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The Standard Model

▶ The Standard Model (SM) describes the fundamental constituents
of matter and their interactions
▶ strong and electroweak (EW) interaction

▶ Rich variety of interactions from a rather simple set of symmetries

▶ Self-interactions of electroweak gauge bosons
▶ Quantum corrections at EW mass scale

(probed in W/Z precision measurements)
▶ Large effects at highest energies

▶ At the LHC we can test the electroweak theory at highest energies

from CERN

SU(3)C × SU(2)L × U(1)Y
colour weak isospin weak hypercharge

red, green, blue I3 = 0,± 1
2 Y

8 gluons W1,W2,W3 B
→ W+,W−, Z , γ
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Electroweak Theory

▶ Gauge couplings arise from the SU(2) potential term L = − 1
4W

a
µνW

µν
a , with field strength tensor

W a
µν = ∂µW a

ν − ∂νW a
µ − gfabcWb

µW c
ν

▶ It generates cubic and quartic couplings

L3 = ieV=γ,Z
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−
ν V
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]

L4 = e2
W

[
W−µW

+µW−ν W
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ν A
ν −W−µ AµW+

ν Z
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▶ With precise predictions of the coupling strength:

eγ = g sin θW , eW =
eγ

2
√

2 sin θW
and eZ = eγ cot θW
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▶ They always involve a pair of W bosons (there are no neutral vertices)

▶ Gauge interactions to Higgs boson

LHiggs =
m2
W

v2
W+
µ W

−µh2 +
m2
Z

v2
ZµZµh2

W/Z

W/Z

H
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Electroweak Gauge Structure

▶ Gauge-boson self interactions play a crucial role for
the renormalisability of the electroweak theory

▶ Large cancellations of divergences arising in individual
diagrams are exact if couplings take the values of the SM

⇒ Diboson measurements are a sensitive probe of
the inner structure of the electroweak symmetry
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▶ In processes involving quartic couplings, the Higgs
boson is governing the high-energy behaviour
(if only massive gauge bosons participate in the scattering)

▶ Such processes became experimentally accessible
for the first time in the LHC run-2

4 / 28



Introduction Measurements Interpretation Polarisation Summary

Experimental Probes
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Experimental access to quartic electroweak interactions in triboson production and vector-boson scattering (VBS)
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Vector-boson Fusion and Vector-boson Scattering

▶ Quartic electroweak (EW) coupling experimentally accessible in EW production of VVjj

=

Purely electroweak interactions involving only cubic and

quartic self interactions ●
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Purely electroweak interactions without self interactions ●
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Processes involving both strong and electroweak interactions ●

●+● not gauge-invariantly separable→ measure EW production
●+●+● interference & not separable at all orders→ provide measurement of sum
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Experimental Signature

▶ No colour connection between scattering quarks leads to
characteristic signature

Δy

electroweak Zjj strong Zjj

PR
D

54
(1

99
6)

66
80

-6
68

9

▶ Additional activity measured relative to centre of “tagging jets”, e.g.:

ζX =

∣∣∣∣∣∣∣∣
yX −

(
yj1 + yj2

)
/2

yj1 − yj2

∣∣∣∣∣∣∣∣ , CX = exp

−4

 ηX −
(
ηj1 + ηj2

)
/2

ηj1 − ηj2


2
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Electroweak Wγjj Production

= + +
▶ Critical for a good measurements of Wγjj-electroweak is a precise

understanding of Wγjj-strong background
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▶ Estimation of strong Wγjj production relies on ℓγ centrality and central jet activity
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Differential Electroweak Wγjj Production
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▶ Differential measurement of electroweak Wγjj production in a variety of
variables characterising the VBS signature or the diboson system

(mjj , pjjT,∆ϕjj , pℓT,mℓγ and ∆ϕℓγ)

▶ Leading uncertainty in jet reconstruction and strong Wγjj modelling
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Electroweak Wγjj Production

▶ Technique to estimate strong Wγjj background
introduces large statistical uncertainties

▶ To maximise sensitivity, measurements use:
▶ fits exploring characteristic VBS variables
▶ e.g. in combination with neural-networks

→ introducing modelling assumptions

▶ Control of strong production remains critical
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▶ Electroweak Wγjj production observed with≫ 5σ, measured to be:

σEW, meas. = 13.2 ± 2.5 fb

with large uncertainties in strong and electroweak theoretical modelling
▶ Compared to theoretical predictions:

σEW, theo. = 8.9+1.0
−0.7 fb (Sherpa 2.2.12, LO@0,1j)

σEW, theo. = 13.0+0.9
−0.8 fb (Madgraph+Pythia8, LO)

Uncertainty Source Fractional Uncertainty [%]
Statistics 11
Jets 8
Lepton, photon, pile-up 8
EW 𝑊𝛾 𝑗 𝑗 modelling 7
Strong 𝑊𝛾 𝑗 𝑗 modelling 6
Non-prompt background 2
Luminosity 2
Other Background modelling 2
𝐸miss

T 1

▶ Full set of results in EPJC 84 (2024) 1064
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Electroweak W±W±jj Production

=

+

+
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▶ Theoretically understood well, at NLO EW⊗QCD (JHEP 1710 (2017) 124, PRL 118, 261801 (2017))

⇒ the W±W±jj final state is often referred to as the golden channel
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Electroweak W±W±jj and WZjj Production
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▶ Simultaneous measurement of W±W±jj and WZjj production (in CMS)

▶ Fit of mjj and mℓℓ distributions (W±W±jj) and BDT discriminant (WZjj)
▶ W±W±jj with smaller uncertainties in almost all individual sources

(background from misid. leptons smaller in ATLAS)

Source of uncertainty W±W± (%) WZ (%)
Integrated luminosity 1.5 1.6
Lepton measurement 1.8 2.9
Jet energy scale and resolution 1.5 4.3
Pileup 0.1 0.4
btagging 1.0 1.0
Nonprompt rate 3.5 1.4
Trigger 1.1 1.1
Limited sample size 2.6 3.7
Theory 1.9 3.8
Total systematic uncertainty 5.7 7.9
Statistical uncertainty 8.9 22
Total uncertainty 11 2312 / 28
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Electroweak W±W±jj and WZjj Results

Process σB (fb)
Theoretical prediction Theoretical prediction

without NLO corrections (fb) with NLO corrections (fb)

EW W±W±
3.98± 0.45

3.93± 0.57 3.31± 0.47
0.37 (stat)± 0.25 (syst)

EW+QCD W±W±
4.42± 0.47

4.34± 0.69 3.72± 0.59
0.39 (stat)± 0.25 (syst)

EW WZ
1.81± 0.41

1.41± 0.21 1.24± 0.18
0.39 (stat)± 0.14 (syst)

EW+QCD WZ
4.97± 0.46

4.54± 0.90 4.36± 0.88
0.40 (stat)± 0.23 (syst)

QCD WZ
3.15± 0.49

3.12± 0.70 3.12± 0.70
0.45 (stat)± 0.18 (syst)

(JHEP 06 (2019) 067)

▶ Inclusive cross sections measured for electroweak and ew+strong production
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▶ Results in agreement with theoretical predictions at LO and NLO
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▶ Inclusive cross sections measured for EW and
EW+strong production

▶ Results in agreement with theoretical
predictions at LO in pQCD

▶ Differential measurements in
mjj ,mℓℓ and pℓT (W±W±jj), and mjj (WZjj)

▶ Full details in PLB 809 (2020) 135710
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Electroweak W±W±jj Results
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▶ Both experiments provide differential W±W±jj measurements in a wide range of variables
▶ Full details in JHEP 04 (2024) 026 (ATLAS) and PLB 809 (2020) 135710 (CMS)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
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Semi-leptonic Vector-boson Scattering

= + + + +

▶ Semi-leptonic VV → ℓνjj or ℓνJ benefit from high V → qq branching ratio
▶ Much larger levels of background, mainly from W+jets production

→ categorisation into resolved and boosted categories

▶ Lower precision than measurements in leptonic decays:

µEW = 0.85+0.23
0.21

▶ However, semi-leptonic decays provide leading constraints on non-SM
quartic gauge couplings

▶ Full measurement in PLB 834 (2022) 137438

▶ Previous results on 2015+2016 data:
ATLAS PRD 100 (2019) 032007 (0ℓ, 1ℓ and 2ℓ final states)

CMS PLB 798 (2019) 134985 (1ℓ and 2ℓ final states,w/ EFT limits)

▶ And you should watch this link during this week

DNN resolved

310

410

510

610

710

810

910

1010

dN
 / 

dD
N

N

Data VV+VVV

DY , VBS-Z(ll)V(jj)γVBF-V, V

Nonprompt Top

W+Jets )V(jj)νVBS-W(l

Syst.

 (13 TeV)-1L = 138 fbCMS

0 0.2 0.4 0.6 0.8 1

DNN resolved

0.8

0.9

1

1.1

1.2

D
at

a/
E

xp
ec

te
d

V→jj

DNN boosted

310

410

510

610

710

810

dN
 / 

dD
N

N

Data VV+VVV

DY , VBS-Z(ll)V(jj)γVBF-V, V

Nonprompt Top

W+Jets )V(jj)νVBS-W(l

Syst.

 (13 TeV)-1L = 138 fbCMS

0 0.2 0.4 0.6 0.8 1

DNN boosted

0.8

0.9

1

1.1

1.2

D
at

a/
E

xp
ec

te
d

V→J

15 / 28

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-18-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-27
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Experimental Status

0 1 2 3 4 5

theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryAug 2023

All results at:
http://cern.ch/go/pNj7

https://arxiv.org/abs/1607.06975
https://arxiv.org/abs/1607.06975qqW  0.18± 0.08 ±0.84 -119.3 fb
https://arxiv.org/abs/1903.04040
https://arxiv.org/abs/1903.04040qqW  0.09± 0.02 ±0.91 -135.9 fb
https://arxiv.org/abs/1305.7389
https://arxiv.org/abs/1305.7389qqZ  0.32± 0.14 ±0.93 -15.0 fb
https://arxiv.org/abs/1410.3153
https://arxiv.org/abs/1410.3153qqZ  0.19± 0.07 ±0.84 -119.7 fb
https://arxiv.org/abs/1712.09814
https://arxiv.org/abs/1712.09814qqZ  0.10± 0.04 ±0.98 -135.9 fb
https://arxiv.org/abs/2112.05259
https://arxiv.org/abs/2112.05259WV  0.18± 0.12 ±0.85 -1138 fb
https://arxiv.org/abs/1604.04464
https://arxiv.org/abs/1604.04464WW→γγ  0.74± 0.00 ±1.74 -119.7 fb
https://arxiv.org/abs/1612.09256
https://arxiv.org/abs/1612.09256γqqW  0.56± 0.67 ±1.77 -119.7 fb
https://arxiv.org/abs/2212.12592
https://arxiv.org/abs/2212.12592γqqW  0.15± 0.11 ±0.89 -1138 fb
https://arxiv.org/abs/2205.05711
https://arxiv.org/abs/2205.05711os WW  0.17± 0.15 ±1.12 -1138 fb
https://arxiv.org/abs/1410.6315
https://arxiv.org/abs/1410.6315ss WW  0.18± 0.38 ±0.69 -119.4 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173ss WW  0.08± 0.11 ±1.20 -1137 fb
https://arxiv.org/abs/1702.03025
https://arxiv.org/abs/1702.03025γqqZ  0.48± 0.65 ±1.48 -119.7 fb
https://arxiv.org/abs/2106.11082
https://arxiv.org/abs/2106.11082γqqZ  0.13± 0.12 ±1.20 -1137 fb
https://arxiv.org/abs/2005.01173
https://arxiv.org/abs/2005.01173qqWZ  0.11± 0.31 ±1.46 -1137 fb
https://arxiv.org/abs/2008.07013
https://arxiv.org/abs/2008.07013qqZZ  0.13± 0.38 ±1.19 -1137 fb

7 TeV CMS measurement (stat,stat+sys) 

8 TeV CMS measurement (stat,stat+sys) 

13 TeV CMS measurement (stat,stat+sys) 
stat        sys

CMS EW measurements vs.
Theory

Cross-section Ratio: σexp./σtheo.

ATLAS CMS
VBF Z 139 fb−1, ≫ 5σ EPJC 81 (2021) 163 36 fb−1,≫ 5σ EPJC 78 (2018) 589

VBF W — 36 fb−1,≫ 5σ EPJC 80 (2020) 43

VBS W±W± 140 fb−1, ≫ 5σ JHEP 04 (2024) 026 137 fb−1,≫ 5σ PLB 809 (2020) 135710

VBS W±Z 140 fb−1, ≫ 5σ JHEP 06 (2024) 192 137 fb−1, 6.8σ PLB 809 (2020) 135710

VBS ZZ 139 fb−1, 5.5σ NPHYS 19 (2023) 237 137 fb−1, 4.0σ PLB 812 (2020) 135992

VBS Wγ 140 fb−1, ≫ 5σ EPJC 84 (2024) 1064 (137+20) fb−1, 5.3σ PLB 811 (2020) 135988

VBS Zγ
140 fb−1,≫ 5σ (Z→ℓℓ) PLB 846 (2023) 138222 137 fb−1, 9.4σ PRD 104 (2021) 072001

140 fb−1, 6.3σ (Z→νν) JHEP 06 (2023) 082 ,
VBS W+W− 140 fb−1, 7.1σ JHEP 07 (2024) 254 137 fb−1, 5.6σ PLB 841 (2023) 137495

γγ→W+W− 139 fb−1, 8.4σ PLB 816 (2021) 136190 100 fb−1, — JHEP 07 (2023) 229

VBS VV 36 fb−1, 2.7σ PRD 100 (2019) 032007 137 fb−1, 4.4σ PLB 834 (2022) 137438

▶ Electroweak VVjj production has been observed in all major channels in the LHC run-2
▶ They are amongst the rarest processes experimentally accessible at the LHC

16 / 28

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-27/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-018/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-17-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-32/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-012/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-19/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-31/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-19-008/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-36/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-016/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-59/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-06/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-21/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-21-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-20/
https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-013/index.html


Introduction Measurements Interpretation Polarisation Summary

Interpretation of Measurements
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▶ Deviations from the SM couplings are quantified in an
Effective Field Theory approach

▶ Expansion of SM Lagrangian with higher-dimensional operators

LSMEFT = LSM +
∑
i

c(6)i
Λ2
O(6)
i +

∑
i

c(8)i
Λ4
O(8)
i + . . .

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA
LS,0, LS,1 X X X O O O O O O

LM,0, LM,1,LM,6 ,LM,7 X X X X X X X O O
LM,2 ,LM,3, LM,4 ,LM,5 O X X X X X X O O

LT,0 ,LT,1 ,LT,2 X X X X X X X X X
LT,5 ,LT,6 ,LT,7 O X X X X X X X X

LT,9 ,LT,9 O O X O O X X X X

from PRD 93 093013 (2016)

-four ∂µΦ
-two ∂µΦ, two Fµν

-four Fµν

▶ There are no dim-6 operators that affect only the quartic electroweak couplings
▶ In VBS and triboson processes we study dim-8 operators only affecting quartic EW couplings

(assuming the dim-6 coefficients are 0, and other dim-8 operators are constrained elsewhere)

▶ For interplay with HEFT, see this talk
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https://arxiv.org/abs/1604.03555
https://indico.cern.ch/event/1383159/contributions/5970418/attachments/2935180/5155213/mbi24_eboli.pdf
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Limits on aQGCs from VBS
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S02

▶ Sensitivity to EFT effects in high-energy tails, but growth of amplitude with
√
s can violate unitarity

▶ Partial-wave unitarity for VV → VV scattering calculated in PRD 101, 113003
▶ Experimentally, provide limits with EFT contribution restricted as a function of mVV < Ec
▶ First unitarised limits on S-family operators from WZjj production, JHEP 06 (2024) 192
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.113003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2018-35/
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Summary of aQGC Limits

▶ To constrain the full set of non-SM quartic gauge couplings, important to explore a variety of VBS channels
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▶ e.g. leading experimental constraints on T8, T9 (and a few others) from Z(→ νν)γjj production
▶ Limits on M-family dominated byWγjj production
▶ Sensitivity to S-family operators from WWjj,WZjj, ZZjj channels
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EFT Approach vs. Direct Searches
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▶ Example: 2.5σ excess in mT distribution of VBS W±W±

▶ Limits on S-family operators (mℓℓ based) in agreement with expectation
(although for low clipping values, exclusion of the Standard Model at 95%)

⇒ EFT limits complement but do not replace direct searches

▶ Further reading: PLB 860 (2025) 139137, EPJC 81 (2021) 723
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-19/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-017/
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Polarisation Measurements
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Peskin, Schroeder; An Introduction to QFT

▶ Divergencies in individual VBS diagrams are associated with longitudinally polarised W± and Z bosons
▶ Longitudinal polarisation states arise from electroweak symmetry breaking via the BEH mechanism

⇒ Polarisation measurements are a direct probe of electroweak symmetry breaking
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Experimental Method

▶ Polarisation is not invariant under Lorentz transformation (→ depends on chosen reference frame)

▶ Measured on a statistical basis from decay angles
▶ Theoretical decomposition in individual components (00, T0, 0T, TT)

▶ Main challenge in measurements:
incorporate higher-order QCD effects
(PLB 814 (2021) 136107, JHEP 10 (2021) 097,

JHEP 04 (2019) 065)
W±
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WZ rest frame
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`
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`
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Z rest frame

PLB 843 (2023) 137895

Incorporating higher-order corrections:

● Decomposition in event-generators at 0,1j@LO

■ + reweighting to fixed-order calculations

▲ Truth-level DNN (similar to pol. tagging)

❏ NLO+PS becoming available
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https://arxiv.org/abs/2010.07149
https://arxiv.org/abs/2107.06579
https://arxiv.org/abs/2107.06579
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Gauge-Boson Polarisation in pp→ W±Z

▶ Polarisation fractions measured in fit to DNN
exploiting kinematic and angular variables

▶ In four categories: ∣∣∣cos θ∗
ℓW

∣∣∣ ≶ 0.5∣∣∣cos θ∗
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f00 f0T fT0 fTT

Relative uncertainty [%]

e energy scale and id. efficiency 0 .34 0 .6 0 .8 0 .31
µ energy scale and id. efficiency 0 .8 0 .23 0 .23 0 .13

Emiss
T and jets 3 .3 1 .3 1 .2 0 .4

Pile-up 0 .6 0 .17 0 .4 0 .15
Misidentified lepton background 2 .3 1 .6 0 .8 0 .26
ZZ background 0 .9 0 .17 0 .32 0 .07
Other backgrounds 3 .0 1 .6 1 .3 0 .4

Parton Distribution Function 0 .5 1 .8 0 .09 0 .5
QCD scale 0 .19 8 0 .9 2 .0
Modelling 9 4 2 .9 1 .2

Total systematic uncertainty 14 15 8 4
Luminosity 0 .35 0 .24 0 .15 0 .05
Statistical uncertainty 13 10 12 3 .0

Total 19 18 14 5

▶ Largest source of uncertainty in f00:
polarisation modelling and Emiss

T reconstruction
▶ pp→ W±0 Z0 production observed with 7.1σ
▶ Reported in PLB 843 (2023) 137895
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2022-01/
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W±Z Polarisation at High-pT
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▶ First study of the energy dependence in two phase-space regions, 100 GeV < pT < 200 GeV and pT > 200 GeV

▶ Using individual BDTs of ang. and kin. variables
▶ Documented in PRL 133 (2024) 101802
▶ Similar technique used to obtain evidence for
ZLZL production JHEP 12 (2023) 107

Measurement Prediction
100 < 𝒑𝒁𝑻 ≤ 200 GeV 𝒑𝒁𝑻 > 200 GeV 100 < 𝒑𝒁𝑻 ≤ 200 GeV 𝒑𝒁𝑻 > 200 GeV

𝑓00 0.19 ±0.03
0.03 (stat) ±0.02

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

0.02 (syst) 𝑓00 0.152 ± 0.006 0.234 ± 0.007
𝑓0𝑇+𝑇0 0.18 ±0.07

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

0.18 (stat) ±0.06
0.10 (syst) 𝑓0𝑇 0.120 ± 0.002 0.062 ± 0.002

𝑓𝑇𝑇 0.63 ±0.05
0.05 (stat) ±0.04

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

0.06 (syst) 𝑓𝑇0 0.109 ± 0.001 0.058 ± 0.001
𝑓00 obs (exp) sig. 5.2 (4.3) 𝜎 1.6 (2.5) 𝜎 𝑓𝑇𝑇 0.619 ± 0.007 0.646 ± 0.008
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2020-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2021-05/
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Polarisation in Vector-boson Scattering
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▶ In VBS, polarisation states differ in diboson and jet kinematics
▶ Maximise sensitivity through combination in DNN/BDT

▶ Separating W±W±jj from other bkg.
▶ Discriminating either W±0W

±
0 and W±TW

±, or W±0W
± and W±TW

±
T

▶ Separately for W±0W
± and W±0W

±
0

 EWW±
T W±jj

 EWW±
L W±

L jj

 EWW±
L W±jj

 EWW±
T W±

T jj
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Single W Polarisation in VBS
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▶ Measurement from double differential DNN/BDT distribution
▶ Evidence for purely electroweak W±0Wjj production:

▶ ATLAS: 3.3σ obs. (4.0σ exp.)
▶ CMS: 2.3σ obs. (3.1σ exp.)

▶ Cross sections in agreement with theoretical predictions
ATLAS 0.88 ± 0.28 (stat) ± 0.09 (syst) fb 1.18 ± 0.29 fb (Sherpa LO@0,1j + corrections)
CMS 1.20+0.56

−0.53 fb 1.63 ± 0.21 fb (Madgraph LO + corrections)
(where fiducial phase space differs between both experiments)
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Double W Polarisation in VBS
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▶ Experiments barely sensitive to double-longitudinal polarisation, yet

ATLAS 0.01 ± 0.20 (stat) ± 0.05 (syst) fb 0.29 ± 0.07 fb (Sherpa LO@0,1j + corrections)
CMS 0.32+0.42

−0.40 fb 0.44 ± 0.05 fb (Madgraph LO + corrections)
▶ Upper limit of 0.45 fb⇒ important constraint on BSM models
▶ Incorporating polarised (JHEP 11 (2024) 115) or inclusive NLO EW corrections
▶ More details in PLB 812 (2020) 136018 (CMS) and arXiv:2503.11317 (ATLAS)
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https://arxiv.org/abs/2409.03620
http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-20-006/index.html
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Summary

▶ The LHC tests the electroweak theory at highest energies in
measurements of multiboson production

▶ Processes involving quartic electroweak couplings became
experimentally accessible in the LHC run-2

▶ Observation of all major VBS channels
▶ First measurements of polarisation in diboson and VBS

⇒ These are important steps in the study of EW symmetry breaking
with the Higgs mechanism 2000 4000 6000
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We’re well prepared to systematically explore EW couplings in run-3 and beyond
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Backup
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Electroweak Zjj Production
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▶ Electroweak Zjj production is a model process for VVjj production
▶ Critical for precise measurements of Zjj-electroweak is a good

understanding of Zjj-strong background

1

10

210

310

410

510

E
ve

nt
s

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

 binjjm

0
0.5

1
1.5

2
D

at
a 

/ p
re

d.

CRa CRb CRc SR

lljj→Zjj, -1 = 13 TeV, 139 fbsATLAS Prefit
Data 8)Y+POWHEG (PZjjEW )HERPA (SZjjStrong 

)jj→V(ZV , single toptt VVOther Uncertainty

mjj = (1.0, 1.5, 2.25, 3.0, 4.5, 7.5)

▶ Estimation of strong Zjj production relies on Z centrality and central jet activity
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Electroweak Zjj Results

  [GeV]jjm

4−10

3−10

2−10

1−10

  [
fb

/G
eV

]
jj

m
 / 

d
σd

ATLAS
lljj → ZjjEW 

-1 = 13 TeV, 139 fbs
 < 0.5 (EW SR)Zξ = 0, 

gap
jetsN

Data, stat. unc.

Total unc.

8Y+POWHEGP
BFNLO7+VERWIGH

 2.2.1HERPAS

310×2 310×3 310×4
  [GeV]jjm

0.5
1

1.5
2

R
at

io
 to

 d
at

a

310×7310

Status 2020:

▲ wrong colour flow in Sherpa

● Pythia8 ignorant of colour flow

▶ Inclusive EW Zjj cross sections measured to be:

σEW = 37.4 ± 3.5 (stat) ± 5.5 (syst) fb

▶ Leading uncertainty in strong Zjj modelling and jet reconstruction
▶ Only small reduction of stat. unc. compared to result from 3.2 fb−1:

σEW = 34.2 ± 5.8 (stat) ± 5.5(syst) fb (relying much more on Zjj modelling)
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Strong and Electroweak Zjj Measurements
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▶ In addition, combined measurement of the strong and
electroweak Zjj production processes
▶ At higher order, distinction is ambiguous
▶ Insensitive to strong and electroweak interference
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adapted from JHEP 1710 (2017) 124

▶ Zjj production is standard candle to benchmark theo. calculations relevant for vector-boson scattering
▶ More information in EPJC 81 (2021) 163
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Bonus: Limits from Triboson Production

▶ Quartic couplings experimentally accessible in triboson production
▶ Experimentally and theoretically more difficult than VBS
▶ Recent measurement of VVZ production slightly higher than

prediction at NLO (similar as in WWW before)

▶ My personal impression: EFT limits are valid to higher energies

→ triboson processes could be a valuable addition to EFT programme
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