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Particles
● The standard model (until now) describes the 

physics accessible in accelerator-based 
experiments

● Contains two kinds of particles
● Matter: Quarks, leptons
● Force particles: Photon, gluon, 

W- and Z-boson
● The Higgs is a bit of both, but more like matter

● Only not yet observed particle
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The properties of the particles
● The properties of the particles are rather different
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Weak gauge bosons

W: 80339(23) MeV
Z: 91188(2) MeV

Higgs: Boson

Mass: >115000 MeV
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Returning up

● (Most) Elementary particles not observed directly
● Requires high resolution

● Large energies
● Sensitive probes

● Hierachy of effective degrees of freedom
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Sectors
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matter particles

g

W

Z


Hu

d

tc

s b

e
e



 

Slides left: 35 (in this section: 2)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

Sectors

● The force particles mediate the forces between the 
matter particles

● Each force particle can be associated with a 
particular force or sector of the standard model
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Strong interactions in the standard model

● Bound states – hadrons, nucleons, and nuclei
● Confinement

● There are no free quarks and gluons
● Dynamical mass generation

● Chiral symmetry breaking
● Formation of the Higgs 

condensate
● Phase transitions
● Strong initial and 

final state interactions
● Require non-

perturbative methods
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Correlation functions [Alkofer & von Smekal 2000]

● Correlation functions, describe a theory completely
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Correlation functions [Alkofer & von Smekal 2000]

● Correlation functions, describe a theory completely
● Expectation values of a polynomial of quantum fields

● Build from the elementary particles
● E.g. photon 2-point correlator: 

● Full correlation functions contain all information
● There are an infinite number of them

● Polynomials with any number of fields
● Simpelst interaction vertices: 3-point correlator
● Simpelst bound states: 4-point correlator

x  y
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Correlation functions [Alkofer & von Smekal 2000]

● Correlation functions, describe a theory completely
● Expectation values of a polynomial of quantum fields

● Build from the elementary particles
● E.g. photon 2-point correlator: 

● Full correlation functions contain all information
● There are an infinite number of them

● Polynomials with any number of fields
● Simpelst interaction vertices: 3-point correlator
● Simpelst bound states: 4-point correlator
● Scattering of bound states: min. 8-point correlator

● pp->ppH->ppee: 14-point correlator

x  y
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From gluons to technigluons/Axel Maas

Information from correlation functions

● Propagators describe how a particle moves from one 
point to another
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Information from correlation functions

● Propagators describe how a particle moves from one 
point to another

● Vertices describe how particles interact with each other
● Define energy-dependent coupling constants
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Information from correlation functions
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point to another

● Vertices describe how particles interact with each other
● Define energy-dependent coupling constants

● Bound-states can be formed by glueing 
together propagators and vertices
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Information from correlation functions

● Propagators describe how a particle moves from one 
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● Vertices describe how particles interact with each other
● Define energy-dependent coupling constants

● Bound-states can be formed by glueing 
together propagators and vertices

● Standard model is a gauge 
theory,like Maxwell theory
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From gluons to technigluons/Axel Maas

Information from correlation functions

● Propagators describe how a particle moves from one 
point to another

● Vertices describe how particles interact with each other
● Define energy-dependent coupling constants

● Bound-states can be formed by glueing 
together propagators and vertices

● Standard model is a gauge 
theory,like Maxwell theory: 
● Correlation functions can depend on the gauge
● Physical quantities (hadron masses, scattering cross 

sections) are gauge-invariant
● Gauge-dependent result shown are in Landau gauge
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From gluons to technigluons/Axel Maas

Methods to calculate correlation functions

● Lattice
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From gluons to technigluons/Axel Maas

Lattice calculations

● Take a finite volume – usually a hypercube
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Lattice calculations

● Take a finite volume – usually a hypercube
● Discretize it, and get a finite, hypercubic 

lattice
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Lattice calculations

● Take a finite volume – usually a hypercube
● Discretize it, and get a finite, hypercubic 

lattice
● Calculate observables using path integral

● Can be done numerically
● Uses Monte-Carlo methods
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Lattice calculations

● Take a finite volume – usually a hypercube
● Discretize it, and get a finite, hypercubic 

lattice
● Calculate observables using path integral

● Can be done numerically
● Uses Monte-Carlo methods

● Artifacts
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Lattice calculations

● Take a finite volume – usually a hypercube
● Discretize it, and get a finite, hypercubic 

lattice
● Calculate observables using path integral

● Can be done numerically
● Uses Monte-Carlo methods

● Artifacts
● Finite volume/discretization
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From gluons to technigluons/Axel Maas

Lattice calculations

● Take a finite volume – usually a hypercube
● Discretize it, and get a finite, hypercubic 

lattice
● Calculate observables using path integral

● Can be done numerically
● Uses Monte-Carlo methods

● Artifacts
● Finite volume/discretization
● Masses vs. wave-lengths
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From gluons to technigluons/Axel Maas

Methods
● Lattice

● Discretize space-time in a box and calculate the path-
integral and expectation values explicitly

● Full non-perturbative dynamics correctly implemented
● Finite volume artifacts, disparate scales most severe 

obstacles
● Functional methods (DSE, RGE...)
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From gluons to technigluons/Axel Maas

(Truncated) Dyson-Schwinger Equations (DSEs)

● Infinite set of coupled non-linear integral equations
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(Truncated) Dyson-Schwinger Equations (DSEs)

● Infinite set of coupled non-linear integral equations
● Must be reduced by means of approximations
● Steady progress in relaxing approximations
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(Truncated) Dyson-Schwinger Equations (DSEs)

● Infinite set of coupled non-linear integral equations
● Must be reduced by means of approximations
● Steady progress in relaxing approximations

● Generate also perturbation theory
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From gluons to technigluons/Axel Maas

(Truncated) Dyson-Schwinger Equations (DSEs)

● Infinite set of coupled non-linear integral equations
● Must be reduced by means of approximations
● Steady progress in relaxing approximations

● Generate also perturbation theory
● Similar: Renormalization group equations
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From gluons to technigluons/Axel Maas

Summary of methods
● Lattice

● Discretize space-time in a box and calculate the path-
integral and expectation values explicitly

● Full non-perturbative dynamics correctly implemented
● Finite volume artifacts, disparate scales most severe 

obstacles
● Functional methods (DSE, RGE...)

● Coupled non-linear integral equations must be solved
● Requires (often completely uncontrolled) approximations
● Continuum, partly analytical in the far infrared
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Summary of methods
● Lattice

● Discretize space-time in a box and calculate the path-
integral and expectation values explicitly

● Full non-perturbative dynamics correctly implemented
● Finite volume artifacts, disparate scales most severe 

obstacles
● Functional methods (DSE, RGE...)

● Coupled non-linear integral equations must be solved
● Requires (often completely uncontrolled) approximations
● Continuum, partly analytical in the far infrared

● Perturbation theory included
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From gluons to technigluons/Axel Maas

Summary of methods
● Lattice

● Discretize space-time in a box and calculate the path-
integral and expectation values explicitly

● Full non-perturbative dynamics correctly implemented
● Finite volume artifacts, disparate scales most severe 

obstacles
● Functional methods (DSE, RGE...)

● Coupled non-linear integral equations must be solved
● Requires (often completely uncontrolled) approximations
● Continuum, partly analytical in the far infrared

● Perturbation theory included
● Combination of all methods most successful!
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From gluons to technigluons/Axel Maas

The obvious: QCD
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From gluons to technigluons/Axel Maas

● (Quantized) Theory of the strong sector

Quantumchromodynamics (QCD)
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From gluons to technigluons/Axel Maas

● (Quantized) Theory of the strong sector
● Describes the structure of hadrons and 

(ultimately) nuclei

Quantumchromodynamics (QCD)
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From gluons to technigluons/Axel Maas

● (Quantized) Theory of the strong sector
● Describes the structure of hadrons and 

(ultimately) nuclei
● Elementary degrees of freedom are quarks 

and gluons
● Carry new charge: Color charge
● Quarks come in three colors and anti-colors 

and gluons in eight other colors

Quantumchromodynamics (QCD)
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From gluons to technigluons/Axel Maas

● (Quantized) Theory of the strong sector
● Describes the structure of hadrons and 

(ultimately) nuclei
● Elementary degrees of freedom are quarks 

and gluons
● Carry new charge: Color charge
● Quarks come in three colors and anti-colors 

and gluons in eight other colors
● Only gluons: Yang-Mills theory

Quantumchromodynamics (QCD)
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From gluons to technigluons/Axel Maas

● Quarks form bound states
● Non-perturbative effect

QCD degrees of freedom
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From gluons to technigluons/Axel Maas

● Quarks form bound states
● Non-perturbative effect

● Baryon: 3 (valence-)quarks

QCD degrees of freedom
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From gluons to technigluons/Axel Maas

● Quarks form bound states
● Non-perturbative effect

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark

QCD degrees of freedom
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● Quarks form bound states
● Non-perturbative effect

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark
● Interactions mediated by gluons

QCD degrees of freedom
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From gluons to technigluons/Axel Maas

● Quarks form bound states
● Non-perturbative effect

● Baryon: 3 (valence-)quarks
● Meson: 1 quark and 1 antiquark
● Interactions mediated by gluons
● Gluons are also charged

QCD degrees of freedom

Slides left: 22 (in this section: 6)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

Properties of QCD
● Weakly interacting at high energies (> a few 

GeV)
● Asymptotic freedom
● Accessible by perturbation theory
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Properties of QCD
● Weakly interacting at high energies (> a few 

GeV)
● Asymptotic freedom
● Accessible by perturbation theory

● Strongly interacting at low energies
● Perturbation theory fails
● Genuine non-perturbative effects
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From gluons to technigluons/Axel Maas

Properties of QCD
● Weakly interacting at high energies (> a few 

GeV)
● Asymptotic freedom
● Accessible by perturbation theory

● Strongly interacting at low energies
● Perturbation theory fails
● Genuine non-perturbative effects

● Quarks and gluons cannot be observed as 
individual particles: Confinement
● Measured with very high precision
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From gluons to technigluons/Axel Maas

What is confinement - Experiment

● Experiment tells...
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From gluons to technigluons/Axel Maas

What is confinement - Experiment

● Experiment tells...
● Hadrons exist in excited states

● Should have a substructure
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From gluons to technigluons/Axel Maas

What is confinement - Experiment

● Experiment tells...
● Hadrons exist in excited states

● Should have a substructure
● Scattering experiments

● Rutherford-like behavior at high energies
● Point-like scattering centers
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From gluons to technigluons/Axel Maas

What is confinement - Experiment

● Experiment tells...
● Hadrons exist in excited states

● Should have a substructure
● Scattering experiments

● Rutherford-like behavior at high energies
● Point-like scattering centers

● Substructure cannot be isolated: 
Confinement
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From gluons to technigluons/Axel Maas

What is confinement - Theory
● Substructure can be described by QCD
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What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
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From gluons to technigluons/Axel Maas

What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
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From gluons to technigluons/Axel Maas

What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
● Confinement: Colored objects unobservable
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What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
● Confinement: Colored objects unobservable
● Color charges in QCD not gauge-invariant

● Like energy in general relativity
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What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
● Confinement: Colored objects unobservable
● Color charges in QCD not gauge-invariant

● Like energy in general relativity
● Axiomatic: well-defined only with confinement
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What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
● Confinement: Colored objects unobservable
● Color charges in QCD not gauge-invariant

● Like energy in general relativity
● Axiomatic: well-defined only with confinement

● No confinement in perturbation theory
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From gluons to technigluons/Axel Maas

What is confinement - Theory
● Substructure can be described by QCD

● Degrees of freedom are quarks and gluons
● Color charge carried by both
● Confinement: Colored objects unobservable
● Color charges in QCD not gauge-invariant

● Like energy in general relativity
● Axiomatic: well-defined only with confinement

● No confinement in perturbation theory
● Non-perturbative effect
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From gluons to technigluons/Axel Maas

Effective interaction strength

● Parametrizes the effective interaction strength
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Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
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Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
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From gluons to technigluons/Axel Maas

Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
● Three distinct domains
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From gluons to technigluons/Axel Maas

Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
● Three distinct domains

Weakly interacting
Perturbation theory works
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Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
● Three distinct domains

Weakly interacting
Perturbation theory works

Quarks and gluons
are confined
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From gluons to technigluons/Axel Maas

Effective interaction strength

● Parametrizes the effective interaction strength
● Applies if all scales are of the same size
● Three distinct domains

Weakly interacting
Perturbation theory works

Strongly interacting
Bound states

Quarks and gluons
are confined
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From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
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● Calculation of correlation functions possible

Slides left: 17 (in this section: 1)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
● Shows a transition from low to high energies
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From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
● Shows a transition from low to high energies

Perturbative tail, measured 
in high-energy experiments

Slides left: 17 (in this section: 1)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
● Shows a transition from low to high energies

Perturbative tail, measured 
in high-energy experiments

Gluon interaction
binds hadrons
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From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
● Shows a transition from low to high energies

Perturbative tail, measured 
in high-energy experiments

Gluon interaction
binds hadrons

Gluons
become confined
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From gluons to technigluons/Axel Maas

Gluon correlation function

● Calculation of correlation functions possible
● Shows a transition from low to high energies
● Similar for three-point functions

Perturbative tail, measured 
in high-energy experiments

Gluon interaction
binds hadrons

Gluons
become confined
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From gluons to technigluons/Axel Maas

Bound states

● Can be extended to bound-state calculations
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From gluons to technigluons/Axel Maas

Bound states

● Can be extended to bound-state calculations
● Lattice calculations – hard to reach physical mass
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From gluons to technigluons/Axel Maas

Bound states

● Can be extended to bound-state calculations
● Lattice calculations – hard to reach physical mass
● Functional equations – requires assumptions
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From gluons to technigluons/Axel Maas

Bound states

● Can be extended to bound-state calculations
● Lattice calculations – hard to reach physical mass
● Functional equations – requires assumptions

[Eichmann et al., 
2009, PDG 2009, 
Aoki et al . 2009]
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From gluons to technigluons/Axel Maas

Bound states

● Can be extended to bound-state calculations
● Lattice calculations – hard to reach physical mass
● Functional equations – requires assumptions

● Decent agreement with experiment

[Eichmann et al., 
2009, PDG 2009, 
Aoki et al . 2009]

Exp
Func

Lattice
Exp

Func
Lattice

Exp
Func

Lattice
0

200

400

600

800

1000

1200

1400

1600

1800

2000
Mass

Rho Nucleon Delta

Slides left: 16 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

The non-obvious: Higgs
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From gluons to technigluons/Axel Maas

The Higgs effect

● The Higgs is assumed to create much of the mass
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From gluons to technigluons/Axel Maas

The Higgs effect

● The Higgs is assumed to create much of the mass
● Mechanism: “Higgs condenses and the particles are 

slowed (gain mass)”
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From gluons to technigluons/Axel Maas

The Higgs effect

● The Higgs is assumed to create much of the mass
● Mechanism: “Higgs condenses and the particles are 

slowed (gain mass)”
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The Higgs effect

● The Higgs is assumed to create much of the mass
● Mechanism: “Higgs condenses and the particles are 

slowed (gain mass)”
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From gluons to technigluons/Axel Maas

The Higgs effect

● The Higgs is assumed to create much of the mass
● Mechanism: “Higgs condenses and the particles are 

slowed (gain mass)”
● The Higgs is not yet observed

u d s c b t W Z Leptons
0%

20%

40%

60%

80%

100%

Strong
Higgs

H
t HH

H H

Slides left: 14 (in this section: 5)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

The Higgs effect

● The Higgs is assumed to create much of the mass
● Mechanism: “Higgs condenses and the particles are 

slowed (gain mass)”
● The Higgs is not yet observed

● Assume that it exists
● Only particle which has a static mass
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From gluons to technigluons/Axel Maas

How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry
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How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry
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How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry
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From gluons to technigluons/Axel Maas

How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry

● Perturbative expansion around the minimum is successful
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From gluons to technigluons/Axel Maas

How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry

● Perturbative expansion around the minimum is successful

● In a quantum theory, this is not possible
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How it works

● Semi-classically a spontaneous breaking of the gauge 
symmetry

● Perturbative expansion around the minimum is successful

● In a quantum theory, this is not possible

● Gauge symmetries cannot break at the quantum level
● A non-perturbative mechanism is required

H

H
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The quantum Higgs effect
● The symmetry remains intact at the quantum level

● Usual descriptions leave it not manifest for 
convenience

● Mass generation is relegated to a quantum effect
● Massive particles appear massive but this is not a 

hard (classical) mass
● At high energies, particles behave as if massless
● Subtle cancellations at the quantum level involved

● Can be captured by genuine non-perturbative 
methods
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The W-Boson

● Example: The W-boson
● Behaves as if massive in experiments
● Non-perturbative quantum description confirms 

the spontaneous generation of a mass

High energies
behaves massless

Behaves like
classically massive

Quantum
corrections
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Looking for the Higgs

● Assuming the unknown Higgs mass, its 
properties and effects can be probed

● Constrains the Higgs parameters
● Small quantum corrections

Slides left: 10 (in this section: 1)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary

[Maas, 2010]



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

u

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively

u

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

Protons

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

u

u

Protons

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

u

u

Protons

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

u

u

Protons

t

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

u

u

Protons

u

t

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

u

u

Protons

u

t

Slides left: 9 (in this section: 0)

Standard Model – Methods – QCD – Higgs – Technicolor – Summary



From gluons to technigluons/Axel Maas

An aside: Non-obvious corrections
● Success of semi-classical picture and perturbation 

theory
● Arranged by non-perturbative quantum effects

● Many processes can be treated perturbatively
● But there can be indirect strong contributions

● Known also as factorization violations
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Why more?
● Standard model fails to explain:

● Values and differences of particle masses
● Why the Higgs is light

● Very sensitive to quantum corrections
● Why galaxies behave as there would be much more 

matter – so-called dark matter
● Must be different from standard model matter, 

otherwise we would already have seen it
● And more...

● Gravity, accelerated expansion of the universe,...
● The standard model is mathematically 

incomplete at very high energies
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Why more now?
● There is no guarantee for more now
● There are a number of indirect hints

● Many observations of small deviations from the 
standard model

● Almost none significant alone, but together possibly a 
hint

● Two are significant but require further confirmation
● Dark matter models are consistent with a 1 TeV mass 

for dark matter particles
● Indirect Higgs mass determinations are not all 

consistent
● Each new energy frontier offered something
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Technicolor - Virtues

● Basic idea: Higgs is not elementary
● Bound state of two new particles, called 

techniquarks
● A bit like a pion

● Techniquarks interact strongly and 
similarly to QCD
● Force particles are technigluons

● Can replace the Higgs mechanism
● For weak gauge bosons and fermions
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mass at the same time
● Requires technicolor to be strongly interacting over a 

large energy domain
● ~1-100 or 1000 TeV (QCD: 100-1000 MeV)

● Requires further interactions
● Extended technicolor
● Topcolor-assisted technicolor
● Hard to control

● Strong interactions at and above the electroweak 
scale ~ 250-1000 GeV
● Requires non-perturbative methods - underway
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Technicolor – The search

● Which technicolor theories have these 
properties?
● Current search: Number and charges of 

Techniquarks
● Check each theory whether it is viable
● Learn the systematics of the theories to 

identify promising candidates
● Compare predictions to experiments

● Very hard
● Most results yet very approximative
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Technigluon properties

● Candidate theory with two techniquarks with the same 
charge as the technigluons

● Not yet large enough strong interaction domain

● But has other peculiar features (almost scale-invariant)

Strongly interacting

Transition region

Weakly interacting
should be strong here
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Summary

● Strong interactions are abundant in the 
standard model and in its extensions
● Can be present directly or indirectly

● Require adequate non-perturbative methods
● Combination of numerical and analytical methods 

most successful
● Many subtleties

● Gauge theories are more complicated than 
anticipated

● Control over strong interactions is slowly 
but steadily developed
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