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Recap Gauge-boson Self-interactions Quartic Couplings and EWSB Key Measurements for the Future Summary

Reminder of Yesterday’s Lecture

I The masses of the W and Z bosons are related through:

ρ =
m2
W

m2
Z cos2 θW

I Radiative corrections lead to small modifications to this ratio
I ...but they are much larger than the experimental precision

I At energies that allow to produce pairs of W and Z
bosons, the same physics leads to large effects

I Gauge cancellations drive the high-energy behaviour
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from Phys. Rept. 532 (2013) 119–244
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from CERN

Gauge-boson Self-interactions
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The Standard Model Effective Field Theory (sketch)
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I Contributions from beyond-SM physics seems to be outside of direct reach at the LHC
I The Standard Model may still be a low-energy reduction of a beyond-SM theory

⇒ The low-energy limit can be described by an Effective Field Theory, valid below cutoff Λ
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The Standard Model Effective Field Theory (math)

I The Standard Model Effective Field Theory (SMEFT) describes possible patterns of
deviations introduced by beyond-SM physics

I Expansion of SM Lagrangian in increasing powers of inverse scale of new physics, 1/Λ

LSMEFT = LSM +
∑
i

cdim6
i

Λ2
Odim6
i +

∑
i

cdim8
i

Λ4
Odim8
i + . . .

I OdimN
i : dimension-N operators, built from SM fields

I cdimN
i : Wilson coefficient, describing the coupling strength

excluding L- and B-violating operators at dim5 and dim7, respectively
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The Warsaw Basis

I Restriction to dim-6 operators
I Constraining the large number of

operators requires a lot of
measurements

I Typically make some additional
assumptions:
I consider CP-even operators
I assume flavour symmetry

(except 3rd gen quarks)

→ Resulting in O(100) operators

1 : X3

QG fABCGAνµ GBρν GCµρ

QG̃ fABCG̃Aνµ GBρν GCµρ

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ

Q
W̃

εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

2 : H6

QH (H†H)3

3 : H4D2

QH� (H†H)�(H†H)

QHD
(
H†DµH

)∗(
H†DµH

)
5 : ψ2H3 + h.c.

QeH (H†H)(l̄perH)

QuH (H†H)(q̄purH̃)

QdH (H†H)(q̄pdrH)

4 : X2H2

QHG H†H GAµνG
Aµν

QHG̃ H†H G̃AµνG
Aµν

QHW H†HW I
µνW

Iµν

Q
HW̃

H†H W̃ I
µνW

Iµν

QHB H†H BµνB
µν

QHB̃ H†H B̃µνB
µν

QHWB H†τ IHW I
µνB

µν

Q
HW̃B

H†τ IH W̃ I
µνB

µν

6 : ψ2XH + h.c.

QeW (l̄pσ
µνer)τ

IHW I
µν

QeB (l̄pσ
µνer)HBµν

QuG (q̄pσ
µνTAur)H̃ GAµν

QuW (q̄pσ
µνur)τ

IH̃ W I
µν

QuB (q̄pσ
µνur)H̃ Bµν

QdG (q̄pσ
µνTAdr)H GAµν

QdW (q̄pσ
µνdr)τ

IHW I
µν

QdB (q̄pσ
µνdr)H Bµν

7 : ψ2H2D

Q
(1)
Hl (H†i

←→
D µH)(l̄pγ

µlr)

Q
(3)
Hl (H†i

←→
D I
µH)(l̄pτ

Iγµlr)

QHe (H†i
←→
D µH)(ēpγ

µer)

Q
(1)
Hq (H†i

←→
D µH)(q̄pγ

µqr)

Q
(3)
Hq (H†i

←→
D I
µH)(q̄pτ

Iγµqr)

QHu (H†i
←→
D µH)(ūpγ

µur)

QHd (H†i
←→
D µH)(d̄pγ

µdr)

QHud + h.c. i(H̃†DµH)(ūpγ
µdr)

8 : (L̄L)(L̄L)

Qll (l̄pγµlr)(l̄sγ
µlt)

Q
(1)
qq (q̄pγµqr)(q̄sγ

µqt)

Q
(3)
qq (q̄pγµτ

Iqr)(q̄sγ
µτ Iqt)

Q
(1)
lq (l̄pγµlr)(q̄sγ

µqt)

Q
(3)
lq (l̄pγµτ

I lr)(q̄sγ
µτ Iqt)

8 : (R̄R)(R̄R)

Qee (ēpγµer)(ēsγ
µet)

Quu (ūpγµur)(ūsγ
µut)

Qdd (d̄pγµdr)(d̄sγ
µdt)

Qeu (ēpγµer)(ūsγ
µut)

Qed (ēpγµer)(d̄sγ
µdt)

Q
(1)
ud (ūpγµur)(d̄sγ

µdt)

Q
(8)
ud (ūpγµT

Aur)(d̄sγ
µTAdt)

8 : (L̄L)(R̄R)

Qle (l̄pγµlr)(ēsγ
µet)

Qlu (l̄pγµlr)(ūsγ
µut)

Qld (l̄pγµlr)(d̄sγ
µdt)

Qqe (q̄pγµqr)(ēsγ
µet)

Q
(1)
qu (q̄pγµqr)(ūsγ

µut)

Q
(8)
qu (q̄pγµT

Aqr)(ūsγ
µTAut)

Q
(1)
qd (q̄pγµqr)(d̄sγ

µdt)

Q
(8)
qd (q̄pγµT

Aqr)(d̄sγ
µTAdt)

8 : (L̄R)(R̄L) + h.c.

Qledq (l̄jper)(d̄sqtj)

8 : (L̄R)(L̄R) + h.c.

Q
(1)
quqd (q̄jpur)εjk(q̄ksdt)

Q
(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt)

Q
(1)
lequ (l̄jper)εjk(q̄ksut)

Q
(3)
lequ (l̄jpσµνer)εjk(q̄ksσ

µνut)

H†i
←→
D µH≡H†iDµH−(iDµH

†)H

H†i
←→
D I
µH≡H†iτ IDµH−(iDµτ

IH†)H

from JHEP 12 (2017) 070

Jets

Diboson W/Z couplings, Diboson

Drell-Yan, Jets
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Electroweak Measurements from ATLAS
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I Differential fiducial cross sections, background subtracted
I Assuming smooth EFT effects have the folding matrix of the SM
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Experimental Sensitivity
Linear Effect of Wilson Coefficient

Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty

 PreliminaryATLAS
-1 = 13 TeV, 36-139 fbs

 = 1 TeVΛRelative Effect of Wilson Coefficient, for 
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Bosonic operators

Boson-fermion operators

Four-lepton operators

Linear Effect of Wilson Coefficient

Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty
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-1 = 13 TeV, 36-139 fbs
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.16(1)

lqc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.069(3)

lqc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.57luc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =2.2ldc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.27euc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =1.6edc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.46qec

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =1.0(11)

qqc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.53(18)

qqc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4 =0.12(31)

qqc

 [GeV]lead. lep

T
p

0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

27 >300

=0.51(38)
qqc

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

 [GeV]T
WZm

0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 >600

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

 [GeV]Z2m

0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

off-shell

5 5 550 95 110090
Z

m≈4lm Z>2m4lm

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

jj
φ∆

0.4−
0.3−
0.2−
0.1−

0
0.1
0.2
0.3
0.4

π− π

νµν e→pp ν lll→pp  4l→pp  lljj→pp 

Four-fermion operators

Four-quark operators
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Experimental Sensitivity
Linear Effect of Wilson Coefficient

Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty
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Linear Effect of Wilson Coefficient

Lin+Quad Effect of Wilson Coefficient

Experimental Uncertainty
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Electroweak Precision Measurements

Observable Measurement Prediction Ratio

ΓZ [MeV] 2495.2 ± 2.3 2495.7 ± 1 0.9998 ± 0.0010

R0
` 20.767 ± 0.025 20.758 ± 0.008 1.0004 ± 0.0013

R0
c 0.1721 ± 0.0030 0.17223 ± 0.00003 0.999 ± 0.017

R0
b 0.21629 ± 0.00066 0.21586 ± 0.00003 1.0020 ± 0.0031

A0,`
FB 0.0171 ± 0.0010 0.01718 ± 0.00037 0.995 ± 0.062

A0,c
FB 0.0707 ± 0.0035 0.0758 ± 0.0012 0.932 ± 0.048

A0,b
FB 0.0992 ± 0.0016 0.1062 ± 0.0016 0.935 ± 0.021

σ0
had [pb] 41488 ± 6 41489 ± 5 0.99998 ± 0.00019

from ATL-PHYS-PUB-2022-037

I Also the precision measurements on the Z pole from LEP and SLC allow to constrain
EFT operators

I SMEFT modifies the predictions, e.g.:

σ0
had

σhad, SM
= 1 + 0.002cHb + 0.002cHD + 0.004cHd + 0.154c(1)

Hl + 0.057c(3)

Hl − 0.085cHe

−0.004c(1)

Hq − 0.012c(1)

HQ − 0.043c(3)

Hq − 0.012c(3)

HQ − 0.008cHu + 0.003cHWB

I Cannot constrain all sensitive operators⇒ LHC adds new particles and energy
dependence of some effects
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Including Higgs Coupling Measurements
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Relative uncertainty of measurement

SMEFT impact on differential cross section
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Recap Gauge-boson Self-interactions Quartic Couplings and EWSB Key Measurements for the Future Summary

EFT Decomposition

I Leading SMEFT effect expected from interference of dim-6 operators with SM:

σ ∼ |MSMEFT|
2

= |MSM +Mdim6 +Mdim8 + . . . |2

= |MSM |
2 +

∑
i

cdim6
i

Λ2
2Re

(
Mdim6

i M∗SM

)
︸                              ︷︷                              ︸

linear model

+
∑
i

(
cdim6
i

)2

Λ4

∣∣∣Mdim6
i

∣∣∣2
︸                      ︷︷                      ︸

quadratic terms

+
∑
i<j

cdim6
i cdim6

j

Λ4
2Re

(
Mdim6

i Mdim6∗
j

)
︸                                         ︷︷                                         ︸

cross terms︸                                                                                                                    ︷︷                                                                                                                    ︸
linear plus quadratic model

+ . . .

quadratic term in cdim6
I suppressed by Λ−4, expecte to be smaller than the linear term
I at the same order in Λ as the dim-8 coefficients
I at the LHC, energy growth often stronger than Λ−2 terms

⇒ Linear-only limits desireable for validity of EFT expansion

⇒ Comparison to linear+quadratic limits can give a feeling for missing dim-8
contributions (it is not an uncertainty estimate)

12 / 29



Recap Gauge-boson Self-interactions Quartic Couplings and EWSB Key Measurements for the Future Summary

Transformation of Basis

I Simultaneous constraints on multiple Wilson coefficients facilitated through
complementarity of measurements
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→ Sensitive directions in space of Wilson coefficients identified from eigenvalue
decomposition of the covariance matrix (Eigenvalues as sensitivity estimate,σ = 1

√
λ
)

I Limits are set on linear combination of Wilson combinations in Warsaw basis
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SMEFT Results

I Limits set at 95% confidence level
I Constraints range from ∼ 0.001

(constraining multi-TeV physics)

to ∼ 10 (beyond SMEFT validity)

I Electroweak measurements constrain
four-fermion and triple-gauge operators
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Reconstruction of Low Energy Variables

I Effort in designing measurements with maximal sensitivity to the SM-EFT interference

Example:
I electroweak Zjj production
I azimuthal jet separation:

∆φjj = φf − φb, with: yf > yb
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Example:
I pp→ Wγ production
I reconstruction of the Wγ

centre-of-mass system
I φ defined in the decay plane of W and

Lorentz boost

W±γ

ϕf+

θ

-  x z plane

̂x

̂y

̂z

f−

̂r

Phys. Rev. D 105 (2022) 052003
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from CERN

Quartic Couplings and EWSB

16 / 29



Recap Gauge-boson Self-interactions Quartic Couplings and EWSB Key Measurements for the Future Summary

Electroweak Symmetry Breaking

I So far, gauge-boson masses were introduced to the
theory in an ad-hoc way

I They can be accomodated through breaking of the
SU(2)L×U(1)Y symmetry

→ Introduce a doublet of complex scalar fields φ

LHiggs = (∂µφ)∗ (∂µφ)−µ2φ∗φ + λ (φ∗φ)︸                 ︷︷                 ︸
=−V(φ)

I Subsituting the covariant derivative of SU(2)L×U(1)Y yields:

L =

∣∣∣∣∣∣
(
∂µ − ig

τa
2
W a
µ +

g′

2
Bµ

)
φ

∣∣∣∣∣∣2 − V(φ)

I In the minimum φ0 = 1
√

2

(
0
v

)
, v =

√
−µ2/2λ the W , Z and photon obtain a mass:

∣∣∣∣∣∣
(
∂µ − ig

τa
2
W a
µ +

g′

2
Bµ

)
φ

∣∣∣∣∣∣2 =

(
1
2
vg

)2

W+
µ W

−µ +
1
8
v2

(
g2 + g′

2 )
ZµZµ + 0

(
g2 + g′

2 )
AµAµ
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Predictions and Couplings to Higgs Boson

I Electroweak Symmetry Breaking generates mass terms:

mW =
1
2
vg and mZ =

1
2
v
√
g2 + g′2 and mγ = 0

and using sin θW = g′
√
g2+g′2

I Parameterising φ around it’s minimum introduces further terms:

L =
1
2

(∂µh)2 +
[
m2
WW

+
µ W

−µ +m2
Z

] (
1 +

h
v

)2

−λv2h2 − λvh3 −
1
4
λh4, using φ =

1
√

2

(
0

v + h(x)

)
containing a mass term for the field h(x) with mh =

√
2λv2, couplings of the field h(x)

with the heavy gauge bosons, and self-couplings of h(x)
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Vector-boson Scattering

I Quartic EW coupling experimentally accessible in electroweak production of VVjj
VBS (larger):
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Processes involving both strong and electroweak interactions l

l+l not gauge-invariantly separable→ measure EW VVjj production
(l/l)+l interference, assigned as uncertainty in signal modelling
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Gauge Cancellations
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from arXiv:1412.8367

I As for vector-boson pair production, large divergencies between individual diagrams
I At O(α6) the Higgs boson is needed in order to cancel all divergencies

(counting V production and decay)
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Experimental Signature

I 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
I Additional activity in the event 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

Phys. Rev. D 54 (1996) 6680-6689
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Electroweak W±W±jj and WZjj Production

500 1000 1500 2000 2500 3000 [GeV]jjm
0

0.5

1

E
ve

nt
s 

/ G
eV Data

Bkg. unc.
±W±W

EWK WZ
WZ
ZZ
Nonprompt

tVx
γV

Wrong sign
Other bkg.

 (13 TeV)-1137 fbCMS

500 1000 1500 2000 2500 3000
 [GeV]jjm

1

1.5

D
at

a/
S

M

PLB 841 (2023) 137495

100 200 300 400 500
 [GeV]llm

0

2

4

E
ve

nt
s 

/ G
eV Data

Bkg. unc.
±W±W

EWK WZ
WZ
ZZ
Nonprompt

tVx
γV

Wrong sign
Other bkg.

 (13 TeV)-1137 fbCMS

100 200 300 400 500
 [GeV]llm

1

1.5

D
at

a/
S

M

PLB 841 (2023) 137495

1− 0.5− 0 0.5 1
BDT score

0

50

100

150

E
ve

nt
s 

/ b
in

Data
Bkg. unc.
EWK WZ
WZ
ZZ
Nonprompt
tVx

γV
Wrong sign
Other bkg.

 (13 TeV)-1137 fbCMS

1− 0.5− 0 0.5 1
BDT score

1

1.5

D
at

a/
S

M

PLB 841 (2023) 137495

I Processes involving quartic electroweak couplings have become experimentally
accessible for the first time in the LHC run-2

I W±W±jj is the “golden channel”!
I mixed strong-electroweak production of W±W± suppressed
I diagrams not containing any self-interactions supressed
I theoretically understood well, at NLO EW⊗QCD
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Interpretation of Quartic Electroweak Couplings

I There are no dim-6 operators that only affect quartic electroweak couplings
I In VBS and triboson processes, dim-8 operators that genererate quartic but not trilinear

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

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

I Literature suggests that VBS is also useful to constrain dim-6 EFT operators,
see e.g. Eur.Phys.J.C 81 (2021) 6, 560

⇒ Route to systematically study genuine quartic electroweak couplings in the future
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Results from the LHC
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I For quartic electroweak couplings, the full EFT (linear and quadratic terms) are studied
I Unitarity violating well below the LHC energy reach already

⇒ Unitarisation by setting limits as a function of a “clipping energy”
I Theory bounds from partial wave unitarity (Phys. Rev. D 93, 093013 (2016))
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from CERN

Key Measurements for the Future
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Measurement of Double-Longitudinal W±W±jj Production
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I A key measurement at the LHC is the observation of
double-longitudinal electroweak W±W± production

I Sensitive to renormalisation of the electroweak
theory by the Higgs

I Observation on full HL-LHC dataset challenging
but not impossible
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Measurement of Di-Higgs Production
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I Measurement of the Higgs self-coupling probes
the shape of the Higgs potential

I Observation of HH production feasible on full
HL-LHC dataset

I Processes involving HHHH couplings out of reach,
unless there are large deviations from the SM
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Summary

I The electroweak theory is in a very good shape!

I Precision measurement from LEP at the Z pole still provide most stringent tests
of the electroweak theory

I Input from LHC for several key observables important, in particular mt ,mW and sin2 θ`eff

I Measurements at high energy probe similar physics, with possibly increased sensitivity
I The way forward is the interpretation in global fits of SMEFT parameters
I The measurements included in such fits are ever expanding
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Rev. D 93 (2016) no.9, 093013 [arXiv:1604.03555 [hep-ph]].

29 / 29



Recap Gauge-boson Self-interactions Quartic Couplings and EWSB Key Measurements for the Future Summary

Backup

29 / 29


	Recap
	Gauge-boson Self-interactions
	Quartic Couplings and EWSB
	Key Measurements for the Future
	Summary

