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Motivation

W -boson pair production key process
to test self-couplings predicted by the
SM

Interesting test for perturbative QCD
and EW corrections

Important background in other SM
(e.g. H → WW ) and BSM
measurements

Largest diboson production cross
section with clean signature
→ High precision in full Run 2
dataset.
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σ = 24 ± 4 ± 5 fb (data)
NLO QCD + EW (theory) 139 JHEP 11 (2021) 118

σ = 0.55 ± 0.14 + 0.15 − 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

σ = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 arXiv:2201.13045

σ = 176 + 52 − 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

σ = 990 ± 50 ± 80 fb (data)
Madgraph5 + aMCNLO (theory) 139 Eur. Phys. J. C 81 (2021) 737

σ = 369 + 86 − 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

σ = 870 ± 130 ± 140 fb (data)
Madgraph5 + aMCNLO (theory) 36.1 PRD 99, 072009 (2019)

σ = 4.8 ± 0.8 + 1.6 − 1.3 pb (data)
NLO+NNL (theory) 20.3 LB 756, 228-246 (2016)

σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03, 128 (2013)

PLB 735 (2014) 311

σ = 7.3 ± 0.4 + 0.4 − 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

σ = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

σ = 19 + 1.4 − 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

σ = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

σ = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

σ = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 Phys. Rev. D 87 (2013) 112001

arXiv:1408.5243

σ = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

σ = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

σ = 22.1 + 6.7 − 5.3 + 3.3 − 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

σ = 27.7 ± 3 + 2.3 − 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

σ = 55.5 ± 3.2 + 2.4 − 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 ATLAS-CONF-2022-002

σ = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 23 ± 1.3 + 3.4 − 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

σ = 94 ± 10 + 28 − 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

σ = 68 ± 2 ± 8 pb (data)
NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

σ = 89.6 ± 1.7 + 7.2 − 6.4 pb (data)
NLO+NLL (theory) 20.3 EPJC 77 (2017) 531

σ = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

σ = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 EPJC 74 (2014) 3109

σ = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74 (2014) 3109

σ = 826.4 ± 3.6 ± 19.6 pb (data)
top++ NNLO+NNLL (theory) 36.1 EPJC 80 (2020) 528

σ = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

σ = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

σ = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

σ = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

σ = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

σ = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

σ = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50×10−8 PLB 761 (2016) 158
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W+W−
cross sections measurements: A quick walk-through

e+e− colliders

ALEPH-L3-OPAL-DELPHI Combination:
[Phys. Rept. 532 (2013) 119]

Hadron colliders

pp̄ – Tevatron

First evidence CDF:
[Phys.Rev.Lett. 78 (1997)]

CDF: [Phys.Rev.Lett. 103 (2009)]

D0: [Phys.Rev.Lett. 104 (2010)]

Jet inclusive measurement of total
production cross-section

Differential distribution of pjet
T

in
Njet == 1 bin

pp – LHC
ATLAS: [7 TeV] [8 TeV (0jet)] [8 TeV
(1jet)] [13 TeV,3 fb−1] [13 TeV,36 fb−1]
[13 TeV,139 fb−1 ,≥ 1jets]

CMS: [5 TeV] [7 TeV] [8 TeV] [13 TeV,
36fb−1]
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José Pretel (Univeristy of Freiburg) ATLAS jet-inclusive W+W−
cross sections June 7, 2023 3 / 14

https://doi.org/10.1016/j.physrep.2013.07.004
https://doi.org/10.1103/PhysRevLett.78.4536
https://doi.org/10.1103/PhysRevLett.103.191801
https://doi.org/10.1103/PhysRevLett.104.201801
https://arxiv.org/abs/1210.2979
https://arxiv.org/abs/1603.01702
https://arxiv.org/abs/1608.03086
https://arxiv.org/abs/1608.03086
https://arxiv.org/abs/1702.04519
https://arxiv.org/abs/1905.04242
https://arxiv.org/abs/2103.10319
https://arxiv.org/abs/2107.01137v2
https://arxiv.org/abs/1306.1126
https://arxiv.org/abs/1507.03268
https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2009.00119
jose.pretel@cern.ch


ATLAS jet-inclusive W+W−
cross-sections using 140 fb

−1

Fully leptonic final states, different flavor and opposite charge,
WW → e±µ∓νeνµ

Suppress Z → ττ and H →WW by meµ > 85 GeV

Reduce top-quark contributions using b-jet veto

First W+W−
differential cross-section

measurements in fully jet-inclusive

phase space

Accurate top-quark and lepton misID
background estimates using

data-driven techniques

High precision in jet-inclusive phase-space
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ATLAS jet-inclusive W+W−
cross-sections using 140 fb

−1

Fully leptonic final states, different flavor and opposite charge,
WW → e±µ∓νeνµ

Suppress Z → ττ and H →WW by meµ > 85 GeV

Reduce top-quark contributions using b-jet veto

Reported measurements

Total and fiducial integrated and differential
cross-section across 12 observables related to
lepton, jet and Emiss

T kinematics

p
lead lep
T and psub-lead lep

T ,

pT,``, y``, m`` and ∆Φ``,

cos θ∗ = | tanh(∆η``/2)|,
Emiss
T ,

scalar sum of Emiss
T and lepton

transverse momenta H lep+met
T ,

transverse mass of the dilepton system
and the missing transverse
momentum, mT,``
scalar sum of all jet and lepton
transverse momenta, ST , and

jet multiplicity.
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MC Samples

Process Generator Parton shower Matrix element O(αS) Normalization

qq̄ → WW MiNNLO Pythia8 NNLO Generator
gg → WW Sherpa2.2.2 Sherpa LO (0–1 jet) NLO
tt̄ PowhegBoxv2 Pythia8 NLO NNLO+NNLL
Wt PowhegBoxv2 Pythia8 NLO NLO+NNLL
Z+jets Sherpa2.2.1 Sherpa NLO (0–2 jets), LO (3–4 jets) NNLO

WZ,ZZ Sherpa2.2.2 Sherpa NLO (0–1 jet), LO (2–3 jets) Generator†

Wγ,Zγ Sherpa2.2.8 Sherpa NLO (0–1 jet), LO (2–3 jets) Generator†

†: The cross-section calculated by Sherpa is found to be in good agreement with the NNLO result [35,36,37,38,39].

gg →WW sample includes off-shell effects and Higgs contributions
WW , Z+jets, diboson production: NNPDF3.0NNLO PDF sets
tt̄: NNPDF3.0NLO PDF sets
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Data-driven Top background estimate: b-tag counting method

Method inspired by tt̄ cross section measurements [arx:1910.08819]

Determine both number of tt̄ events and probability εb of finding b-jets from
event yields in one and two b-tag CRs

Estimate yields in each bin of 0-b-jet region by extrapolation

Ntt̄
1b = Ntt̄

≥0b · 2εb (1− Cbεb) ,

Ntt̄
2b = Ntt̄

≥0b · Cbε
2
b ,

Ntt̄
0b = Ntt̄

≥0b ·
(
1− 2εb + Cbε

2
b

)

Cb =
4 ·Ntt̄

MCN
tt̄
2b,MC(

Ntt̄
1b,MC + 2 ·Ntt̄

2b,MC

)2

Use transfer factor method where
NCR2b < 100 events (≥ 1 b-jet CR)

N
top
SR =

N
top,MC
SR

N
top,MC
CR

×
(
Ndata

CR −N
MC,others
CR

)
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Other backgrounds and Validation

Data-driven lepton mis-ID estimate

Extrapolation from CR (one loosened lepton fails ID
selection) to SR

Extrapolation factors computed in lepton
misID-enriched region (dijet)

Prompt contamination in CR ( 75%) subtracted using
MC simulation.

Dedicated calibration of loosened leptons

Precision of 25% of background yields in SR
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≥1 jet, mlj <140 GeV,

∆φ(e, µ) < π/2
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Good behavior of background estimates in VRs.
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Selected W+W−
events and differential observables

Category Event yield

Data 144221

Total SM 139700± 2400

WW 56900± 1100 41%
Total bkg. 82600± 2100 59%

Top 66500± 1900 48%
Drell-Yan 6500± 400 5%
Fakes 5000± 1300 4%
WZ,ZZ,V γ 4500± 600 3%
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Measurement dominated by background contributions

Large top-quark background over signal, but estimated with better than 4% precision in most bins
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Unfolding

Differential cross-section
measurements unfolded to particle
level using iterative bayesian method
(2 iterations)

Fit

Integrated fiducial cross-section
determined using profile log-likelihood fit

Uncertainties better constrained by
ST distribution

Fiducial region

Object definition

pℓT > 27 GeV

|ηℓ| < 2.5

pℓ, looseT > 10 GeV

|ηℓ, loose| < 2.5

pb−jet
T > 20 GeV

|yb−jet| < 2.5

pjetT > 30 GeV

|yjet| < 4.5

Fiducial selection requirements

Ne = 1

Nµ = 1

Nℓ, loose = 2

qµ × qe = −1

meµ > 85 GeV

Nb-jet = 0

b-jet veto using ghost-association [arx:0707.1378]
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Uncertainties

Dominated by systematic uncertainties from top-quark (MC
modelling) and lepton mis-ID backgrounds

Statistical uncertainties dominate in the high-energy tails

Uncertainty source Effect

Total uncertainty 3.1%
Stat. uncertainty 1.1%

Top modelling 1.6%
Fake lepton background 1.5%
Flavour tagging 0.7%
Other background 0.9%
Signal modelling 1.0%
Jet calibration 0.6%
Luminosity 0.8%
Other systematic uncertainties 0.9%
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Total W+W−
cross-section

Profile log-likelihood fit of signal strength µWW in SR
to determine integrated fiducial cross-section

Extrapolate to full phase-space to obtain total
cross-section

Sizable differences between NNPDF3.0 and
NNPDF3.1(+luxQED) predictions

Factor 2 improvement with respect to previous LHC
measurements

80 90 100 110 120 130 140 150
Total cross-section [pb]

 NLO EW⊗MATRIX 2.0 nNNLO 
 2 (scale) pb± 1 (pdf) ±123 

This measurement
 4 (syst.) pb± 1 (stat.) ±127 

 [1]-1CMS 36 fb
 7 (syst.) pb± 1 (stat.) ±118 

 [2]-1ATLAS 36 fb
 10 (syst.) pb± 2 (stat.) ±137 

[1] Phys. Rev. D 102 (2020) 092001
[2] Eur. Phys. J. C 79 (2019) 884

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

−W+ W→pp 

Theory Prediction
PDF Uncertainty
Total Uncertainty
Measurements

500 550 600 650 700
Integrated fiducial cross-section [fb]

This measurement
 20 (syst) fb± 7 (stat) ±707 

Powheg MiNNLO + Pythia8, NNPDF3.0 (*)
 15 (scale) fb± 10 (PDF) ±654 

MATRIX 2.0 nNNLO, NNPDF3.1
 16 (scale) fb± 7 (PDF) ±711 

 NLO EW, NNPDF3.1⊗MATRIX 2.0 nNNLO 
 15 (scale) fb± 7 (PDF) ±688 

 1.7×WW →(*) + Sherpa 2.2.2 gg
WWjj →     + Sherpa 2.2.12 EW qq

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

ν

±

µν± e→pp 

Data
Statistical Uncertainty
Total Uncertainty
Predictions

Precision of 3.1%, dominated by top modelling and fake
background estimate

Excellent agreement with state-of-the-art theory
prediction

Compatible precision
between

Data and SM prediction
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Fiducial differential cross-section measurements

Theory predictions

Sherpa 2.2.12
I 0,1j@NLO-QCD, 2j@LO.

NNPDF3.0NNLO (*)
MiNNLO+Pythia8

I NNLO-QCD for inclusive
distributions. NNPDF3.0NNLO (*)

Matrix 2.0 nNNLO QCD
I qq →WW (NNLO-

QCD)+gg →WW (NLO-
QCD)+γγ →WW .
NNPDF3.1NNLO+luxQED

Matrix 2.0 nNNLO QCD⊗NLO EW
I Also EW corrections

(*) Augmented with Sherpa 2.2.12 V V jj

90 210 210×2 210×3 310
 [GeV]µem

2−10

1−10

1

10

210

 [f
b/

G
eV

]
µe

m
/d

σd

1

10

210

310

410  [f
b]

σ∆

Data and Stat. Uncertainty
Total Uncertainty
Sherpa 2.2.12 *
MiNNLO+Pythia8 *
MATRIX 2.0 nNNLO QCD

 NLO EW ⊗nNNLO QCD 
 1.7× WW →* + Sherpa 2.2.2 gg 

 WWjj→+ Sherpa 2.2.12 EW qq 

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

 ν

±

µν± e→pp 

 [GeV]µem

0.6

0.8

1

1.2

1.4

P
re

di
ct

io
n/

D
at

a

90 210 210×2 210×3

210

210×8.5≥

Excellent agreement of
state-of-the-art

theory predictions
with Data
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Fiducial differential cross-sections

QCD⊗EW corrections
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Conclusions

Precision measurements of W+W− production are important tests of the Standard
Model
Fiducial (integrated and differential) cross-section measurements reported using full
Run 2 dataset (140 fb−1) recorded with the ATLAS experiment

I WW → e±µ∓νν final states
I b-jet veto to suppress top-quark background contributions
I No additional requirements on jet multiplicity

Top-quark and lepton misID background estimated using data-driven techniques
with high accuracy.
Fiducial cross-section with a precision of 3.1%, dominated by top-quark and lepton
misID background estimates

I Extrapolated to full phase space: σWW = 127± 4 pb.

Excellent agreement with state-of-the-art theory predictions
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Selection criteria

Selection Criteria

Lepton pT > 27GeV
Lepton η |η| < 2.47 and not 1.37 < |η| < 1.52 (electron)

|η| < 2.5 (muon)
Lepton identification TightLH (electron), Medium (muon)
Lepton isolation Gradient (electron), Tight FixedRad (muon)
Lepton impact parameter |d0/σd0

| < 5, 3 (electron, muon)
|z0 · sin θ| < 0.5mm

b-jet selection pT > 20GeV, |η| < 2.5, DL1r (85% eff. WP)
Jet selection pT > 30GeV, |η| < 4.5

Lepton selection 1 electron and 1 muon of opposite charge,
no additional lepton with pT > 10GeV, Loose isolation,
and LooseLH (electron) / Loose (muon) identification

Number of b-jets 0
Dilepton invariant mass > 85GeV
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Signal Region at reco level
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Theory Predictions

Process Code PDF Perturbative order Fid. cross-section

qq̄ → WW MATRIX2.0.1 NNPDF3.1 NNLO QCD 674 fb ±1.8%
qq̄ → WW MiNNLO + Pythia8 NNPDF3.0 NNLO QCD + PS 624 fb ±1.1%

qq̄ → WW Sherpa2.2.12 NNPDF3.0 NLO QCD + PS † 630 fb ±7.2%

gg → WW MATRIX2.0.1 NNPDF3.1 NLO QCD 32 fb ±13%

gg → WW Sherpa2.2.2 NNPDF3.0 LO QCD + PS † 15 fb ±30%

γγ → WW MATRIX 2.0.1 NNPDF3.1 LO 5 fb ±2.3%
γγ → WW MATRIX 2.0.1 NNPDF3.1 NLO EW 11 fb ±2.3%

qq̄ → WWjj (EW) Sherpa2.2.12 NNPDF3.0 LO + PS 4 fb ±7.0%

For calculation of NLO EW correction:
qq̄ → WW MATRIX2.0.1 NNPDF3.1 LO 436 fb ±5.1%
qq̄ → WW MATRIX2.0.1 NNPDF3.1 NLO EW 418 fb ±5.1%

†: Includes matrix elements with additional parton emissions, matched and merged with the parton shower, which increases

the accuracy of the simulation of high jet multiplicity events but also increases the nominal scale uncertainty.
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Differential cross-section measurements
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Differential cross-section measurements
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