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Fundamental Physics in 2016

pecial Relativity
uantum Theory -> Particle Physics (Microcosm
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Big Bang: huge amount of energy

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc. —
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1st Stars
about 400 million yrs.

| Big Bang Expansion

13.7 billion years
Quantum Theory + €INSTEIN: /7 — mc”
—nergy can be transformed
iINnto an exactly equal amount
of matter and anti-matter




But: the Universe is only full of matter




SIAKHAROV 1904

‘A matter asymmetry can be created from
symmetric initial conditions if the fundamental
laws of nature have the following properties:

e CP symmetry is violated *

e Baryon number is violated !}“
*There was a phase away from the thermal
equilibrium *

Now we have to understand several concepts:
- Fundamental laws of nature

* CP Symmetry

- Baryon number

- Thermal equilibrium



The fundamental laws of hature

What is our world made of?
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How do we get knowledge
about the microcosm?
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The Large Hadron Collider

The LHC collides protons at very high energies to create new particles

Run: 263962
Event: 20805
2015-05-05 09:39:47 CEST
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The fundamental laws of nature:

We have the following interactions in nature:
e Gravity: /ets apples fall from trees

e Electro-magnetic interaction:
thunder and lightning, electricity

e Weak interaction: energy production in the sun

il neutrino.
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The fundamental laws of nature

The Standard Model (SM) of Particle Physics:

Matter constituents: Fermions with spin 1/2
Quarks Leptons
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Elementary reactions

Strong interaction binds quarks and gluons to nucleons:

p = |uud) + |luud + g + qq) + . ..

Weak interaction produces energy in the sun
A e a0
A B-meson decays
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The standard model of
particle physics

i 1 -
L=Ti PV — _F, F* +y¥¢¥ + Dy¢D ¢ — V(9)

STEVEN WEINBERG SHELDON GLASHOW  ABDUS SALAM




ymmetries rule

It turns out (experiment) that the SM is ruled by symmetries

* Lorentz-symmetry: The symmetry based on the
assumption, that the speed of light is constant. This
gives certain requirements on space-time.




Tests of the SM: Nobel Prizes

965 TOMONAGA, SCHWINGER, FEYNMAN: QED
968 ALVAREZ: Experiment
969 GELL-"MANN: Quark model
976 RICHTER, TING: Charm-quark
979 WEINBERG, SALAM, GLASHOW: Standard Model
980 CRONIN, FiTCcH: CP violation in Kaons
084 RUBBIXN, VAN DER NAEER: W=, Z
O88 LEDERMAN, SCHWARIZ, STEINBERGER: Muon neutrino
990 FRIEDMAN, KENDALL, TAYLOR: Quarks
992 CHARPAK: Particle Detectors
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ISSINg plece

The final m

The Higgs boson




Why do we need a Higgs”

Gauge symmetries seem to be necessary for the
theoretical consistency of the SM - else predictions can yield
infinity (T’"HOOFT, VELTMAN in 1971)!

Gauge symmetry requires massless gauge bosons (as
photon and gluon), but the weak bosons are massive




The standard model of
particle physics
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Coming back to our problem

Creation of matter: fundamental laws must violate CP:
Does the Standard Model include CP violation?

e What is CP? A combined symmetry: C is charge
conjugation and P is parity, i.e. a mirror reflection.

- What is CP violation? An effect that is not invariant
under CP; naive: left is different from right!

Yes: 1964 as a tiny effect in

e,

) C




The standard model of
particle physics
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Flavour Pnysics

The study of decays of mesons (g + anti-q)
e Kaons = strange quark: CP violation at per mille level

 B-mesons = bottom/beauty quark:

Build dedicated experiments to study B-mesons:
LHCb, BaBAR (SLAC, USA), Belle (KEK, Japan)




~Flavour PNysics

dedicated experiment at LHC: LHCb

Detector

Hadren
Calorimeter.

RICH
Detector

: N > » e
D\t/ertex - : ~ Electromagnetic
etector o8 ¥ ! Calorimeter
. Detector 4

NN
NJN

Detector characteristics Iron
Yoke

Width: |\ \ 18m

Length: | \12m

Height: 12m

Weight: 4'270t




~Flavour Pnysics

 Measure SM parameters: many decays of B mesons
depend strongly on fundamental SM parameters,
like quark masses, CKM couplings (= CPV
parameters). These parameters are needed to
malke precise theory predictions

- Study CP violation: The quark sector is the only
part so far, where CP violation has been discovered




Unsolved Problems

We have an extremely successtul theory to describe
the microcosmos

e Based on few, simple (symmetry) principles
* All predicted particle have been observead
* Predictions have been observed at the per mille level




Search for extensions of the SM

 Theory guided model building:

are there only three generations of fermions (S1Vi4)

is there only one Higgs (ZHDIV),

is there a symmetry between bosons and fermions (Supersymmetry)
is there a single unifying gauge symmetry(GUT),...

- Direct searches: build
bigger accelerators to
to create heavier particles



Knowledge vs. speculation
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IPPP In Durham

Institute tfor Particle Physics Phenomenology
(Combination of experiment and theoretical ideas)

IPPP: about 80 members
biggest research centre for
PPP in the UK,
one of the biggest in the

world
(CERN Fermllab SLAC)
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Summer students or
iNnternsnips

Every year we have up to 10 students
secondary school up to 4th year at university
~ from all over the world -
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