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Standard Model

Fundamental constants have to be determined by experiment
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Standard Model ςOpen Issues & Beyond

Fundamental constants have to be determined by experiment
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ÅThe strong CP problem: CP violating ̒-
term in Lagrangianis suppressed by 9 
orders of magnitude. Why?

ÅPossible solution: There is a particle 
called the axion, which makes this 
parameter small because of a 
spontaneously broken symmetry 
(Peccei-Quinn)

ÅCandidate for dark matter



Standard Model ςOpen Issues & Beyond

Fundamental constants have to be determined by experiment
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ÅHierarchy problem: why is the Higgs 
massso low?

ÅQuantum corrections would make the 
mass huge!

ÅProposed solution is supersymmetry: 
fermionic and bosonic loop 
corrections cancel each other out

ÅLightest SUSY particle is candidate for 
dark matter



Standard Model ςOpen Issues & Beyond

Fundamental constants have to be determined by experiment
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ÅWhat about the neutrino masses?

ÅAre these fundamental constants 
really constant? (see next talk)



Standard Model ςOpen Issues & Beyond

Å Why is there so much more matter than antimatter in the universe? 
Baryon asymmetry parameter:

Observed:

Standard Model prediction:
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Standard Model ςOpen Issues & Beyond

Å Why is there so much more matter than antimatter in the universe? 
Baryon asymmetry parameter:

Å Conditions for baryon asymmetry by Sakharov:
Å Baryon number violation

Å C and CP violation

Å Departure from local equilibrium (or CPT violation)

Observed:

Standard Model prediction:

5[1] JETP Lett 5, 24-27 (1967).



Standard Model ςOpen Issues & Beyond

Å Why is there so much more matter than antimatter in the universe? 
Baryon asymmetry parameter:

Å Conditions for baryon asymmetry by Sakharov:
Å Baryon number violation

Å C and CP violation

Å Departure from local equilibrium (or CPT violation)

Observed:

Standard Model prediction:

5[1] JETP Lett 5, 24-27 (1967).

CP violation:
Electric Dipole Moment 
Searches, see talks of 
Tuesday

CPT violation:
Antimatter experiments, 
see several other talks 
this week!
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Other open issues:

Å SM only describes 5% of the Universe! 
What is dark matter and dark energy?

The universe is expanding at an accelerated 
rate. This is only possible according to our 
Standard Model of Cosmology if there is dark 
energy, which is an intrinsic property of 
space, that has a constant energy density 
regardless of the volume (no dilution with 
expansion of space)
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Standard Model ςOpen Issues & Beyond

4

Other open issues:

Å SM only describes 5% of the Universe! 
What is dark matterand dark energy?

The presence of dark matter is implied by 
astrophysical observations, including gravitational 
effects that cannot be explained unless more 
matter is present!
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Dark Matter ςWhy do we think it exists?

Rotation curves of galaxies and clusters

ÅIn the 1930s Fritz Zwicky studied the Coma 
Cluster of galaxies

ÅHe finds that the individual galaxies move 
faster than expected from the gravitational 
pull of the observed stars in the cluster

ÅtǊƻǇƻǎŜǎ άDunkleMaterieέΣ ŘŀǊƪ ƳŀǘǘŜǊΣ 
ǿƘŜǊŜ ǘƘŜ άŘŀǊƪέ ǎƛƳǇƭȅ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŦŀŎǘ 
that it does not produce light of any kind

13



Dark Matter ςWhy do we think it exists?

Rotation curves of galaxies and clusters

ÅExample: Our Solar System

ÅOrbital speed scales as ὺ

ὓ: total mass inside the orbit
ὶ: distance to Sun

Å
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Dark Matter ςWhy do we think it exists?

Rotation curves of galaxies and clusters

ÅRotation curve of galaxy NGC 3198

ÅOrbital speed scales as ὺ

ὓ: total mass inside the orbit
ὶ: distance to Sun

ÅGalactic rotation curves are flat!
=> spherical dark matter halo is necessary
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Dark Matter ςWhy do we think it exists?

Gravitational Lensing

ÅBackground galaxy emits light
ÅGalaxy cluster acts as a lens
ÅLight observed on Earth is distorted
ÅCan produce multiple images of the same 

galaxy
ÅOr the galaxy appears brighter if the 

telescope cannot resolve the image 
(microlensing) 

Gravitational lensing is a powerful tool 
for locating mass in the Universe
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Dark Matter ςWhy do we think it exists?

Gravitational Lensing

ÅBackground galaxy emits light
ÅGalaxy cluster acts as a lens
ÅLight observed on Earth is distorted
ÅCan produce multiple images of the same 

galaxy
ÅOr the galaxy appears brighter if the 

telescope cannot resolve the image 
(microlensing) 

Gravitational lensing is a powerful tool 
for locating mass in the Universe

Cluster of Galaxies: CL0024+1654
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Dark Matter ςWhy do we think it exists?

Hot gas in clusters

ÅX-rays are emitted by the gas in the 
cluster (10-100 million K)

ÅNeed gravitational pull of dark 
matter to keep this gas bound to 
the cluster

X-ray image
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Dark Matter ςWhy do we think it exists?

Bullet cluster

ÅMerger of two clusters
ÅVisible light image

19



Dark Matter ςWhy do we think it exists?

Bullet cluster

ÅMerger of two clusters
ÅVisible light image
ÅX-ray image (pink)
ÅMatter distribution from 

gravitational lensing (blue)

ÅAtomic matter in hot gas is 
slowed down during collision
ÅDark matterpasses through the 

centre without any interactions
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Dark Matter ςWhy do we think it exists?

Bullet cluster

Modified Newtonian Dynamics 
models that were proposed to 
explain flat rotation curves 
without dark matter have great 
difficulty explaining this!
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Dark Matter ςWhy do we think it exists?

Big Bang Nucleosynthesis

Timeline of early universe:

ÅPrimordial soup of subatomic 
particles

ÅUniverse expands, soup cools

Åρπ s: quark-hadron transition, 
protons and neutrons formed

Å3 min: nucleosynthesis creates 
light elements D, 3He, 4He and Li

Only after star 
formation can other 
elements be created 
due to fusion (requires 
3 body interaction, so 
high density needed)
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Dark Matter ςWhy do we think it exists?

Big Bang Nucleosynthesis

Primordial abundance is determined by 
the frozen n/p ratio (beta decay vs 
expansion)

Observed:

25% 4He, 

ρπ Dand 3He

ρπ Li

Baryonic matter fraction is 5% of total 
energy content of the Universe
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