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Outline of talk:

Introduction: The SM 

More elementary scalars

Measurement of Higgs couplings

VBF and VBS as probes of the SM

Vector boson scattering and unitarization

Comments and conclusions



Dieter Zeppenfeld3 Vienna CES 2019

SM is very efficient in describing observed phenomena

Mass generation for W and Z

Prediction for HVV coupling as bonus … agrees with data

Interactions of gauge bosons to known fermions

extremely well tested and confirmed experimentally

Leaves SM with large flavor symmetry

Introduction: the wonderful SM
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Representations of SM fermions

6 multiplets of three generations each U(3)6 flavor symmetry

U(3)6 symmetry is broken explicitly in nature

SU(3) x SU(3) quark and lepton vector currents unaffected by anomalies
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Explicit breaking of U(3)6 flavor symmetry by Yukawa sector of

Higgs Lagrangian

Generates fermion masses, CKM and PMNS mixing as a bonus when

mass matrix is diagonalized, e.g.

and

Yukawa couplings
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Lowest dimensional, renormalizable fermionic operators for Lagrangian:

is forbidden by chiral gauge structure of SM 

Kinetic term for fermion fields

is bilinear in fermion fields

 can be diagonalized and renormalized to unit matrix in flavor space

Gauge generational symmetry? Broken by scalar v.e.v. …..

Flavor symmetry can be broken explicitly by dimension-6 operators, like

but these render theory non-renormalizable

UV model with gauge fields and spin ½ matter fields only is too restrictive

The „curse“ of renormalizability
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Break flavor symmetry of Lagrangian via renormalizable

Yukawa couplings

Allow for spontaneous symmetry breaking via non-trivial 

minimum of scalar potential and

Generate gauge boson masses

Generate fermion masses

Provide CKM and PMNS mixing

Strong case for elementary scalars

SM does entire job with just a single scalar doublet
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SM Higgs couplings completely

fixed by masses

More complex Higgs sector decouples rapidly

Simplest possibility: 2 Higgs doublets

Two doublet extension: 5 scalars and modified couplings

BSM Higgs sectors
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Most direct: search for H/A/H±

No extra resonances yet… e.g. in H/Aττ
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SM relation of Higgs coupling to mass disappears with

dimension-6 operators in effective Lagrangian: add

For example, arbitrary ΔκV is generated by

and similar for fermion couplings (with independent )

Model-independent analysis of 125 GeV Higgs

couplings: effective Lagrangian

(vH +H2/2)
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… measured κ values consistent with SM
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Vector boson fusion (VBF)

• Important Higgs production

mode, e.g. Htau+tau-

• Determine HVV coupling from

production cross section

• Relatively low background

Vector boson scattering (VBS)

• Basic process:  VVVV 

• accompanied by 2 quark jets

= tagging jets

• Observe decay leptons of weak

bosons or hadronic V decay

VBF and VBS as probes of symmetry breaking sector



Dieter Zeppenfeld14 Vienna CES 2019



Dieter Zeppenfeld15 Vienna CES 2019



Dieter Zeppenfeld16 Vienna CES 2019



Dieter Zeppenfeld17 Vienna CES 2019



Dieter Zeppenfeld18 Vienna CES 2019



Dieter Zeppenfeld19 Vienna CES 2019

Building blocks: with
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Distinguish by dominant set of vector boson helicities

Longitudinal operators: derivatives of Higgs doublet field

Full set of dimension 8 operators (Eboli et al.)
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Field strength transverse polarizations

Transverse operators Mixed: transverse-longitudinal
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Example: VBF-ZZ (e+e-µ+µ-)

good agreement between both codes

for longitudinal ops. at LO

→ can now generate distributions

also at NLO via VBFNLO

Extension to mixed and transverse operators via 

numerical partial wave unitarization: work with 

Genessis Perez, Marco Sekulla (1807.02707) 

and Heiko Schäfer-Siebert
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Off-shell VBS amplitude

Assume new physics in VVVV only

SM part alone has vector boson

emission, triple gauge couplings, H etc. 

which interfere destructively

 SM piece is unitary and small

 unitarize BSM piece only

V-propagators decompose into

polarization sums

Defines
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S-matrix unitarity

Implication for

helicity amplitudes

Projection onto j<=2 partial waves

Partial wave unitarity relation

Partial wave decomposition and unitarity relation



Dieter Zeppenfeld27 Vienna CES 2019
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K-matrix (also called T-matrix) procedure for on-shell hermitian T0

General virtualities T0 not normal for off-shell VVVV 

Must distinguish

Use

Alignment problems avoided by using largest eigenvalue of denominator

Unitarization of tree level amplitude: T0  Tu

Defines Tu model
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Definition of fiducial phase space region

Jets defined with anti-kT clustering and R=0.4

Example: same sign WW production in VBS
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Comparison to K-matrix

Excellent agree-

ment between

different unitari-

zation methods

coefficients

adjusted for

unitarized

models to

reproduce pure 

EFT cross

section

CMS limits on F

from ssWW

analysis
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Mixed and transverse operators

Unitarity bound depends on whether j=0,1, or 2 partial waves dominate

Larger deviations allowed for transverse than for longitudinal operators
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Incident W polarization: pT(j,max)

• Enhancement at small

pT(j,max) is sign for

predominant longitudinal 

scattering

• Typical off-shell behavior

M ~ [s2 + (q1
2 + q2

2 – q3
2 – q4

2) s]/Λ4

• Unitarization suppresses

large incident virtualities

 pT(j,max) shapes

depend on polarization

only
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Unitarization changes shapes of distributions

Our Tu model supresses high VV invariant mass and large 

incident virtualities: similar to what one expects from loop

functions

Unitarization is not unique  additional model dependence

Some form of unitarization (or form factors which avoid tree level

unitarity violation) should be included in experimental anlysis of

EFT coefficients

Comments
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Unitarization changes shapes of distributions

Our Tu model supresses high VV invariant mass and large 

incident virtualities: similar to what one expects from loop

functions

Unitarization is not unique  additional model dependence

Some form of unitarization (or form factors which avoid tree level

unitarity violation) should be included in experimental anlysis of

EFT coefficients

BSM deviations near unitarity limit are extreme models!!! More 

reasonable to expect modest deviations in distributions at lower

VV invariant massneed for precision comparisons of data

with SM predictions (talks by Denner, Mistlberger)

Comments
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SM is still doing extremely well

Strong motivation to go beyond SM: dark matter, CP 

violation and baryon asymmetry, naturalness…

Search for extra scalars extremely important

Measurement of Higgs couplings is entering precision era

Progress on both extremely impressive and exceeding

expectations!!!

Great progress on EW and QCD corrections

Vector boson scattering is starting to enter the game

Great times ahead of us

Conclusions
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Backup
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For large m_A, MSSM quickly becomes indistinguishable

from SM

Decoupling in MSSM
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UV theory as pure gauge theory without elementary scalars

 conserved fermion number, represented by continuous fermion line

Example: QCD case of pn scattering by pion exchange

mixing of elementary fermion with composite fermion???

Fill in the box: Would like to understand mixing in terms of elementary fermions

of UV complete gauge theory model without scalars….

elementary-composite mixing?


