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● Physical spectrum: Observable particles
● Peaks in (experimental) cross-sections

● Higgs, W, Z,... fields depend on the gauge
● Cannot be observable

● Gauge-invariant states are composite
● Higgs-Higgs, W-W, Higgs-Higgs-W etc.

● Why does perturbation theory work?
● Fröhlich-Morchio-Strocchi mechanism
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     0+ singlet:

2) Expand Higgs field around fluctuations
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Flavor

● Flavor has two components
● Global SU(3) generation 
● Local SU(2) weak gauge (up/down distinction)

● Same argument: Weak gauge not observable
● Replaced by bound state – FMS applicable

● Gauge-invariant state, but custodial doublet
● Yukawa terms break custodial symmetry

● Different masses for doublet members
● Can this be true? Lattice test

[Fröhlich et al.'80,
 Egger, Maas, Sondenheimer'17]
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Flavor on the lattice
● Only mock-up standard model

● Compressed mass scales
● One generation
● Degenerate leptons and 

neutrinos
● Dirac fermions: left/right-

handed non-degenerate
● Quenched

● Same qualitative outcome

● FMS construction
● Mass defect
● Flavor and custodial 

symmetry patterns
● Supports FMS prediction

[Afferrante,Maas,Sondenheimer,Törek’20]
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Protons

● True for all weakly charged particles

● This includes left-handed quarks!
● Proton is a mix of left-handed and right-handed quarks

● qqq cannot be weakly gauge invariant
● Replacement: qqqh

● FMS: At low energies just the proton
● At high energy: Valence Higgs!
● Will avoid Bloch-Nordsieck violations

● Valence Higgs detectable at LHC?

● Strong couplings to Higgs: tops, weak gauge bosons

[Egger, Maas, Sondenheimer'17
 Fernbach,Lechner,Maas,
 Plätzer,Schöfbeck’20]
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Constraining the valence Higgs
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t Z

H,g,q
H,g,q

● Hard process calculated by Herwig 7
● Modified version to include Higgs initial state

● Tree-level only
● Standard-model dominated by gluons

● Initial states qq, gg, gH, HH
● PDF ansatz for valence Higgs

[Fernbach,Lechner,Maas,
 Plätzer,Schöfbeck’20]
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Constraining the valence Higgs
[Fernbach,Lechner,Maas,
 Plätzer,Schöfbeck’20]

Results from a
Candidate PDF
- done for tt and ttZ

Individual contributions
Note: Less from ‘ordinary’
quarks and gluons
Higgs initial states harder

Relatively small deviations, 
becoming stronger at larger
momenta – generic?
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Constraining the valence Higgs
[Fernbach,Lechner,Maas,
 Plätzer,Schöfbeck’20]

‘Amount’ of Higgs
in the proton

Full run 2 lumi



Constraining the valence Higgs
[Fernbach,Lechner,Maas,
 Plätzer,Schöfbeck’20]

Strongly suppressed, as expected for mass – evolution to FCC?
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Further consequences

● In SM physics: Quantitative changes
● Anomalous couplings/form factors
● Different high energy behavior
● More: See 2009.06671, 1811.03395

● In BSM physics: Qualitative changes
● Different spectrum
● Affects viability of BSM Scenarios
● More: See 2002.08221, 1912.086680, 1804.04453, 

1709.07477

@axelmaas
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