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Vector Boson Scattering (VBS)
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• Study of vector boson scattering processes → essential to probe nature of electroweak symmetry breaking

• Differential measurements performed and constraints on various effective field theory operators evaluated

• Several kinematic observables sensitive to the effect of new physics


CP structure of couplings probed 
with variables  and , 
where both pairs of objects are 
ordered by rapidity
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• Pure electro-weak interactions of order 


•

α4
EW • Pure electro-weak interactions of order 
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VBS  at 13 TeVWγ
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SRfid
⇣
#gap

jets = 0
⌘

CRfid
⇣
#gap

jets > 0
⌘

EW ,W 9 9 520 ± 141 120 ± 49
Strong ,W 9 9 1550 ± 830 1970 ± 950
Non-prompt 692 ± 57 698 ± 58
Top quark processes 109 ± 18 183 ± 37
EW + strong /W 9 9 128 ± 34 163 ± 77
Total 3000 ± 830 3140 ± 960
Data 3341 3143

• Neural Network trained with 13 angular and kinematic variables 
used to enhance sensitivity to EW  (inclusive measurement)


• Signal region (SR) and control region (CR) defined by counting 
 (rapidity interval between the two leading jets) 


• SR: 1 TeV,  < 0.35


Wγjj

Ngap
jets

mjj > ξℓγ = (yℓγ −
(yj1 + yj2)

2
)/(yj1 − yj2)

1

10

210

310

410Ev
en

ts
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

 binjjm

0.5

1

1.5

D
at

a 
/ p

re
d.

ACR BCR CCR SR

jjγ)νl→W(, EW -1 = 13 TeV, 140 fbsATLAS Post-fit
Data jjγEW W jjγStrong W
Non-prompt Top Bkg. jjγZ Uncertainty

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

γl
ξ

0.6
0.75

0.9
1.05

 

D
at

a 
/ P

re
d. 0

500

1000

1500

2000

2500

Ev
en

ts

ATLAS
-1 = 13 TeV, 140 fbs

jjγ)νl→W(EW 
fidSR

Post-Fit

Data
jjγEW W

jjγStrong W
Non-prompt
Top Bkg.

jjγZ
Uncertainty

0 1 2 3 4 5 6 7 8 9 10
,jj)γ R (lΔ

0.8
0.9

1
1.1

 

D
at

a 
/ P

re
d. 0

500

1000

1500

2000

2500Ev
en

ts

ATLAS
-1 = 13 TeV, 140 fbs

jjγ)νl→W(EW 
fidSR

Post-Fit

Data
jjγEW W

jjγStrong W
Non-prompt
Top Bkg.

jjγZ
Uncertainty

4 CRA:  > 0,  < 0.35Ngap
jets ξℓγ CRB:  > 0, 0.35 <  < 1Ngap

jets ξℓγ CRC:  = 0, 0.35 <  < 1
Ngap
jets ξℓγ

Highest ranked variables

VBS  at 13 TeVWγhttps://arxiv.org/abs/2403.02809

The ABCD method is 
only used in the 
differential measurement

https://arxiv.org/abs/2403.02809


VBS  at 13 TeVWγ
Object Selection requirements

Dressed muons ?
T
> 30 GeV and |[ | < 2.5

Dressed electrons ?
T
> 30 GeV and |[ | < 2.47 (excluding 1.37 < |[ | < 1.52)

Isolated photons ⇢
W
T
> 22 GeV and |[ | < 2.37 (excluding 1.37 < |[ | < 1.52) and ⇢

iso

T
< 0.2⇢

W
T

Jets At least two jets with ?
T
> 50 GeV and |H | < 4.4, 1�jet veto

Missing transverse momentum ⇢
miss

T
> 30 GeV and <

,
T

> 30 GeV

VBS topology #✓ = 1, #W � 1, |<✓W � </ | > 10 GeV

�'min(✓, 9) > 0.4, �'min(W, 9) > 0.4, �'min(✓, W) > 0.4

�'min( 91, 92) > 0.4, �qmin(⇢miss

T
, 9) > 0.4

#jets � 2, ?
91
T
, ?

92
T

> 50 GeV

< 9 9 > 500 GeV, |�H 9 9 | > 2

Fiducial measurement VBS topology

Differential measurement VBS topology � (< 9 9 > 1000 GeV, #
gap

jets
= 0, and b,W < 0.35)
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• Particle level fiducial and differential cross sections obtained after 
de-convolving EW  yield from detector effects 


• Sherpa (2.2.12) and Madgraph5+Pythia8 used for comparison
Wγjj

https://arxiv.org/abs/2403.02809

https://arxiv.org/abs/2403.02809


VBS  at 13 TeVWγ

1 2 3 4 5
 cut-off [TeV]γWm
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 [T
eV

4
Λ/

T3f

Exp. 95% CL Limit
Obs. 95% CL Limit
Unitarity Bound

ATLAS
-1 = 13 TeV, 140 fbs

Cofficients [TeV
�4

] Observable ",W cut-off [TeV] Expected [TeV
�4

] Observed [TeV
�4

]

5)0/⇤4 ? 9 9
T

1.4 [-2.5, 2.6] [-1.9, 1.9]

5)1/⇤4 ? 9 9
T

1.9 [-1.6, 1.6] [-1.1, 1.2]

5)2/⇤4 ? 9 9
T

1.6 [-4.9, 5.3] [-3.6, 4.0]

5)3/⇤4 ? 9 9
T

1.9 [-3.4, 3.6] [-2.5, 2.7]

5)4/⇤4 ? 9 9
T

2.2 [-3.1, 3.1] [-2.2, 2.3]

5)5/⇤4 ? 9 9
T

1.8 [-1.8, 1.8] [-1.3, 1.3]

5)6/⇤4 ? 9 9
T

2.1 [-1.5, 1.5] [-1.1, 1.1]

5)7/⇤4 ? 9 9
T

2.1 [-4.0, 4.1] [-2.9, 3.0]

5"0/⇤4 ?;
T

1.1 [-45, 44] [-32, 31]

5"1/⇤4 ?;
T

1.4 [-60, 62] [-43, 44]

5"2/⇤4 ?;
T

1.4 [-15, 15] [-11, 11]

5"3/⇤4 ?;
T

1.8 [-22, 22] [-16, 16]

5"4/⇤4 ?;
T

1.5 [-28, 27] [-20, 20]

5"5/⇤4 ?;
T

1.9 [-21, 23] [-14, 17]

5"7/⇤4 ?;
T

1.5 [-100, 99] [-73, 71]




Differential cross section:

+ 


 + 


Pure D-8 terms affects differential cross 
section measurements significantly 
more than the interference term

ℒEFT = ℒSM + ∑
i

f8
i

Λ4
𝒪8

|ℳ |2 = |ℳSM |2

2Re(ℳ*SMℳD−8) |ℳD−8 |2

Pure SM

Interference between  
SM and BSM Pure BSM
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VBS  at 13 TeVWZ
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https://arxiv.org/abs/2403.15296

https://arxiv.org/abs/2403.15296


• Simultaneous extraction of EW 
 and QCD 


• Sensitivity enhanced to EW  
by using a BDT discriminant 
constructed with 15 variables as 
inputs (jet, vector boson and 
lepton kinematics)


• Signal regions defined by  = 
2 and 3 and in three 
bins of  (500 ≤  < 1300, 
1300 ≤  < 2000, 2000 )


• Adversarial neural network used 
to separate EW  and QCD 

 without biasing 

WZjj WZjj
WZjj

Njets
Njets ≥
Mjj Mjj
Mjj Mjj ≥

WZjj
WZjj Mjj

VBS  at 13 TeVWZ

LO diagrams for EW WZjj8

https://arxiv.org/abs/2403.15296

https://arxiv.org/abs/2403.15296


VBS  at 13 TeVWZ
• Measured 


• Measured 

σWZjj−EW = 0.368 ± 0.037 (stat.) ± 0.059 (syst.) ± 0.003 (lumi.) fb

σWZjj−QCD = 1.093 ± 0.066 (stat.) ± 0.131 (syst.) ± 0.009 (lumi.) fb

Integrated cross sections 9

https://arxiv.org/abs/2403.15296

Correlations in  and  WZjj − EW WZjj − QCD

https://arxiv.org/abs/2403.15296


VBS  at 13 TeVWZ

Differential cross section in 
VBS fiducial region
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VBS Same Sign  with hadronic WW τ
http://cds.cern.ch/record/2867989?ln=en
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VBS Same Sign  with hadronic WW τ
• Final state where one of the two same-signed W-bosons decays to a hadronic 


• Signature: 


• Significance of SM process at 2.7 , signal strength:  


• Public since August 2023
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τhντℓνℓ(ℓ = e, μ)

σ 1.44+0.63
−0.56

2−10

1−10

1

10

210

310

410

510

610

Ev
en

ts Data Nonprompt leptons
 dilep.tt  + jets)γOS + (Z/

Other bkgs. QCD ssWW
EW ssWW VBS -4 = 1.0 TeVT1f

-2 = 1.0 TeVWc Stat. Unc.

  (13 TeV)-1138 fb

CMS
Preliminary

h
τ+µ

0 50 100 150 200 250 300 350 400 450 500
 [GeV]o1M

0.5
1

1.5

D
at

a 
/ B

kg

• First simultaneous extraction of dim-6 and dim-8 constraints 


• Transverse mass ( ) used as the variable of interest for 2D 
constraints

M01
M01 = (pTτ + pl + ⃗p miss

T )2 + |pTτ + ⃗p miss
T |2

Dim6 including linear, BSM and mixed contributions

Dim8 including linear and BSM contributions
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13

• Deep Neural Network (DNNs) trained with used to gain sensitivity to BSM signals

http://cds.cern.ch/record/2867989?ln=en

VBS Same Sign  with hadronic WW τ

http://cds.cern.ch/record/2867989?ln=en
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• Simultaneous extraction of dim-6 and dim-8 constraints
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VBS Same Sign  with hadronic WW τ
http://cds.cern.ch/record/2867989?ln=en

M01 = (pTτ + pl + ⃗p miss
T )2 + |pTτ + ⃗p miss
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Polarization — energy dependence 

and the Radiation Amplitude Zero effect 
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https://arxiv.org/abs/2402.16365
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Polarization measurement in WZ process
• Study of different polarization states in diboson processes → sensitive probe of electroweak symmetry breaking

• Boosted decision tree trained to measure polarization fractions (7 variables):


•  both bosons longitudinally (transversely) polarized

• :  boson is longitudinally polarized,  is transversely polarized

• New: measurement of fractions in high  regime and low 


• Leads to an improvement of 20-30% in  
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  scattering angle of the  boson in the   
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θV : W WZ
16

Measurement Prediction
100 < p`Z  200 GeV p`Z > 200 GeV 100 < p`Z  200 GeV p`Z > 200 GeV

500 0.19 ±0.03
0.03 (stat) ±0.02

0.02 (syst) 0.13 ±0.09
0.08 (stat) ±0.02

0.02 (syst) 500 0.152 ± 0.006 0.234 ± 0.007
50)+)0 0.18 ±0.07

0.08 (stat) ±0.05
0.06 (syst) 0.23 ±0.17

0.18 (stat) ±0.06
0.10 (syst) 50) 0.120 ± 0.002 0.062 ± 0.002

5)) 0.63 ±0.05
0.05 (stat) ±0.04

0.04 (syst) 0.64 ±0.12
0.12 (stat) ±0.06

0.06 (syst) 5)0 0.109 ± 0.001 0.058 ± 0.001
500 obs (exp) sig. 5.2 (4.3) f 1.6 (2.5) f 5)) 0.619 ± 0.007 0.646 ± 0.008

Fraction of events where both bosons are longitudinally polarized measured with an 
observed significance of  

5.2  (1.6 ) in the phase space:  GeV (  GeV)σ σ 100 < pZ
T < 200 pZ

T > 200

https://arxiv.org/abs/2402.16365
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Radiation Amplitude Zero effect in WZ at 13 TeV

• Dominant helicity amplitude with two transversely-polarized bosons exactly zero 

• when scattering angle of the  boson in the  rest frame (w.r.t the incoming antiquark direction) 

approaches  → Radiation Amplitude Zero (RAZ)

• arises from the gauge structure in the SM


• RAZ ⇒ drop at 0 in the  (rapidity difference between  and  bosons) and  (rapidity 

difference between lepton from  decay and  boson) distributions 

• First observation of RAZ effect in  production, seen in  previously 

(SMP-20-005), longitudinally polarized  make observation challenging

• Next-to-leading order (NLO) QCD correction dilute the effect, hadronic activity 

reduced by placing stringent requirement on  

W WZ
900

ΔY(WZ) W Z ΔY(lWZ)
W Z

WZ Wγ
W′￼s

pWZ
T
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https://arxiv.org/abs/2402.16365
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Radiation Amplitude Zero effect in WZ at 13 TeV
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, +  ⇒ dip𝒟 = 1 − 2 × ( N( |ΔY(WZ) | < 0.5)
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Unfolded distributions
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Anomalous neutral gauge couplings 
in the mono photon channel

19



• Generalized theory of forbidden neutral gauge couplings 

• Parametrized with 8 parameters ( )

•  cross section deviation at high 

• Backgrounds range from , ,  and dibosons estimated using 

data-driven methods and simulations

h1 to h4
Z + γ pT

W + γ V + jets γ + jets

Anomalous neutral gauge couplings in the 

mono photon channel
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Multibosons ( ) at 13.6 TeVW+W− s =

21

http://cds.cern.ch/record/2892658?ln=en
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• First measurement of  at 13.6 TeV

• Used data collected in 2022 → 34.8 

• Event category: 1 muon and 1 electron of opposite charge 

• The inclusive cross section is 125.7 ± 5.6 pb, in agreement with predictions
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LUM-22-001

http://cds.cern.ch/record/2892658?ln=en
https://cds.cern.ch/record/2890833/files/LUM-22-001-pas.pdf


• First measurement of  at 13.6 TeV

• Used data collected in 2022 → 34.8 

• Event category: 1 muon and 1 electron of opposite charge 

• The inclusive cross section is 125.7 ± 5.6 pb, in agreement with predictions
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 cross section measurement at 13.6 TeVW+W−

• Pre-fit agreement within 10% across all regions

• Including top CR in simultaneous fit with signal leads to better control of b-tagging 

and jet energy scale uncertainty
24
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 cross section measurement at 13.6 TeVW+W−

• First comparison of normalized fiducial 
cross section for the  process 
using MiNNLOPS 


• Excellent agreement between data and 
prediction in all jet bins

W+W−
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http://cds.cern.ch/record/2892658?ln=en

0 1  2≥

Number of jets
0

0.2

0.4

0.6

0.8

J
/d

N
σ

 d
σ

1/

Data
POWHEG+PYTHIA
MATRIX
MINNLO+PYTHIA

 (13.6 TeV)-134.8 fbCMS Preliminary

0 1  2≥

0.8

1

1.2

1.4

D
at

a
PO

W
H

EG

Theory uncertainty
Theory prediction / measurement

0 1  2≥

0.8

1

1.2

1.4

D
at

a
M

AT
R

IX

Theory uncertainty
Theory prediction / measurement

0 1  2≥
Number of jets

0.8

1

1.2

1.4

D
at

a
M

IN
N

LO Theory uncertainty
Theory prediction / measurement

http://cds.cern.ch/record/2892658?ln=en


Many analyses performed and more to come…
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Both ATLAS and CMS have a comprehensive multiboson program, spanning several processes, across 
orders of magnitude in cross section, allowing us to probe exotic couplings in the Standard Model 

0 2 4 6 8 10 12 14

 [TeV]s
0

5

10

15

20

25

 [p
b]

to
t

ZZ
σ

MATRIX CT14 NNLO
ZZ (pp)

)pZZ (p

=13.6 TeVsLHC Data 2022 
-166-116 GeV) 29 fb

ll
 llll (m→ ATLAS ZZ

 = 13 TeVsLHC Data 
-160-120 GeV) 137 fb

ll
 llll (m→ CMS ZZ

-166-116 GeV) 36.1 fb
ll

 llll (m→ ATLAS ZZ
 = 8 TeVsLHC Data 

-1 60-120 GeV) 19.6 fb
ll

 llll (m→ CMS ZZ
-166-116 GeV) 20.3 fb

ll
) (mνν ll(ll/→ ATLAS ZZ

 = 7 TeVsLHC Data 
-1 60-120 GeV) 5.0 fb

ll
 llll (m→ CMS ZZ

-166-116 GeV) 4.6 fb
ll

) (mνν ll(ll/→ ATLAS ZZ
 = 1.96 TeVsTevatron Data 

-1) (on-shell) 9.7 fbνν ll(ll/→ CDF ZZ
-160-120 GeV) 8.6 fb

ll
) (mνν ll(ll/→ D0 ZZ

ATLAS 



Additional Material
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VBS WZ at 13 TeV



29

VBS WZ at 13 TeV
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Radiation Amplitude Zero effect in WZ at 13 TeV



Random Additional Material
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Definition of mWZ
T

32



• Study of vector boson scattering processes → essential to probe nature of electroweak symmetry breaking

• Electroweak production of : 

• Differential measurements performed and constraints on various effective field theory operators evaluated

• Observables sensitive to the effect of new physics


• invariant mass of dijet system ( ), transverse momenta of two jets ( ), transverse momentum of 
lepton ( ) and invariant mass of the lepton and photon ( )


Wγjj α4
EW

Mjj pjj
T

pℓ
T mℓγ

d

W�

ū

W�

Z

u

ū

�Bremsstrahlung EW 

 non-VBS production 


Wγjj
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u u

�

W+

u d
W+

�

• CP structure of couplings 
probed with variables 

 and , where 
both pairs of objects are 
ordered by rapidity

Δϕjj Δϕℓγ

VBS  at 13 TeVWγ

Previous result: Phys. Rev. D 108 (2023) 032017

https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/PAPERS/
STDM-2018-31

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032017
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31


Vector Boson Scattering

34

W

W

• Final state consists of two high 
transverse momenta ( ) jets


• Rapidity gap between jets → no color 
flow


• High mass of the two jets ( ) 

• Decay product of the gauge bosons: 

central with respect to jets

pT

Mjj

• Pure electro-weak 
interactions of order 
( )α4

EW



Vector Boson Scattering

u u

�

W+

u d
W+

�

• Study of vector boson scattering processes → essential to probe nature of electroweak symmetry breaking

• Pure electro-weak interactions of order 

• Differential measurements performed and constraints on various effective field theory operators evaluated

• Observables sensitive to the effect of new physics


• invariant mass of dijet system ( ), transverse momenta of two jets ( ), transverse momentum of 
lepton ( ) and invariant mass of the lepton and photon ( )

α4
EW

Mjj pjj
T

pℓ
T mℓγ

CP structure of couplings probed 
with variables  and , 
where both pairs of objects are 
ordered by rapidity

Δϕjj Δϕℓγ

W

W

q
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q

q0

q q0
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q q0

W±

W±

W±
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`±
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νh

35



36

• Final state where one of the two same-signed W-bosons decays to a hadronic 


• Signature: 


• Evidence of SM process at 2.7 , signal strength:  


• Public since August 2023

τ
τhντℓνℓ(ℓ = e, μ)

σ 1.44+0.63
−0.56

http://cds.cern.ch/record/2867989?ln=en

Signal Region
Same sign  

pair
ℓ, τh

50 GeV


500 GeV

Veto on b-tagged jets

pmiss
T >

mjj >

Several Control 
Regions

Opposite sign 
pair

Top control 
region

Fakes

VBS Same Sign  with hadronic WW τ
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Dim6 including linear, BSM and mixed 
contributions

Dim8 including linear 
contributions

<latexit sha1_base64="R7CSveD12o7y7VS2Tqn4HW9mJU0="></latexit>
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• Several dim-6 (11) and dim-8 (9) operators 
explored


• Transverse mass ( ) used as the variable of 
interest

• Most sensitive variable


M01
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Dim8 BSM contribution

VBS Same Sign  with hadronic WW τ



• First measurement of  at 13.6 TeV

• Used data collected in 2022 → 34.8 

• Event category: 1 muon and 1 electron of opposite charge 

• The inclusive cross section is 125.7 ± 5.6 pb, in agreement with predictions


W+W−

fb−1

 cross section measurement at 13.6 TeVW+W−
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SRfid
⇣
#gap

jets = 0
⌘

CRfid
⇣
#gap

jets > 0
⌘

EW ,W 9 9 520 ± 141 120 ± 49
Strong ,W 9 9 1550 ± 830 1970 ± 950
Non-prompt 692 ± 57 698 ± 58
Top quark processes 109 ± 18 183 ± 37
EW + strong /W 9 9 128 ± 34 163 ± 77
Total 3000 ± 830 3140 ± 960
Data 3341 3143

• Signal region (SR) and control region (CR) defined by counting  
(rapidity interval between the two leading jets) 

• SR: 1 TeV,  < 0.35


• Neural Network trained with 13 angular and kinematic variables 
used to enhance sensitivity to EW  (inclusive measurement)
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CRA:  > 0, 

 < 0.35

Ngap
jets

ξℓγ

CRB:  > 0, 

0.35 <  < 1

Ngap
jets
ξℓγ

CRC:  = 0, 

0.35 <  < 1


Ngap
jets
ξℓγ

Highest ranked variables

VBS  at 13 TeVWγhttps://arxiv.org/abs/2403.02809

The ABCD method is 
only used in the 
differential measurement

https://arxiv.org/abs/2403.02809

