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• having important questions to pursue

• creating opportunities to answer them

• being able to constantly add to our knowledge, 
while seeking those answers
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•Data driven:
• DM
• Neutrino masses
• Matter vs antimatter asymmetry
• Dark energy
• …

•Theory driven:
• The hierarchy problem and naturalness
• The flavour problem (origin of fermion families, mass/mixing 

pattern)
• Origin of inflation
• Quantum gravity
• …

The important questions
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One question, however, has emerged in stronger and stronger terms from 
the LHC, and appears to single out a unique well defined direction….
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v
H0

Who ordered that ?

V(H) = – μ2 |H|2 + λ |H|4

Higgs field potential
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VSM (H) = �µ
2 |H|2 + � |H|4

both sign 
and value 
totally 
arbitrary

>0 to ensure 
stability, but 
otherwise arbitrary

any function of |H|2 would be 
ok wrt known symmetries
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•The relation between the Higgs phenomenon and the SM is similar to 
the relation between superconductivity and the Landau-Ginzburg 
theory of phase transitions: a quartic potential for a bosonic order 
parameter, with negative quadratic term, and the ensuing symmetry 
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an 
experimentally proven phenomenological model. But we would still lack 
a deep understanding of the relevant dynamics.
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a historical example: 
superconductivity

•The relation between the Higgs phenomenon and the SM is similar to 
the relation between superconductivity and the Landau-Ginzburg 
theory of phase transitions: a quartic potential for a bosonic order 
parameter, with negative quadratic term, and the ensuing symmetry 
breaking. If superconductivity had been discovered after Landau-
Ginzburg, we would be in a similar situations as we are in today: an 
experimentally proven phenomenological model. But we would still lack 
a deep understanding of the relevant dynamics.

• For superconductivity, this came later, with the identification of e–e– 
Cooper pairs as the underlying order parameter, and BCS theory. In 
particle physics, we still don’t know whether the Higgs is built out of 
some sort of Cooper pairs (composite Higgs) or whether it is 
elementary, and in either case we have no clue as to what is the 
dynamics that generates the Higgs potential. With Cooper pairs it 
turned out to be just EM and phonon interactions. With the Higgs, none 
of the SM interactions can do this, and we must look beyond.

 7



 8

• BCS-like: the Higgs is a composite object

• Supersymmetry: the Higgs is a fundamental field and

• λ2 ~  g2+g’2 , it is not arbitrary (MSSM, w/out susy breaking, has 
one parameter less than SM!)

• potential is fixed by susy & gauge symmetry
• EW symmetry breaking (and thus mH and λ) determined by the 

parameters of SUSY breaking

• …

examples of possible scenarios
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dλ
d log μ ∝ λ4 – yt4

Degrassi et al, arXiv:1205.6497

(meta)Stability of the Higgs potential Higgs selfcoupling and coupling to the 
top are the key elements to define 
the stability of the Higgs potential
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Not an issue of concern for the human race…. but the closeness of mtop to the critical 
value where the Higgs selfcoupling becomes 0 at MPlanck (namely 171.3 GeV) might be 
telling us something fundamental about the origin of EWSB … incidentally, ytop=1 (?!)
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vacuum? 

• What happens at the EW phase transition (PT) during the Big Bang?
• what’s the order of the phase transition?
• are the conditions realized to allow EW baryogenesis? 

Other important open issues 
on the Higgs sector
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The nature of the EW phase transition
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crossover. 
Since mH = 125 GeV,  new physics, coupling to the Higgs and effective at scales 
O(TeV), must modify the Higgs potential to make this possible
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The nature of the EW phase transition

Strong 1st order phase transition ⇒〈ΦC〉> TC

Strong 1st order phase transition is required to induce and sustain the out of 
equilibrium generation of a baryon asymmetry during EW symmetry breaking 

- Probe higher-order terms of the Higgs potential (selfcouplings)
- Probe the existence of other particles coupled to the Higgs

〈ΦC〉

1st order 2nd order or cross-over



Andrew Long @ FCC physics Workshop, Jan 2018
https://indico.cern.ch/event/618254



• Is the Higgs elementary, or composite?
• Is it Higgs the only (fundamental?) scalar field, or are there other 

Higgs-like states (e.g. H±, A0, H±±, ... , EW-singlets, ....) ?
• Do all SM families get their mass from the same Higgs field?
• Do I3=1/2 fermions (up-type quarks) get their mass from the same Higgs 

field as I3=–1/2 fermions (down-type quarks and charged leptons)?
• Do Higgs couplings conserve flavour? H→μτ? H→eτ? t→Hc?
• Is there a deep reason for the apparent metastability of the Higgs 

vacuum? 
• What happens at the EW phase transition (PT) during the Big Bang?

• what’s the order of the phase transition?
• are the conditions realized to allow EW baryogenesis? 

• Is there a relation between Higgs and Dark Matter?

• etc.etc.

Other important open issues 
in the Higgs sector
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The only way we know how to 
address these questions is by directly 
studying the properties of the Higgs 

boson, produced in a collider
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All the knowledge the LHC has 
given us so far on the Higgs is still 

statistics limited
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• We do not measure Higgs couplings precisely to find deviations from the 
SM. We measure them to know them!

• LEP’s success was establishing SM’s amazing predictive power!

• Precision for the sake of it is not necessarily justified. Improving X10 the precision 
on m(electron) or m(proton) is not equivalent to improving X10 the Higgs 
couplings: 
• m(e) => just a parameter; m(p)=> just QCD dynamics; Higgs couplings => ???  

• … but who knows how important a given measurement can become, to 
assess the validity of a future theory?
• the day some BSM signal is found somewhere, the available precision 

measurements, will be crucial to establish the nature of the signal, whether 
they agree or deviate from the SM 

On the role of measurement



statistics dominated even at 3ab–1
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Higgs properties: separating different production 
channels with the clean H→ZZ→4 lepton final states

§ M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC, arXiv:1902.00134 

http://arxiv.org/abs/arXiv:1902.00134
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Higgs - top quark coupling, from ttH[→bb] final states

§ M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC, arXiv:1902.00134 

http://arxiv.org/abs/arXiv:1902.00134
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Expected deviations is example theories beyond 
the Standard Model: typically < 5%
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Higgs couplings: projected precision, combining 
production and decay properties

§ M. Cepeda, S. Gori, P. J. Ilten, M. Kado, and F. Riva, (conveners), et al, Higgs Physics at the HL-LHC and HE-LHC, arXiv:1902.00134 

http://arxiv.org/abs/arXiv:1902.00134
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Higgs self-coupling from measurement of Higgs-pair production
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Constraints on models with 1st order phase transition: after the HL-LHC

Bringing the HL-LHC sensitivity to the ±50% level, makes a big dent in this 
class of BSM models!

New HL-LHC 
projections



SM

Higgs

Top

b

exotics

SUSY

LHC scientific production
Over 2000 papers published/submitted to refereed journals by the 
7 experiments (ALICE, ATLAS, CMS, LHCb, LHCf, TOTEM, Moedal)

65% of the papers 
on measurements 
(ie on “the real 
world”)

35% on searches 
for new physics

Programme diversity (ATLAS example, similar stats for the others)
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Flavour physics• B(s) →μμ
• D mixing and CP violation in the D system
• Measurement of the γ angle
• Lepton flavour universality in charge- and neutral-current semileptonic 

B decays => possible anomalies ?
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QCD dynamics
• Countless precise measurements of hard cross sections, and 

improved determinations of the proton PDF
• Measurement of total, elastic, inelastic pp cross sections at different 

energies, new inputs for the understanding of the dominant reactions 
in pp collisions

• Exotic spectroscopy: discovery and study of new tetra- and penta-
quarks, doubly heavy baryons, expected sensitivity to glueballs

• Discovery of QGP-like collective phenomena (long-range 
correlations, strange and charm enhancement, …) in “small” systems 
(pA and pp)

EW param’s and dynamics
• mW, mtop, sin2θW

• EW interactions at the TeV scale (DY, VV, VVV, VBS, VBF, Higgs, …)



Remarks

• These 2000 papers reflect the underlying existence, at the LHC, 
of 100’s of scientifically “independent” experiments, which 
historically would have required different detectors and facilities, 
built and operated by different communities

• On each of these topics the LHC expts are advancing the 
knowledge previously acquired by dedicated facilities

• HERA→PDFs,      B-factories→flavour,       RHIC→HIs,                 
LEP/SLC→EWPT, etc

• Even in the perspective of new dedicated facilities, LHC maintains 
a key role of complementarity (see eg B(s) →μμ etc)
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Final remarks

• The study of the SM will not be complete until we clarify the 
nature of the Higgs mechanism and exhaust the exploration of 
phenomena at the TeV scale: many aspects are still obscure, 
many questions are still open.
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• The study of the SM will not be complete until we clarify the 
nature of the Higgs mechanism and exhaust the exploration of 
phenomena at the TeV scale: many aspects are still obscure, 
many questions are still open.

• The accelerator performance, experimental ingenuity, and 
theoretical progress, make the LHC the most complete and 
reaching enterprise available today and in the near future to 
explore in depth physics at the TeV scale, with an immense 
discovery potential and still ample room for surprises
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