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Old and New Questions 

● How to think of the vacuum as an “electroweak condensed state” ?

● How are the mysteries associated with a single, fundamental scalar field
solved?

● What is the origin and nature of Dark Matter?

● What is the origin of the Baryon Asymmetry in the Universe?

  

● Why is Dark Energy so small but non-zero?

●

●



Fundamental vs Parametric Physics

● Fundamental principles lead to

– Chiral fermions from irreducible representations of Lorentz group

● fermions as spin ½ representations of Lorentz group
● Fermi-Dirac statistics → Pauli Exclusion Principle
● why matter occupies volume

– Massless force mediators (gauge bosons) from gauge invariance

– Massive gauge bosons and fermions from spontaneous breaking of gauge
symmetry

● In comparison, the breaking of gauge symmetry by the Higgs VeV is
parametrically induced

– No dynamic or underlying principle behind it in the Standard Model



Why is Higgs Puzzling



Why is Higgs Puzzling

Ad-hoc potential, similar to and motivated by Landau-Ginzburg theory of  
superconductivity

Higgs potential in SM can be extrapolated to Planck scale without additional 
parameters; but no a-priori reason for a parameterization to respect this condition     



Higgs boson puzzles

● First fundamental (?) scalar field to be discovered

● Spontaneous symmetry breaking by development of a VeV

– But VeV is induced parametrically by ad-hoc Higgs potential, no
dynamics

● Parameters of Higgs potential are not stable under radiative corrections

– First time that the radiative correction to a particle mass is additive and
quadratically divergent

– Gauge boson masses are protected by gauge invariance

– Fermion masses are protected by chiral symmetry of massless fermions

● Single scalar Higgs field is a strange beast, compared to fermions and
gauge bosons

● Additional symmetries and/or dynamics strongly motivated by Higgs
discovery            



Circular pp Collider



Circular pp Collider Physics Goals
● Testable reasons why the Standard Model must be incomplete

– Dark Matter could be
● Weakly-interacting particles
● Particles interacting through Higgs portal
● Interacting with SM particles through gravity

– Electroweak Baryogenesis

● Can the electroweak phase transition (formation of Higgs
VeV) provide the out-of-equilibrium condition  needed for
matter-antimatter asymmetry observed?

– Can the parameter space of new physics be a bounded parameter
space?

● Can it be fully covered with a 100-TeV scale pp collider?

● Naturalness – the need to explain the lightness of the Higgs mass – testing
Naturalness at 10-4   



Expect O(1) deviations from SM in self-coupling coefficient





Measuring the Higgs Self-Coupling



Origin of Matter-Antimatter Asymmetry



Origin of Baryon Asymmetry



Baryon Asymmetry and Electroweak Phase Transition



Baryon Asymmetry and Electroweak Phase Transition



   

Inducing First-Order Electroweak Phase Transition
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Inducing First-Order Electroweak Phase Transition



First Order Phase Transition

Can TeV-scale new physics associated with 1st order phase transition be 
completely covered by a pp collider? 





   

DiHiggs Branching Ratios



HH → bbγγ







H → 4 τ



H → 4 τ



   

(AVK, M.J.Ramsey-Musolf, J.M. No, P.Winslow, Phys. Rev.D 94 (2016) 3, 035022)

H → 4 τ





   

Inducing First-Order Electroweak Phase Transition

300 GeV      ←  benchmark m
S
 →    900 GeV

(P.Winslow, J.M. No, 
M.J.Ramsey-Musolf, AVK)
 

S → HH → bb and 4τ

Discovery potential across entire parameter space



Why is the Higgs Boson So Light?



Why is the Higgs Boson So Light?

● Old idea: Higgs doublet (4 fields) is a Goldstone mode generated from the
spontaneous breaking of a larger global symmetry

– Higgs boson and WL, ZL are all Goldstone bosons from, eg.
Spontaneously breaking global SO(5) → SO(4)

– Examples: Holographic Higgs, Little Higgs models...

– Electroweak vev “v ” is small compared to SO(5) breaking scale “f  ” 

● Vector boson scattering topology

– Quarks emit longitudinal vector bosons which interact with new
(presumably strong) dynamics

– Quarks scatter by small angle in the forward direction



 

http://inspirehep.net/record/1365563
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1365563&ln=en


Forward Jet Coverage for Longitudinal VBS

AVK, S. Chekanov, M. LowV
L
V

L
 →η→ HH

● Lower p
T
 threshold on forward tagging jets is preferred

● Reject pileup jets with good tracking in forward direction

● Resolve overlapping pileup jets with higher granularity / spatial resolution
(a la CMS high-granularity endcap calorimeter for HL-LHC)



 

http://inspirehep.net/record/1365563
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1365563&ln=en


Conclusions

● proton-proton colliders (at very high energy) provide unprecedented
discovery potential in the diHiggs channel

● New territory explored with precision measurements and direct searches is
strongly motivated for 

– Solving the mysteries associated with the Higgs boson and the Higgs self-
coupling

– Understanding the electroweak phase transition and discovering the
conditions for electroweak baryogenesis

– DiHiggs resonances accessible only via longitudinal vector boson scattering

● In the singlet scalar extension of the standard model, the parameter phase
space enabling a strongly 1st order electroweak phase transition is completely
discoverable at a 100 TeV pp collider 
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