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Standard Model

Fundamental constants have to be determined by experiment

Quarks

26 parameters of the Standard Model:

Leptons

6 quark masses
4 quark mixing angles

Photon
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6 lepton masses
4 lepton mixing angles
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3 gauge couplings
1 Higgs vacuum expectation value
1 Higgs mass
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’U(Affz)

My

1 strong CP violating phase

6

Gluons

Higgs boson



Standard Modet Open Issues & Beyond

Fundamental constants have to be determined by experiment

26 parameters of the Standard Model:

6 quark masses
4 quark mixing angles

My, Me, My, Mg, Ms and my,
6’12, 9233 913 and o

6 lepton masses
4 lepton mixing angles

Myey My, s My, Me, My, and m;,
/ / ! !/
0'12, 0’23, 6'15 and o

3 gauge couplings

g1(a), g2(Gp) and g3

1 Higgs vacuum expectation value v(Myz)
1 Higgs mass my
1 strong CP violating phase 0

A The TCP violating -
term in Lagrangiams suppressed by 9
orders of magnitude. Why?

A Possible solution: There is a particle
called the , which makes this
parameter small because of a
spontaneously broken symmetry
(Pecceuinn)

A Candidate for dark matter



Standard Modet Open Issues & Beyond

Fundamental constants have to be determined by experiment

A Hierarchy problem: why is the

26 parameters of the Standard Model:

6 quark masses Moy, Me, My, My, Ms and My so low? |

4 quark mixing angles B9, O, 015 and & A Quantum corrections would make the
6 lepton masses Myey My, s My, Me, My, and m;, mass huge!

3 lepton mixing angles U1z, 0’23, 615 and & A Proposed solution is supersymmetry:
3 gauge couplings g91(a), g2(Gr) and g3 o . '
1 Higgs vacuum expectation value (M) fermionic and bosonic |OOp

1 Higgs mass mu corrections cancel each other out

Q

1 strong CP violating phase i A Lightest SUSY particle is candidate for

dark matter



Standard Modet Open Issues & Beyond

Fundamental constants have to be determined by experiment

26 parameters of the Standard Model:

6 quark masses Moy, Me, My, My, Mg and my,

4 quark mixing angles 012, 023, 013 and o A What about the ?
6 lepton masses My, , My, , My, | Me, M, and m,

4 lepton mixing angles 0" 19, 093, 015 and ¢’

3 gauge couplings 71(0). 2(Gr) and 43 A Are these fundamental constants
1 Higgs vacuum expectation value v(Myz) reaIIy Constant’lsee next talk)

1 Higgs mass mg

1 strong CP violating phase 7




Standard Modet Open Issues & Beyond

A Why is there so much more matter than antimatter in the universe?
Baryon asymmetryparameter:

ng — Na
Observed: B B ~6x 101

2

Standard Model prediction: ~ 107 !*



Standard Modet Open Issues & Beyond

A Why is there so much more matter than antimatter in the universe?
Baryon asymmetryparameter:

ng — Na
Observed: B B ~6x 101
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Standard Model prediction: ~ 107 !*

A Conditions for baryon asymmetry I8akharov:

A Baryon number violation
A C andCP violation
A Departure from local equilibrium (&@PT violatioh



Standard Modet Open Issues & Beyond

A Why is there so much more matter than antimatter in the universe?
Baryon asymmetryparameter:

ng — Na
Observed: —2 B ~6x 101
Ty

Standard Model prediction: ~ 107 !*

A Conditions for baryon asymmetry I8akharov:

A Baryon number violation CPT violation:

A Cand Antimatter experiments,

A Departure from local equilibrium (&ZPT violatio) see several other talks
this week!




Standard Modet Open Issues & Beyond

Neutrinos
0.1-2%

Dark Matter
230 K

Dark Energy
73 %

Content of the Universe

Other open Issues:

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

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)



Standard Modet Open Issues & Beyond

Neutrinos
0.1-2%

Dark Matter
230 K

Dark Energy
73 %

Content of the Universe

Other open Issues:

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

The presence of dark matter is implied by
astrophysical observations, including gravitational
effects that cannot be explained unless more
matter is present!



Dark Matter¢ Why do we think it exists?

Rotation curves of galaxies and clusters

Aln the 1930s Fritz Zwicky studied the Corf Bg¢ =
Cluster of galaxies ff ? A
AHe finds that the individual galaxies move;;.’ :: E) |

faster than expected from the gravitationegs
pull of the observed stars in the cluster

At NB LiDarkléMatériec ¥ R NJ Y I 0 (H.
gKSNB UKS aRIFNJ]€¢ aAYLM @
that it does not produce light of any kind



Dark Matter¢ Why do we think it exists?

Rotation curves of galaxies and clust

5OI|BMercuy
AExample: Our Solar System -
AOrbital speed scales as |— M
L : total mass inside the orbit
| . distance to Sun S| g
10} \gfti”‘

Solar System Rotation Curve

v=y GM/r

Point size corresponds to log,, planet radii
(Credit: Matthew Newby, Milkyway@home)
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Dark Matterc Why do we think it existJ

Rotation curves of galaxies and clusters

200 F ol I I

NGC 3198

ARotation curve of galaxy NGC 3198

AOrbital speed scales as |—

U : total mass inside the orbit
| : distance to Sun

Var (km/s)

AGalactic rotation curves are flat! ) A S R I W |
=>spherical dark matter halo Is necessary Radius (kpe)
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Dark Matter¢ Why do we think it exists?

Gravitational Lensing

ABackground galaxy emits light
AGalaxy cluster acts as a lens

ALight observed on Earth is distorted
Can produce multiple images of the sa .
galaxy . ~ distorted light-rays

A Or the galaxy apPears brighter if the
telescope cannot resolve the image

(mlcrolensmg

Gravitational Ien_smﬁ IS a powerful too
for locating masin the Universe




Dark Matter¢ Why do we think it exists?

Gravitational Lensing Cluster of Galaxies: CL0024+1654

Afalse-col mput T (ru tion of the dark

ma tt Tma p ain th I er CLOO24+1654,
p ; t Th s ma 300m|l trillion

time th m fth E n'h p sible for the

ABackground galaxy emits light , S
AGalaxy cluster acts as a lens

ALight observed on Earth is distorted |
Can produce multiple images of the samegEn
galaxy _.

A Or the galaxy apPears brighter if the
telescope cannot resolve the image

(mlcrolensmg

Gravitational Ien_smﬁ Is a powerful tool
for locating masin the Universe




Dark Matter¢ Why do we think it exists?

X-ray image

Hot gas in clusters

Coma Cluster
0.5-2.0 keV

AX-rays are emitted by the gas in the
cluster (16100 million K)

ANeed gravitational pull of dark
matter to keep this gas bound to

the cluster

18



Dark Matter¢ Why do we think it exists?

Bullet cluster

AMerger of two clusters
AVisible light image




Dark Matter¢ Why do we think it exists?

Bullet cluster

AMerger of two clusters
AVisible light image
A X-ray image [§ink)
A Matter distribution from
gravitational lensingue)

In hot gas Is
slowed down during collision

ADark mattempasses through the [
centre without any interactions [

20



Dark Matter¢ Why do we think it exists?

Bullet cluster ey P

Modified Newtonian Dynamics FRs
models that were proposed to
explain flat rotation curves
without dark matter have great
difficulty explaining this! '

21



Dark Matter¢ Why do we think it exists?

Big Bang Nucleosynthesis

Timeline of early universe:

APrimordialsoup of subatomic
particles

AUniverse expands, soup cools

Ap 1t s: quarkhadron transition,
protons and neutrons formed

A3 min: nucleosynthesis creates
light elements D3He,*He and Li

Today 14 billion years
Life on earth " »

Acceleration - 11 hillion years

Dark energy dominate

. -
Solar system forms\ #& = < 8

Star formation peak a8 Hlifion yea W“,"” iy

Galaxy formation era\ \
Earliest visible galaxies\————— 700 mill'ion years

N
%

Recombination atoms torm \—— m,ogoy

Relic radkation decouples (CMB l_fj';,:.’é'ﬂ 0 ‘f"\: o

Matter domination 5,000 years
Onset of gravitational collapse :

Nucleosynthesis 3 minutes
Light elements crealed - D, He, LI 0 G

Nuclear fusion hegins - 0.01 seconds :

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
farces first differentiate

Supersymmelry breaking

Axions etc.?

Grand unification transition ——=1
Electroweak and strong nuclear Mg
forces dilferentiate
Inflation

Quantum gravity wall

" ks 2 -
Spacetime description breaks down §

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¢ Why do we think it exists?

Big Bang Nucleosynthesis

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

Observed:
25%"He,

p 1 Dand®He
p Tt LI

Baryonic matter fraction i13%4of total
energy content of the Universe



