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Introduction – Prelude

Science is driven by curiosity 
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Introduction – Prelude

Curiosity-driven vs. use-inspired (basic) research 

(BRAHE QUADRANT)

Data

Collection
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Introduction – Prelude 

Mankind strives to understand Nature – from the very large …

The Milky Way over monument valley
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Introduction – Prelude

Mankind strives to understand Nature – from the very large …

The Cosmic Microwave Background (CMB)
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Introduction – Prelude

Mankind strives to understand Nature – from the very large to the very small

Vacuum Fluctuations (Simulation)
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There is a connection between the very large and the very small

Introduction – Prospect

The building blocks of matter 
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This talk is only about a tiny fraction of the energy content of the Universe

Introduction – Prospect

What we know and what we don´t know 
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Matter is essentially hydrogen and helium (+ a tiny fraction of heavy nuclei)  

Introduction – Prospect

What we know and what we don´t know 
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F. Wilczek (Nobel Laureate Physics 2004): „Core Theory“ of physics

Introduction – Prospect
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A historical account of the number of matter-constituents

Introduction – History

Timeline
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Introduction – History

Periodic Table of Elements

Pauli-principle at work 
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Introduction – History

The up´s and down´s in the number of matter constituents

Timeline
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Introduction – History

„Cathode rays“  discovery of the electron
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Introduction – History

Discovery of the electron (J.J. Thomson, 1897)  Thomson´s atom-model
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Introduction – History 

Discovery of the atomic nucleus (E. Rutherford, 1911)  new atomic model
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Introduction – History 

Discovery of the atomic nucleus (E. Rutherford, 1911)  new atomic model
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Introduction – History

Discovery of the neutron (J. Chadwick, 1932)  structure of the nucleus
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Introduction – History

Discovery of the neutron (J. Chadwick, 1932)  isotopes
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Introduction – History

The „Table of Isotopes“
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Introduction – History 

The „Valley of Stability“
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Introduction – History 

Discovery of antiparticles (P.A.M. Dirac, 1928, C.D. Anderson, 1932)

Pair 

production
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Introduction – History

Pair 

production

Duplication: matter and anti-matter



22. September 2019 Institut für Kernphysik (IKP) Folie 24

Introduction – History 

Observation of a „zoo“ of sub-atomic particles and anti-particles

Positron

Neutron

Lambda

Hyperon

The era of accelerators …

Anti-

Proton
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Introduction – History

The extended „Table of Isotopes“

“Hypernuclei” 
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Introduction – History

The up´s and down´s in the number of matter constituents

Timeline
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Introduction – History 

M. Gell-Mann and G. Zweig (1964): Quarks („Aces“)
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Introduction – History

Hadrons (baryons & mesons) appear in „multiplets“: all members found

W-

predicted

and found
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Introduction – History 

B. Richter and S. Ting (1974): J/Psi (charm-quark)



22. September 2019 Institut für Kernphysik (IKP) Folie 30

Introduction – History

Charm quark  „Charmonium“
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Introduction – History

3-dimensional multiplets (u,d.s.c, …)

C

S
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Introduction – History

Matter particles (plus: antiparticles)

Why are there

3 “families”

of particles? 

Can there

be more at

higher mass?

Free leptons

but no

free quarks - why?
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Introduction – History

Quarks have „color“ as a new quantum number

Baryons with 3 identical quarks (uuu, ddd, sss, …)

in the ground-state violate the Pauli-principle

 need for a new tag to distinguish them: “color”
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Introduction – History

Quarks have „color“ as a new quantum number

Quarks carry color, anti-quarks anti-color
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Introduction – History

No free quarks: „confinement“

Bound states (hadrons) are color-neutral (“white”)
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Introduction – History

Trying to isolate a quark (e.g. by excitation) 

leads to no free quark but a meson

No free quarks: „confinement“
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Introduction – History

Which hadrons exist in Nature? 

Bound states (hadrons) are color-neutral (“white”)
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Introduction – History

Which hadrons exist in Nature? 

Bound states (hadrons) are color-neutral (“white”)
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Introduction – History

Which hadrons exist in Nature? 

WASA at COSY
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Introduction – History

Strong interaction is mediated by gluon exchange

Interaction between quarks 

Gluons carry 

color anti-color
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Introduction – History

Nuclear interaction is mediated by meson (e.g. pion) exchange

Interaction between hadrons 
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Introduction – History

Hadrons (e.g. nucleons) are complex systems

“Constituent quarks” and “sea quarks”  
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Introduction – History

Force particles (exchange bosons)

Interaction between quarks 
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Introduction – History

Weak interaction acts between all fermions

Weak interaction

Weak force 

only interaction 

capable of 

changing one

type of quark

into another

3 gauge bosons

for “charged”

and

“neutral currents”
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Introduction – History

Fundamental interactions

Unification of forces
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Introduction – History

What gives these particles (different) mass? 

Internal consistency of Standard Model: Higgs meachanism
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space

Higgs boson
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space

Higgs boson
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space

Higgs boson
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Introduction – Current Status

Countless Higgs-Bosons („Higgs-field“) permeate all of the space

Higgs mechanism contributes little to mass of nucleons



22. September 2019 Institut für Kernphysik (IKP) Folie 53

Introduction – Current Status

The up´s and down´s in the number of matter constituents

Timeline
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Introduction – Current Status

The number of Standard Model-particles is just too big! 

18 = (6 x 3) quarks

6 = (2 x 3)              leptons

8    gluons

3      vector bosons

1     photon

1 (at least) Higgs

+

antiparticles

37 
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Supersymmetry (SUSY) partners – a doubling of particles! 

Introduction – Current Status
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Experiment: No SUSY particles (yet)! 

Introduction – Current Status
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Maybe there is an even deeper level? – „String Theory“ 

Introduction – Current Status
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What is „Dark Matter“ and „Dark Energy“?

Introduction – Current Status

What we know and what we don´t know 
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„Dark Matter“

Introduction – Current Status

What we know and what we don´t know 
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„Dark Energy“ (accelerating universe)

Introduction – Current Status

What we know and what we don´t know 
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The Standard Model is the „low-energy-limit“ of a more fundamental theory

Introduction – Current Status

YES, 

the Standard Model of EPP 

is a triumph of 20th century science !

But it is not the last word –

Stay tuned !
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Beyond Standard Model – General

Necessity for improvements of the Standard Model:

• Steven Weinberg (Physics Today, Aug. 2011): 

„It is clearly necessary to go beyond the standard model. There is a mysterious spectrum 

of quark and lepton masses … that we have been staring at for decades … without our 

being able to interpret them. Also something … is needed to account for cosmological dark matter.“
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Necessity for improvements of the Standard Model:

• Steven Weinberg (Physics Today, Aug. 2011): 

„In recent years we have found evidence that there is a new mass scale somewhere in

the neighborhood of 1016 GeV. (…) In fact the discovery of tiny neutrino masses indicates

that the standard model must be supplemented. …“

Neutrino oscillations

Beyond Standard Model – General
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Necessity for improvements of the Standard Model:

• Steven Weinberg (Physics Today, Aug. 2011): 

„Of course … we knew of something else beyond the standard model that suggests new

physics at masses a little above 1016 GeV: the existence of gravitation. And there is also

the fact that the one strong and the two electroweak coupling parameters of the standard

model … seem to converge to a common value at an energy of the order 1015 to 1016 GeV.“

Beyond Standard Model – General

Forces merge at high energy
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Permanent Electric Dipole Moments (EDM) of particles:

Cosmic significance:

Our universe pocesses a huge matter-antimatter asymmetry,

which cannot be explained within the observed SM CP-violation:

“We must regard it rather as an accident 

that the Earth and presumably the whole 

Solar System contains a preponderance 

of negative electrons and positive protons. 

It is quite possible that for some of the stars 

it is the other way about.”

P.A.M. Dirac, 1933 Noble Talk

Beyond Standard Model – General
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Beyond Standard Model – General
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Beyond Standard Model – Our Project
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