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The Standard Model of Particle Physics

Elementary particles in the Standard Model of particle physics 
Image: Daniel Dominguez/CERN

Simplified way of expressing interactions 
between the Standard Model particles 
CERN coffee mug (corrected!)
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Importance of precision: the premise

Ratios of the Higgs boson’s measured interactions 
to other particles to its Standard Model 
expectations. If Standard Model predictions are 
exact, these numbers would eventually be 1.

From 
current 
data

Future 
projections 
from LHC, 
CERN
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Importance of precision: the premise
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Particle physics discovery: the types

Discovery through 
resonance (the 
tested paradigm)

We are in the phase of no elementary particle 
resonance discoveries since the last 12+ years after 
the Higgs in 2012. What to do then?

New 
paradigm!

%-level precision

Discovery through precision

Possible new physics 
at high energies

Possible to see hints of new physics through difference in heights, angular 
structure and tails of distributions without seeing the actual resonance

Image: Francesco Riva
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Introduction and Motivation (Classical Example)
In simple terms, effective field theories (EFTs) provide a simplified description of a more 
fundamental theory by focusing on its low-energy (long-distance) behaviour, effectively 
"integrating out" the high-energy details.
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Introduction and Motivation (Classical Example)
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Introduction and Motivation
What about in particle physics? The story is similar.
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What are Effective Field Theories
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Separation of Scales
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Decoupling and the Appelquist-Carazzone Theorem 

11



Decoupling and Effective Field Theories
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Integrating Out Heavy Fields: An Introduction
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But is this realistic?



Effective Lagrangian and Locality
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Effective Lagrangian and Locality
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Interaction occurs at a single point in spacetime.

Interactions are "smeared out" over 
spacetime.

Non-local operators can arise when heavy degrees of 
freedom are integrated out, capturing their 
propagation effects at low energies.



Some Motivations for Using EFTs
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Infinite Interactions and Power Counting
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Coordinate and Field Rescaling and Lagrangian 
Transformation
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Canonical Dimensions
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Dimensional Analysis and ħ  Counting
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Fermi Theory as an EFT: Overview
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Muon Decay in the Standard Model of Particle Physics
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LH Weyl spinor

RH Weyl spinor

Weak interaction 
couples to LH (RH) 
(anti-)fields



Matching to the Fermi EFT
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We will discuss the validity of EFTS in the next lecture.



Example: Toy UV Theory and EFT Lagrangian
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Example: Toy UV Theory and EFT Lagrangian (Concept of Basis)
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H.W.: Show these explicitly!

H.W.: Show this!



Example: Toy UV Theory and EFT Lagrangian
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Translation between bases

well-behaved field redefinitions



Example: Toy UV Theory and EFT Lagrangian (Tree-Level Matching)
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Example: Toy UV Theory and EFT Lagrangian (Tree-Level Matching)
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H.W.: What about 
the box basis? Try!

Matching tools: CoDEx, Matchete, 
Matchmakereft  

H.W.: Try this out!

What about matching at one-loop?

https://arxiv.org/abs/1808.04403
https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787


Limitations of the Standard Model of Particle Physics
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Model theistic versus Model agnostic (EFT) approaches

Image: Tim Tait

No direct hints towards new physics explaining the various observations 
which require physics beyond the Standard Model.

No consensus. Every model comes with additional baggage which needs to 
be discovered.

Is new physics hiding somewhere that we are obviously missing? 

Is the reach just above the present experimental reach? 

Are the interactions with Standard Model particles extremely feeble? 

Are the theoretical and experimental precisions not good enough?

Imprints of new physics could show up as tiny deviations in 
standard measurements         Hint towards new physics?

Theory precision is thus crucial to minimise uncertainties.

Image: Admir Greljo
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EFT Approach and Motivation for SMEFT
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Dimension-5 (Weinberg) Operators and Neutrino Masses
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Homework exercise!

What if the neutrinos are Dirac particles? Will SMEFT suffice?



Overview of EFT Applications and Approaches
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Overview of EFT Applications and Approaches
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Motivation and the Two New Physics Scales
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SMEFT Lagrangian and New Physics Scales
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SMEFT @ D=6
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Construction of a Basis
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The Warsaw Basis
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Bosonic operators Two-fermion operators

Four-Fermi Operators



The Warsaw Basis
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Bosonic operators Two-fermion operators

Four-Fermi Operators



Construction of a Basis
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H

H

2
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Motivation and Example - Heavy Neutral Vector Boson
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Motivation and Example - Heavy Neutral Vector Boson
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Experiments only 
probe c/Λ2

Upper-limit on Λ comes from the fact that 
the couplings can’t be larger than 4π!



Some Clarifications
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Banerjee, et al. 

More details on Hilbert series in the backup slides

https://arxiv.org/abs/2008.11512


Some Clarifications
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From Operators to Observables
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From Operators to Observables
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From Operators to Observables
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Leads to 
correlations 
between various 
observables!



From Operators to Observables
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From Operators to Observables
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Check these 
explicitly!



From Operators to Observables
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A detailed 
example in the 
backup slides!

Check this!



Toy UV Theory: One-Loop Matching of 2-Point Function
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1PI



Toy UV Theory: One-Loop Matching of 2-Point Function
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Toy UV Theory: One-Loop Matching of 2-Point Function
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Toy UV Theory: One-Loop Matching of 2-Point Function
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Toy UV Theory: One-Loop Matching of 2-Point Function
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Toy UV Theory: RG Equations in the EFT (Unbox Basis)
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Comes from one-loop 
matching of 4-point 
function.

Comes from one-loop 
matching of 2-point function.



Toy UV Theory: RG Equations in the EFT (Unbox Basis)
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SMEFT-UV matching: the dataset
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The sectors



Fitting the gauge-Higgs sector: The fits
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Top down + Bottom up: 2HDM Lagrangian (example)
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Top down + Bottom up: 2HDM 
couplings + SMEFT WCs
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[arXiv:2111.05876: Anisha, Bakshi, SB, Biekötter, Chakrabortty, Patra, 
Spannowsky, 2021]

Do not affect current set of observables

Functions of SM parameters only except the 
mass scale

Functions of 2HDM parameters

37 operators generated at scale Λ!

https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2111.05876


Top down + Bottom up: 2HDM 
couplings + SMEFT WCs
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[arXiv:2111.05876: Anisha, Bakshi, SB, Biekötter, Chakrabortty, Patra, 
Spannowsky, 2021]

Do not affect current set of observables

Functions of SM parameters only except 
the mass scale

Functions of 2HDM parameters

37 operators generated at scale Λ!

https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2111.05876


Theory uncertainties in EFT analyses: RGE effects + operator mixing 

[arXiv:2111.05876: Anisha, Bakshi, SB, 
Biekötter, Chakrabortty, Patra, Spannowsky, 
2021]

64

Usually, the running of the SMEFT 
operators ignored which emerge at Λ. But, 
the measurements are at different scales.

At LO

For 2HDM, 51 
operators generated 
of which 14 are from 
RGE!

Increase in mass 
scale relaxes the 
parameter bounds!

https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2111.05876


Theory uncertainties in EFT analyses: RGE effects + operator mixing 

[arXiv:2111.05876: Anisha, Bakshi, SB, Biekötter, 
Chakrabortty, Patra, Spannowsky, 2021]
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Usually, the running of the SMEFT 
operators ignored which emerge at Λ. But, 
the measurements are at different scales.

For 2HDM, 51 operators generated 
(top-down matching) of which 14 are 
from RGE! Examples (all suppressed 
by 16ⲡ2):

https://arxiv.org/abs/2111.05876
https://arxiv.org/abs/2111.05876


Higgs Effective Field Theory (HEFT)

HEFT is the most general parametrisation of low-energy physics with only SM DOFs!!!

HEFT ⊃ SMEFT ⊃ SM  Is there any scenario where only HEFT can describe low-energy effects of BSM?

1. Low-energy interactions only follow U(1)em 
2. The interactions can’t tell us more about the properties of the microscopic theory
3. New non-decoupling strong dynamics → spontaneous EW symmetry breaking → Higgs-like scalar
4. SM not recovered when all BSM masses taken to infinity
5. Non-analyticity in Lagrangians can’t be removed by field redefinitions → arises when new states integrated 

out acquire mass from EWSB → violates decoupling              See Falkowski, Rattazzi

Unlike in the SMEFT, h is considered a gauge singlet and the Goldstone bosons, ωa as an SU(2)L triplet. HEFT 
treats these separately → Goldstones embedded in Unitary matrix, U.

Part of the Lagrangian: 

66
Motivated by Cohen et al.See geometric interpretation of HEFT with Higgs and Goldstone bosons as coordinates 

of Riemannian manifold

https://arxiv.org/abs/1902.05936
https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/1511.00724
https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/1605.03602


SMEFT versus HEFT
SMEFT

1. Most general set of local operators invariant 
under SU(3)C X SU(2)L X U(1)Y

2. Operators suppressed by powers of new-physics 
scale, Λ

3. Low energy states modelled using fields 
transforming linearly under aforementioned 
symmetries

4. Observed Higgs, h, is a component of an 
electroweak doublet scalar, H  

5. More restrictive symmetry structure → less 
number of parameters which are correlated

HEFT

1. Manifest gauge symmetry is SU(3)C X U(1)em

2. Operators suppressed by electroweak breaking 
scale, v

3. The SU(2)L X U(1)Y symmetry is non-linearly 
realised using a multiplet of Goldstone bosons

4. No relation between h and the Goldstone 
bosons

5. Less restrictive symmetry structure → more 
number of uncorrelated parameters
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Backup Slides
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Scaling of Wilson Coefficients and Selection Rules

69

In general, the Wilson 
coefficients are free 
parameters with only 
experimental constraints.



Scaling of Wilson Coefficients and Selection Rules
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Loop Momenta in Dimensional Regularisation
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High-Energy Contributions and UV Matching
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The MSbar Scheme and its Advantages
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SMEFT-UV matching: flowchart
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Vh production at pp colliders
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Vh production at pp colliders

76

Many angular 
distributions 
testable at 
the LHC



Vh production at pp colliders

Diagram not there 
in SM

CP-odd 
operators 

Possible to probe multiple 
angular observables

77

Can be made more 
differential!

D6 operators in Warsaw basis contributing to anomalous 
hVV*/hVff couplings



Zh and Wh production at the LHC

Deformations written in broken phase after symmetry breaking

SM scaling 
κ-framework

Contact interaction; no 
propagator; Energy growth

CP-even new Lorentz structure 
(angular deformation)CP-odd new 

Lorentz 
structure 
(angular 
deformation) 78

Diagram not 
in the SM

4 directions relevant for 
the high-energy primaries 
(to follow)



Mapping on to the Warsaw basis

VH: Relations to the 
Warsaw Basis
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Check out Rosetta: 
an operator basis 
translator for 
SMEFT

https://arxiv.org/abs/1508.05895
https://arxiv.org/abs/1508.05895
https://arxiv.org/abs/1508.05895
https://arxiv.org/abs/1508.05895


High-energy primaries

1. The four channels, viz., Zh, W±h, W+W- and W±Z can be expressed (at high energies)  
respectively as G0h, G±h, G+G- and G±G0 and the Higgs field can be written as

2. These four final states are intrinsically connected by gauge symmetry even though 
they are very different from a collider physics point of view

3. With the Goldstone boson equivalence theorem, it is possible to compute amplitudes 
for  various components of the Higgs in the unbroken phase

4. Full SU(2) theory is manifest [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017]
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https://arxiv.org/abs/1712.01310


High-energy primaries

Vh and VV channels are entwined by symmetry and they constrain the same set  of observables at 
High energies but may have different directions [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017, 
SB, Gupta, Seth, Reiness, Spannowsky, 2020]
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High-energy primaries

Vh and VV channels are entwined by symmetry and they constrain the same set  of observables at 
High energies but may have different directions [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017, 
SB, Gupta, Reiness, Seth, Spannowsky, 2020]
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High-energy primaries

Dimension-6 operators contributing to the high energy longitudinal diboson production channels in 
the SILH and Warsaw bases [Franceschini, Panico,Pomarol, Riva, Wulzer, 2017]
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Relating the high-energy 
primaries with the 
Warsaw basis operators

We are dealing with four channels and there are only four 
independent couplings at play at high energies.



Zh production (Helicity amplitude)
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Angular observables: Zh and Wh production at the LHC

Suppressed moments 85



Zh and Wh production at the LHC

Deformations written in broken phase after symmetry breaking

SM scaling 
κ-framework

Contact interaction; no 
propagator; Energy growth

CP-even new Lorentz structure 
(angular deformation)CP-odd new 

Lorentz 
structure 
(angular 
deformation) 86

Diagram not 
in the SM

4 directions relevant for 
the high-energy primaries 
(to follow)



EFT validity
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Higgs-Strahlung at the LHC (hZZ*/ hZff) (at high energies: 
contact interaction) 
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Event generator 
(hard-process 

simulation, resonance 
decay, PDF sampling, 

etc) → parton 
showering (ISR, FSR, 
etc) → hadronisation 

(baryon, meson 
production, etc) → 
underlying events 
(MPI) → detector 

simulation (smearing, 
efficiencies, energy 
deposition, etc) → 

event reconstruction 
(particle 

identification, jet 
clustering, MET, etc)



Differential in energy: constraining the contact terms

LEP exclusion 
region

89

Accidental 
cancellation of 
interference terms

Exclusion from WZ [Franceschini et al, 2017]

Exclusion from Zh

Zh + WZ combined

WBF analysis in diphoton channel 

σ
Zh

SM/σ
Zbb

 without cuts  ~ 4.6/165

With regular cut-based analysis ~ 0.26

With BDT optimisation ~ 0.50

A common parameter 
space in triple-gauge 
couplings for multiple 
channels - correlated at 
high energies



Differential in energy: constraining the contact terms
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Directions from VBF, Zh, Wh, and WZ

Single parameter fits 
from Zh

What about the W+W- direction?



Zh and Wh production at the LHC

Deformations written in broken phase after symmetry breaking

SM scaling 
κ-framework

Contact interaction; no 
propagator; Energy growth

CP-even new Lorentz structure 
(angular deformation)CP-odd new 

Lorentz 
structure 
(angular 
deformation) 91

Diagram not 
in the SM

4 directions relevant for 
the high-energy primaries 
(to follow)



Differential in angles: constraining the angular terms

CP-odd 
couplings!

Assuming Λ = 1 Te  V,                         at 68% C.L. at   HL-LHC!

We consider all operators simultaneously! 
ATLAS considers one at a time
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Some Clarifications
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Some Clarifications

94



Some Clarifications
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Some Clarifications
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Some Clarifications
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Theory uncertainties in EFT analyses 
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Theory uncertainties in EFT analyses: NLO effects (QCD)

Greljo et al., 2017

Automated in 
MG5_aMC@N
LO through 
NLOCT!

99

https://arxiv.org/abs/1710.04143


The W +W - channel
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Electroweak corrections in W +W -
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Leading order

Real  
bremsstrahlung 
diagrams

[Bierweiler et al, 2012]



Electroweak corrections in W +W -
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[arXiv:1208.3147: Bierweiler, 
Kasprzik, Kühn, Uccirati]

Large (negative) 
electroweak 
corrections!

https://arxiv.org/abs/1208.3147
https://arxiv.org/abs/1208.3147


Electroweak corrections in W +W - (+jj)
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Squared sample diagram representing interference 
contributions in the real corrections at order 

Comparing full QCD x EW corrections with QCD x EW (approx.)[arXiv:2005.12128: Bräuer, Denner, 
Pellen, Schönherr, Schumann, 2020]

https://arxiv.org/abs/2005.12128
https://arxiv.org/abs/2005.12128


Electroweak corrections
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We include approximate electroweak (EW) corrections in Sherpa which includes infrared 
subtracted EW 1-loop corrections as additional weights to the respective Born cross sections. 
In those the event weight is calculated based on the expression

B = Born contribution also entering the uncorrected QCD cross Section

VEW = electroweak virtual corrections at 1-loop accuracy

IEW = generalised Catani-Seymour insertion operator for EW NLO calculations. 

Latter subtracts all infrared singularities of the virtual corrections. This fundamentally 
arbitrary procedure should provide a good approximation if electroweak Sudakov logarithms 
are dominant.



Event generation
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Signal: SMEFT+SM interference; Backgrounds: 

[SB, Reichelt, Spannowsky, arXiv: 2406.15640]

The ME W +W -Z is significantly suppressed because of phase-space. Moreover, the CMS analysis that is used here 
reduces this background even further. There are 12 VVV events when compared to ~6500 qq → W+W- events at 36 fb-1.

https://arxiv.org/abs/2406.15640v1
https://arxiv.org/abs/2009.00119


Results (95% C.L. bounds) - 1 and 2 parameter fits
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[SB, Reichelt, Spannowsky, arXiv:2406.15640]

Big difference 
between red and 
blue regions!

https://arxiv.org/abs/2406.15640v1


Theory uncertainties in EFT analyses: operator truncation 

Example showing the 
importance of 
truncation of operators 
to match specific 
models for a top-down 
approach! 

 Dawson et al., 2022

In parameter space of interest linear 
term dominates the squared term!

SB, Englert, Gupta, Spannowsky, 2018
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https://arxiv.org/abs/2205.01561
https://arxiv.org/abs/1807.01796


Theory uncertainties in EFT analyses: TGCs 

1. EFT operators contributing to anomalous charged triple 
gauge couplings (cTGCs) and anomalous neutral triple gauge 
couplings (nTGCs)                    treated separately!

2. For cTGCs, D8 operators are usually not considered.

3. For nTGCs, D8 operators are usually the first ones to show 
effects. Some such operators also contribute to cTGCs.

4. Necessary to consider TGCs through a holistic approach!
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Theory uncertainties in EFT analyses: TGCs 

1. Relevant operators for TGCs at dimension-6 (D6)

2. Relevant operators for TGCs at dimension-8 (D8)

3. These classes of operators contribute to TGCs and it is crucial to consider them in conjunction

Alonso et al., 2013

Bakshi et al., 2022
109

Phenomenological 
study! SB, Subba (in 
preparation)

https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/2205.03301

