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The Standard Model
ℒgauge ℒSB

- natural

- UV insensitive

ℒSM = −
1
4

FμνFμν + ψ̄ iD∖ ψ + (Dμϕ)†(Dμϕ) + μ2ϕ†ϕ − λ(ϕ†ϕ)2 + (λijψ̄ i
Lϕψ j

R + h . c . )

- precisely tested over the last 50 years
- highly symmetric



The Standard Model
ℒSB

source of most of the SM problems but at the time the 
simplest solution providing the necessary ingredients 
to break the EW symmetry

Δμ2 ∼ Δm2
H ∼ Λ2 vacuum 

(meta)stability
Flavour 
problem

ℒSM = −
1
4

FμνFμν + ψ̄ iD∖ ψ + (Dμϕ)†(Dμϕ) + μ2ϕ†ϕ − λ(ϕ†ϕ)2 + (λijψ̄ i
Lϕψ j

R + h . c . )



Higgs, unitarity and Naturalness
In the SM the Higgs boson preserves unitarity in high energy vector 
boson scattering

No-lose theorem: something had to happen at the TeV scale !

Once the Higgs is in place, the necessity of new physics invoking Naturalness is 
not a theorem any more !

Or maybe yes ?

Dvali (2021)

+



Naturalness
Talk by Tito d’AgnoloCosmological solution:
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The role of the Higgs

Extended Higgs sector of N2HDM can provide explicit CP violation, a 
first order EW phase transition and a stable dark matter candidate

The Higgs boson can be the key to unlock the mysteries of our Universe

Talk by Lisa Biermann



The role of the Higgs

Vacuum metastability allows us to constrain the non-minimal 
gravitational coupling of the Higgs field…. Talk by Arttu Rajantie

The Higgs boson can be the key to unlock the mysteries of our Universe

But at the same time the conclusion on metastability requires absence of 
new-physics up to the Planck scale Branchina, Messina (2013)



….and so what ?

The Higgs sector provides an effective description of the symmetry breaking 
phenomenon, but we miss a deep understanding of the relevant dynamics

Or is it composite ?

An elementary scalar (for the first time not a gauge boson !) appears to 
mediate a new kind of force, which is proportional to particle masses

The force mediated by the Higgs Boson is 
similar to the gravitational force, though, 
contrary to it, it has short range m1

m2

H



Composite Higgs
Talk by Andrea Wulzer
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Composite Higgs
Talk by Andrea Wulzer
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Higgs couplings

Agreement with SM within three order of magnitude in mass !



Width

ΓH = 4.5+3.3
−2.5 MeV

Talk by Carsten Burgard Talk by Savvas Kyriacou 



HH



HH



…but no sign of New Physics yet
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Talk by Aude Gehrmann-De Ridder

The role of precision theory….
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CMS

July ‘22

Georgi, Glashow, Machacek Nanopoulos  (1978)
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Harlander, Kilgore (2002); Anastasiou, 
Melnikov (2002); Ravindran et al (2003)
Catani, de Florian, Nason, MG (2003)
Passarino et al (2008)
de Florian, MG (2008, 2012)

Anastasiou et al. (2016)
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LHC data

Theory uncertainty

dσ
dpT,H

pT,H
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The role of precision theory….



X

H
?

LHC data LHC data

Theory uncertainty Smaller theory uncertainty

dσ
dpT,H

dσ
dpT,H

pT,H
pT,H
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The role of precision theory….



X

H
?

LHC data LHC data

Theory uncertainty Smaller theory uncertainty

dσ
dpT,H

dσ
dpT,H

Larger theory uncertainties may lead to miss (or at least delay) new discoveries

pT,H
pT,H
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The role of precision theory….

Jones, Kerner, Luisoni (2018)
Chen, Huss, Jones, Kerner, Lang Lindert, Zhang (2021)

Bonciani et al. (2022)Combined with NNLO in the EFT

Exact NLO QCD corrections to Higgs  spectrum computed only recentlypT

 Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier (2016)
Boughezal et al (2015) 

accurate predictions for 
boosted analyses

LHCHXSWG-2019-002



Talk by Aude Gehrmann-De Ridder

The role of precision theory….



Talk by Aude Gehrmann-De Ridder

The role of precision theory….



The role of precision theory….

Talk by Federica DevotoSignal-background interference in H → γγ



Used by CMS to reweight POWHEG  
sample

Hamilton, Nason, Re, Zanderighi (2013)

default MC: MiNLO+reweighting of the rapidity distribution to HNNLO

28

…and of its MC implementation



Hamilton, Nason, Re, Zanderighi (2013)

….and by ATLAS as default MC for ggF

To be eventually replaced by 
MiNNLOPS (no reweighting)

Monni, Nason, Re, Weisemann, 
Zanderighi (2019)

29

default MC: MiNLO+reweighting of the rapidity distribution to HNNLO

…and of its MC implementation



….and by ATLAS as default MC for ggF

To be eventually replaced by 
MiNNLOPS (no reweighting)

Monni, Nason, Re, Weisemann, 
Zanderighi (2019)

Hamilton, Nason, Re, Zanderighi (2013)

In nice agreement with most advanced 
resummed computations*….

Billis, Dehnadi, Ebert, Michel, Tackmann (2021)
Re, Rottoli, Torrielli (2021)

Chen et al (2016)

*made possible by recent evaluation of 
“beam functions” at N3LO

Luo, Yang, Zhu, Zhu (2019) 
Ebert, Mistlberger, Vita (2020)

30

default MC: MiNLO+reweighting of the rapidity distribution to HNNLO

…and of its MC implementation



Background modelling
Accuracy in theory predictions is also crucial for the Monte Carlo tools used in 
the analyses, particularly when background modelling is difficult

Example:  background to  with tt̄bb̄ tt̄H H → bb̄

 differences in 
 of the first light jet

𝒪(100%)
pT

Their origin can be traced 
back to the large NLOPS 
effect wrt NLO

Understanding these 
issues is crucial to assess 
theory systematics

31

S.Pozzorini,  talk given at 
HXSWG ttH/tH subgroup meeting, October 2020



Accuracy in theory predictions is also crucial for the Monte Carlo tools used in 
the analyses, particularly when background modelling is difficult

Reduction  of default scale 
significantly reduces the 
spread between different 
predictions

Supported by explicit 
NLO computation of tt̄bb̄j

Buccioni, Kallweit, Pozzorini, Zoller (2019)

Ongoing studies within 
the Higgs WG

32

Example:  background to  with tt̄bb̄ tt̄H H → bb̄

S.Pozzorini,  talk given at 
HXSWG ttH/tH subgroup meeting, October 2020

Background modelling



Going beyond the SM



The κ-framework

It is interesting to observe that the 
κ-framework we introduced in 
2012 to explore Higgs couplings 
as “interim recommendation” is 
still at the basis of the analyses !

The failure in finding new physics at the LHC till now has changed our 
approach: abandon Model Building and go for model independent approaches

34



The SMEFT paradigm
Talks by Victor Miralles, 

Maeve Madigan

35



Talk by Victor Miralles

The SMEFT paradigm
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Talk by Victor Miralles

The SMEFT paradigm

37



New Physics in Higgs couplings
Talk by Gabriele Rigo

Extend the SM with new fermions that induce observable modifications in 
HWW and HZZ couplings

Evaluate the ensuing deviations on the HWW and HZZ couplings

Such deviations in turn necessarily imply the existence of new bosons at a scale 
that can be computed

38



New Physics in Higgs couplings
Talk by Gabriele Rigo

Extend the SM with new fermions that induce observable modifications in 
HWW and HZZ couplings

Evaluate the ensuing deviations on the HWW and HZZ couplings

Such deviations in turn necessarily imply the existence of new bosons at a scale 
that can be computed
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How SM-like is the Higgs ?
Talk by Matthew McCullough 
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Can we miss something ?
Talk by Guglielmo Coloretti
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Can we miss something ?
Sven+F. Richard

42



Could PDFs  completely fit away signs of new physics in the tails of 
kinematical distributions ?

Before the LHC PDFs were mostly extracted from data collected by fixed-
target, HERA and Tevatron experiments, and used as input for LHC predictions

Now (see e.g. NNPDF4.0) about 30% of the data points come from LHC

Important constraints on high-x gluon (top and jet data) and on 
quark and antiquark densities at medium and large x

The existence of a flavour universal W’ resonance of mass around 10 TeV can 
contaminate the PDFs we will extract from HL-LHC data still providing a 
good PDF fit that can accomodate even large deviations from the SM

Can we miss something ?

43

Talk by Maeve Madigan 
and 2307.10370



The PDF contamination can in turn induce large deviations in other observables

W+H W+H

Talk by Maeve Madigan 
and 2307.10370

Could PDFs  completely fit away signs of new physics in the tails of 
kinematical distributions ?

Can we miss something ?
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Could PDFs  completely fit away signs of new physics in the tails of 
kinematical distributions ?

The PDF contamination can in turn induce large deviations in other observables

W+W− W+W−

Can we miss something ?

45

Talk by Maeve Madigan 
and 2307.10370



Jet Transverse Energy
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The measurement of the CDF 
collaboration at Run I
at the Tevatron was historically 
very important

At high transverse energies
the data showed an excess over 
the theoretical prediction

Many new physics 
interpretations were proposed

Spectacular agreement of
the data with NLO QCD
over nine order of magnitude !

A bit of history
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Quark compositeness typically produces four fermion contact interactions due 
to the exchange of some heavy new particle of mass M 

Such interactions however would lead to observable effects in the jet angular 
distributions

�L =
f2

M2
⇥̄�µ⇥ ⇥̄�µ⇥

Data � Theory
Theory

⇥ f2 E2
T

M2
should lead to

In the end it turned out that the high-  excess reported by CDF could be 
absorbed by allowing for a harder gluon at large 

ET
x
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The Great Depression

Particle physicists ~ 10 years after the 
Higgs discovery are generally depressed

No new discovery…

The Higgs is very SM like…

Maybe this is the theorists’ fault ?

Talk by Tito d’Agnolo
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I find this attitude largely unjustified !

Up to now only less than of the expected data set has been analysed and 
the picture is consistent with the SM but the exploration of the Higgs sector is 
still in its infancy and surprises are still well possible

10 %

The Higgs couplings to W and Z bosons and to third generation fermions 
are known with precision between  and 5 20 %

This is far from the percent level precision with which we know the strong 
coupling  (not to speak about the QED coupling  !)αS(mZ) α

More precise determinations of these couplings could uncover differences 
that might in turn be due to new physics

Despite the prospects for the improvements in the extraction of couplings to 
vector bosons and third generation fermions, we would ideally like to 
establish the interactions with electron and up and down quarks, which are 
those relevant to our everyday life: this is clearly not possible at present

49



Nonetheless the second generation fermions are much more accessible and 
we have seen that establishing  is within reach, while recent 
results suggest that  might also become accessible at HL-LHC

H → μ+μ−

H → cc̄

Studying the Higgs potential and establishing if it is the one predicted by the 
SM is still far in the future and double Higgs production is the best process 
to access it: SM within reach in Run 3 by combining ATLAS and CMS

“We do not measure Higgs couplings precisely with the goal to find 
deviations from the SM. We measure them to know them, while being ready 
to detect deviations, if any…" (Michelangelo Mangano, Amplitudes 2023)

This programme has an immense value by itself, regardless on 
whether we will find New Physics or not !

50

Going beyond this we clearly need a new collider



Talk by Andrea Wulzer

Talk by
 Matthew McCullough 
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The future is bright….

52
Talk by Patrizia Azzi



…but we need to make it happen !

The risk we run is not the one of finding no new physics but the one 
of dissolving a generation of young and talented researchers 
and the precious know-how we have accumulated in decades of work

We need to decide what our priority is as a community and we 
need to do it as soon as possible !
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Thanks a lot to all the participants 
for the nice talks and discussions !


