation of the 
backgrounds (if affected, if not consider NOSYS) and unfold
◦ Obtain one uncertainty for every group of PDF (NNPDF3.0 NLO Hessian, NNPDF3.0 NLO 4FS, NNPDF3.0 NLO, NNPDF3.0 NNLO 

Hessian, NNPDF3.0 NNLO 4FS )

◦ Currently implemented only for signal, working on adding others
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Theory: PDF uncertainties calculation

https://arxiv.org/pdf/2203.05506
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nlo_as_0118_hessian/NNPDF30_nlo_as_0118_hessian.info
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nlo_as_0118_nf_4/NNPDF30_nlo_as_0118_nf_4.info
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nlo_as_0118/NNPDF30_nlo_as_0118.info
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nnlo_as_0118_hessian/NNPDF30_nnlo_as_0118_hessian.info
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nnlo_as_0118_hessian/NNPDF30_nnlo_as_0118_hessian.info
http://lhapdfsets.web.cern.ch/lhapdfsets/current/NNPDF30_nnlo_as_0118_nf_4/NNPDF30_nnlo_as_0118_nf_4.info
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Theory uncertainties

08/04/2026
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• Assume an initial hypothesis for the probability density of the truth distribution f(t)
◦ 𝑓 𝑡 = ∫ 𝑑𝑟 𝑔 𝑟  𝑃(𝑡|𝑟), with 𝑔(𝑟) taken from data and 𝑃(𝑡|𝑟) taken from MC simulations

◦ 𝑃 𝑡 𝑟  is then updated iteratively as

◦ The 𝑛𝑡ℎ step is obtained as 

◦ Procedure repeated until difference between 𝑓𝑛+1 𝑡  and 𝑓 𝑡  is less than a certain threshold

Iterative Bayesian Unfolding



•  Implemented bootstrap technique in unfolding calculation 
to estimate statistical uncertainty

•  Error comparison:
◦ Stat_uncertainty is the error coming from the “nominal” 

unfolding

◦ Bootstrap_error is the one coming from the bootstrap

◦ Comparable, with bootstrap being usually smaller
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Bootstrap



• Plan to do EFT interpretation on CP-even/odd dim-6 operators
◦ Set limits on 4 Wilson coefficients: cW, cHWB, cWtil, CHWBtil

◦ mc23a/d/e samples requested for linear, quadratic and cross terms

◦ MC request in EW subgroup and the production JIRAticket
◦ mc23a/d are done, waiting for some tails in mc23e to finish

• The cross-section prediction in each bin:

• The Likelihood function for EFT fit

08/04/2026 Alberto Plebani; Opposite-sign WW production with Run3 data in ATLAS 27

Dim-6 SMEFT interpretation

https://indico.cern.ch/event/1580784/#10-mc-request-ww-eft
https://indico.cern.ch/event/1580784/#10-mc-request-ww-eft
https://its.cern.ch/jira/browse/ATLMCPROD-11958


• Fitting tool: EFT-fun Fit setup:
◦ Unfolded distributions of mll (only mc23a used for this preliminary study)

◦ Not particularly sensitive to EFT effects, used mainly to validate the framework and because we expect low sensitivity

◦ EFT formulation only linear effect

◦ Stat uncertainty on unfolded data - embedded in covariance matrix V

◦ Experimental uncertainties on unfolded data - treated as NPs

◦ Theoretical uncertainties on prediction - treated as NPs

• Will perform EFT study on Δ𝜙(ℓℓ) which gives us sensitivity to CP-even and CP-odd operators
◦ Will also add ONN which is expected to improve this even further
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EFT interpretation: plan

https://gitlab.cern.ch/eft-tools/eft-fun/-/tree/master
https://gitlab.cern.ch/eft-tools/eft-fun/-/tree/master
https://gitlab.cern.ch/eft-tools/eft-fun/-/tree/master
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• EFT extensions to SM add CP-violating operators to the SM lagrangian

• The leading order BSM term in the matrix element is the interference between SM and EFT

• CP-odd EFT operators => interference is also CP-odd

• Interference can be constructive or destructive

• Kinematic similarities between constructive and destructive interference events means that if 
the variable is insensitive to CP-odd nature (ex. pT), the interference effects cancel out

• Sensitivity can be “resurrected” by studing CP-odd sensitive observables arxiv.708.07823

CPV in EFT

https://arxiv.org/pdf/1708.07823
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• arxiv.2112.05052 and arxiv.2209.05143: ML models can be used to construct complex 
observables that are sensitive to CP-odd asymmetries

• By training a multi-class NN to classify constructive, destructive and SM events, a CP-sensitive 
observable can be defines as:

◦ 𝑂𝑁𝑁 = 𝑃+ − 𝑃−

Neural Network variable

https://arxiv.org/abs/2112.05052
https://arxiv.org/pdf/2209.05143
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