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Standard model precision measurements
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Status: February 2022

ATLAS Preliminary
p
s = 5,7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 139 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.03 � 0.3 fb�1

Standard Model Production Cross Section Measurements

VBF�&�VBS�
EW�processes

LHC as a precision machine: diagrams in which two Vector Boson interacts, giving either one or 
two Vector Bosons in the final state, are among the rarest processed measured
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ATL-PHYS-PUB-2022-009 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/
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Physics of VBS processes

• At the heart of EWSB, probing non-abelian EW 
structure of the SM: triple and quartic gauge 
couplings  
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Physics of VBS processes

• At the heart of EWSB, probing non-abelian EW 
structure of the SM: triple and quartic gauge 
couplings  

• Studies of gauge invariance of the SM: this 
process is gauge invariant thanks to very delicate 
cancellations between diagrams

• Unitarity of the SM: VBS amplitude explodes 
with energy, without H mediation! 

SCATTERING ZL ZL ⟺ W+L W-L 

Undergrad typical QFT exercise:

Higgs exchange cancels high-
energy growth if its couplings are 
SM-like, matrix element is unitary for 

mH ≲ 1TeV  
(Lee, Quigg, Thacker bound)

M�=�c�Energy2�+�... M�=�-c�Energy2�+�...

H

3
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Physics of VBS processes
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• Powerful portal to access BSM in a model-
independent approach, usually parametrizing 
deviations from SM as Effective Field Theory (EFT) 
expansion

Bottom-up�approach:

ℒBSM ⟶
(E≪M)

ℒeft ≃ ℒ4 + ℒ5 + ℒ6 + ⋯

∑
i

ci
𝒪i

Λ2
BSM�scale

New�BSM�couplings�
(Wilson�coefficients)
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Physics of VBS processes
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New�particle

Mass

#
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Invariant�
�mass

• Powerful portal to access BSM in a model-
independent approach, usually parametrizing 
deviations from SM as Effective Field Theory (EFT) 
expansion

Bottom-up�approach:

ℒBSM ⟶
(E≪M)

ℒeft ≃ ℒ4 + ℒ5 + ℒ6 + ⋯

∑
i

ci
𝒪i

Λ2
BSM�scale

New�BSM�couplings�
(Wilson�coefficients)

*Eboli et Al. model

Historically:�
anomalous�quartic�
gauge�couplings�
(dim-8�EFT)*��…

https://feynrules.irmp.ucl.ac.be/wiki/AnomalousGaugeCoupling
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T H E O R Y  P E R S P E C T I V E  ( L O )  
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•   process: quartic diagrams  
+ gauge invariant diagrams 

•  QCD induced process
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https://arxiv.org/pdf/1708.00268.pdf
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ENDCAP ENDCAPBARREL

φ
η V

V
tag-jettag-jet

E X P.  P E R S P E C T I V E

• Vector Bosons produced in the central part 
of the detector 

• VBS “tag-jets” in forward detector region: 
highest invariant-mass in the event 

• Large pseudorapidity separation between 
the VBS-jets - for the low QCD activity btw 
partons  
(no color flow at LO arXiv. 1805.09335)

VBS�EVENT�TOPOLOGY

T H E O R Y  P E R S P E C T I V E  ( L O )  
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P R O C E S S R E S U LT S R E F E R E N C E  

polarized 
ssWW  

WLWL measurement PLB 812 
(2020) 136018

ZZ (4ljj) 4.0 σ + dim-8 EFT limits
PLB 812 
(2021) 135992

osWW 
(2l2νjj)

Observation + XS
PLB 841 
(2023) 137495

ssWW to 
τh

2.7 σ CMS-PAS-
SMP-22-008

Wγ 
Observation, differential 
XS + dim-8 EFT

PLB 811 (2020) 
135988 + 
arXiv:2212.12592  

VBS Zγ  Observation
PRD.104.0720
01

VV semi-
leptonic

WVjj evidence with full 
Run2 data

PLB 834 
(2022) 
137438

VVpp 
(4jpp)  

Dim-6/8 QGCs  
(100/fb CMS+TOTEM)

JHEP 07 
(2023) 229

Recent results

6

P R O C E S S R E S U LT S R E F E R E N C E  

Zγ (2νγjj) Observation + dim-8 EFT JHEP 06 (2023) 
082

Zγ (2lγjj) Observation + XS + 
differential XS

arXiv:2305.19142

ZZ (4ljj) Diff. XS+ dim-8 EFT ATLAS-
CONF-2023-024

osWW 
(2l2νjj)

Observation + XS ATLAS-
CONF-2023-039

ssWW + 
WZ  

Combined EFT 
interpretation (36/fb)

ATL-PHYS-
PUB-2023-002 

ssWW Diff. XS + BSM +EFT 
interpretation

ATLAS-
CONF-2023-023

ZZ (4ljj, 
2νjj)

Observation
Nature Phys. 
19 (2023) 237 

Focus of this talk
Newest

https://arxiv.org/abs/2009.09429
https://www.sciencedirect.com/science/article/pii/S0370269320307954
https://www.sciencedirect.com/science/article/pii/S0370269322006293?ref=pdf_download&fr=RR-2&rr=7f8372de49d24c4e
https://cds.cern.ch/record/2867989?ln=en
https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=find%20eprint%202212.12592
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2112.05259
https://inspirehep.net/literature/2605178
https://doi.org/10.1007/JHEP06(2023)082
https://arxiv.org/abs/2305.19142
https://cds.cern.ch/record/2859349
https://cds.cern.ch/record/2865482
https://cds.cern.ch/record/2850667
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://www.nature.com/articles/s41567-022-01757-y
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• WW to same-sign lepton pair + jet events, “golden channel” for VBS for good separation EW VBS vs. QCD VBS 

• First observation with 2016 data, recently CMS accessed definite polarization WW scattering [PLB 812 (2021) 136018] 

• ATLAS novel measurement profits of an improved signal modeling, 𝑊𝑍 background modeling, and updates in 

the non-prompt lepton background estimation + direct and indirect BSM interpretation

7

Fully leptonic ssWW

ATLAS-CONF-2023-023

EW~ 4-6 QCD σ σ

S. Solomon's poster

https://inspirehep.net/literature/1818160
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://indico.desy.de/event/34916/contributions/147195/
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• WW to same-sign lepton pair + jet events, “golden channel” for VBS for good separation EW VBS vs. QCD VBS 

• First observation with 2016 data, recently CMS accessed definite polarization WW scattering [PLB 812 (2021) 136018] 

• ATLAS novel measurement profits of an improved signal modeling, 𝑊𝑍 background modeling, and updates in 

the non-prompt lepton background estimation + direct and indirect BSM interpretation

7

Fully leptonic ssWW

ATLAS-CONF-2023-023

• General good agreement for all variable examined, except for transverse mass 
• Predictions tend to underestimate the data, NLO corrections move the prediction to lower values

Differential cross 
sections are compared 
with the SM predictions 
from: MG+Herwig, 
MG+Pythia,  
Sherpa-EW, and NLO 
Powheg Box + Pythia 

S. Solomon's poster

https://inspirehep.net/literature/1818160
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
https://indico.desy.de/event/34916/contributions/147195/
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ssWW and BSM
ATLAS-CONF-2023-023

• Dilepton mass shows high-sensitivity to NP scenarios in the EFT (dim-8) approach 

• Competitive bounds with best-world limits, while preserving EFT validity 

CI for fM7 as a function of a cut-off 
scale & unitarity bounds

Interplay between 
experimental bounds and 
theoretical bounds

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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ssWW and BSM
ATLAS-CONF-2023-023

• Dilepton mass shows high-sensitivity to NP scenarios in the EFT (dim-8) approach 

• Competitive bounds with best-world limits, while preserving EFT validity 

2D limits & perturbative 
unitarity bounds

CI for fM7 as a function of a cut-off 
scale & unitarity bounds

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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• Possibility to access tau decay channel in 
ssWW VBS for the first time  

• Final state:  ℓ± τh± jj + MET (ℓ = e, μ) 

• Almost 95% of the background events in 
SR contain nonprompt leptons from jets 
misreconstructed as e,μ, or τh;  
about 2% are from Z/γ∗+jets,  

and 1%  from dileptonic  production  tt̄

9

VBS decaying to tau lepton

qq̄ → W±W±qq̄ → τ±
h ντℓ

±νℓqq̄ ~64%�BR�to�
hadrons

“Nonprompt leptons” 
background estimated from 
data, and validated in a CR 
close to the SR
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A. Piccinelli's poster

https://cds.cern.ch/record/2867989?ln=en
https://indico.desy.de/event/34916/contributions/147200/
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• 9 kinematic quantities peculiar of the ssWW VBS process 
as input features of a DNN, trained to classify the events 
in signal and background categories 

• ML fit using DNN templates from SR and two enriched 
background regions to control opposite-sign, ZZ and  

 rates 

• Two separate measurements: 

• ssWW purely-EW signal strength  

• Simultaneous EW and QCD ssWW signal strength 

tt̄

10

• The overall uncertainty is dominated by the statistics of 
the data considered  
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https://cds.cern.ch/record/2867989?ln=en
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Opposite sign WW
• The 𝑊+𝑊− channel is experimentally challenging because of the large  background that enter 

the signal selection  

• Measured for the first time by CMS [PLB 841 (2023) 137495] with an observed significance of 5.6 σ 

• Recently measured by ATLAS using slightly different regions and MC generators

tt̄

11

ATLAS-CONF-2023-039

S-channel t-channel

Electroweak W+W− jj production at NLO pQCD with 
POWHEG-BOX2 

The Higgs contribution suppressed by a generator level cut on 
the EWK invariant mass of the decay leptons and neutrinos.  
s-channel contribution are neglected. 

Quartic�coupling

Opposite flavor, 
positive centrality,  

2-3 jets with  
b-jets veto

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/
https://cds.cern.ch/record/2865482
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Opposite sign WW
The discrimination between signal and background in the SR is performed by a NN, including both the 
2 and 3 jets topologies  

12

ATLAS-CONF-2023-039

~66%�top�events

~24%�osWW�QCD�events

Dominant uncertainty on the fit is due to the limited statistics in data and amounts to 12.3%, 
while the total uncertainty is 18.5%. The signal has been observed with a significance of 7.1σ, 
(6.2 exp) from the rejection of the background-only hypothesis. 
Fiducial cross section measured 2.65+0.65-0.48 (2.20+0.14-0.13 Powheg). 

Top�CR

• Simultaneous fit in SR and top CR (requiring one of the two 
leading jets to be a b-jet) 

• floating normalization btw the regions for top and QCD osWW 
backgrounds to measure their normalization

https://cds.cern.ch/record/2865482
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Evidence for semi-leptonic VBS decays

13

I R R E D U C I B L E  
B A C K G R O U N D S

V+jets

Good balance between:  

✓Benefit from the large hadronic 
branching fraction of W or Z boson  

✴Larger irreducible backgrounds

𝒪(α6
EW)

𝒪(α2
EWα4

S)

𝒪(α4
EWα2

S)

PLB 834 (2022) 137438 

S I G N A L
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Key ingredients

14

Exploit the possibile topologies 
of the high jet-multiplicity events

W / Z
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SEPARATION

E V E N T  
R E C O N S T R U C T I O N

PLB 834 (2022) 137438 
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Key ingredients

Definition of a series of free 
floating parameters per 
topology in the ML fit, to 
perfect the modeling of 
VBS-jets kinematics for 
W+jets background
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Key ingredients

Definition of a series of free 
floating parameters per 
topology in the ML fit, to 
perfect the modeling of 
VBS-jets kinematics for 
W+jets background

14

Exploit the possibile topologies 
of the high jet-multiplicity events

W / Z

In
cr
ea
si
ng
�p
t

W / Z

SMALL�ANGULAR�
SEPARATION

BOOSTED

RESOLVED

LARGE�ANGULAR�
SEPARATION

DNN to optimize the 
sensitivity to the EW VBS 
process and separate the 
VBS signal from the large 

backgrounds

E V E N T  
R E C O N S T R U C T I O N

B K G   
M O D E L I N G

S I G N A L  
S E PA R AT I O N

PLB 834 (2022) 137438 
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First evidence of semi-leptonic VBS

15

Three different measurements from the same data

PLB 834 (2022) 137438 



M. Presilla

First evidence of semi-leptonic VBS

1. SM electroweak signal strength: 

• μEW = σobs/σSM = 0.85+0.24
−0.20 = +0.21

−0.17( syst )+0.12
−0.12( stat )

• 4.4 σ observed (5.1 expected)  
observed fiducial cross-section 1.9±0.5 pb

15

Three different measurements from the same data
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First evidence of semi-leptonic VBS

1. SM electroweak signal strength: 

• μEW = σobs/σSM = 0.85+0.24
−0.20 = +0.21

−0.17( syst )+0.12
−0.12( stat )

• 4.4 σ observed (5.1 expected)  
observed fiducial cross-section 1.9±0.5 pb

2. Inclusive EW + QCD WV signal strength: 

• μEW+QCD = σobs/σSM = 0.98+0.20
−0.17 = +0.19

−0.16( syst )+0.07
−0.07( stat )

• Total EW+QCD cross-section: 16.6 +3.4 -2.9 pb 

3. Simultaneous 2D fit of the EW and QCD WV 
measurement

15

Three different measurements from the same data

PLB 834 (2022) 137438 
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S U M M A R Y
• Highlights from CMS & ATLAS measurements in VBS 

• Huge theoretical & experimental progress behind all these measurements 

• Consistency tests of the SM and powerful tool to infer new physics in a “UV-agnostic” way 

• EFT dim-8, but global EFT fit as ultimate goal for future analyses 

• Many new analyses under implementation  

• Run3/4 are ahead, but many interesting results from Run 2 are yet to come! 

1616

δ

2016 WW reg. 

2016 WW reg. o δ

2016 ZZ reg. 

2016 ZZ reg. o δ

2017 WW reg. 

2017 WW reg. o δ

2017 ZZ reg. 

2017 ZZ reg. o δ

2018 WW reg. 

2018 WW reg. o δ

2018 ZZ reg. 

2018 ZZ reg. o

0
10
20
30
40
50
60
70
80
90

100

Ev
en

ts
 / 

bi
n

Observed data

)-2 GeV-5=1*102Λ/
0
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 uncertainty±Prefit background 

 (13 TeV)-1100 fb CMS-TOTEM

link to recent ATLAS results 

arXiv:2211.16320
ATLAS-CONF-2023-024

link to recent CMS results 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
https://arxiv.org/abs/2211.16320
https://cds.cern.ch/record/2859349/files/ATLAS-CONF-2023-024.pdf
http://www.apple.com
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/VV.html
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VBS decaying to tau lepton
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Opposite sign WW

19

ATLAS-CONF-2023-039

Final state SR: Opposite flavor, positive centrality, 2-3 jets with veto on jets from b-quark

https://cds.cern.ch/record/2865482
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Fully leptonic ssWW

ATLAS-CONF-2023-023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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Fully leptonic ssWW

ATLAS-CONF-2023-023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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ssWW and BSM
ATLAS-CONF-2023-023

Possible new doubly-charged boson in the  
s-channel, tested with transverse mass.  

Local excess of events over the SM prediction consistent with 
a H±± boson of mass of about  
450 GeV

Global significance of 2.5σ 

Stringent constraints on the 
Georgi-Machacek model

D I R E C T  P R O B E

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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ssWW and BSM
ATLAS-CONF-2023-023

I N D I R E C T  P R O B E

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-023/
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H I G H E R  O R D E R  P R E D I C T I O N S  I N  V B S

Refs: arXiv:1708.00268 [hep-ph], arXiv:2102.10991 [hep-ph] 24
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𝑊𝛾𝑗𝑗 measurement

• The EWK 𝑊𝛾𝑗𝑗 production is 

observed with 6.03 𝜎 (6.79 𝜎 

expected). 

• Fiducial cross-section and differential 
cross-section are measured, using 
𝑚𝑗𝑗,𝑚𝑙𝛾 2D-fit

25
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M. Presilla

𝑊𝛾𝑗𝑗 measurement

• The EWK 𝑊𝛾𝑗𝑗 production can probe the EFT model via anomalous quartic gauge coupling 

(aQGC) effect.  Strong constraints are set to EFT dim-8 parameters. Red rectangle contains the 
most stringent limits.

26

(Accepted by PRD) arXiv:2212.12592 

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-011/index.html

