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Moderne partikkelfysikk

» Studier av materiens minste byggestener og
av kreftene mellom dem

— Eksperimentelt, ved a se pa kollisjoner mellom
partikler.

— Teoretisk, ved a utvikle modeller og regne ut
hva som skjer.

\ - The University of Bergen
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Ingredienser (fra forrige time)

Kvarker

Leptoner
Vekselsvirkningspartikler
Men hvor mange?

\ - The University of Bergen
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LEPTONS

QUARKS
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Partiklers levetid

Heisenbergs usikkerhetsrelasjon
I'tc=AEAt>=1

Partikkelvidde

Er en sum av delvidder som gir
sannsynlighet til henfall til
forskjellige slutt-tilstander

- The University of Bergen
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Resonans
e” e (kvarker)->hadroner >

Virkningstverrsnitt

m

Antall reaksjoner

3.1964 3.1966 3.1968 3.197 3.1972 3.1974 3.1976
Massesenterenergi

- The University of Bergen




PARTICLE SPECTRUM

And the charm quark was to be discovered soon afterwards : tv 1r717eRsS

2 DECEMBER 197«

80r \ '
The NOVEMBER REVOLUTION (11 November 1974) SRR r »

70 + SPECTROMETER ||

= At normal current J
60 D—]G‘%CUHEM

Two groups discovered ~ simultaneously a new
particle, which they called "Psi' at SLAC (Burt
Richter) and 'J' at Brookhaven (Sam Ting).
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FIG. 2. Mass spectrum showing the existence of J.
sults from two spectrometer settings are plotted
»wing that the peak is independent of spectrometer

rents. The run at reduced current was taken two
nths later than the normal run,

The J/psi resonance was 'long-lived' (~10-20 sec). It could only decay by weak
interactions, preferably into an s-quark. This explains the narrow peak.



Fields

Electroweak Interaction 1968
[ \/e I \/ |
charged current Z° : Neutral current

/\ Wil

Glashow, Salam, Weinberg (1968) - Electroweak Force

e The electromagnetic and weak interaction are different aspects of the same 'electroweak' force
e All quarks and leptons have a 'weak' charge

e There should be a 'heavy photon' (Z°) and two charged vector boson (W#*) of mass ~ 50-100
GeV

e They acquire their mass by the interaction with the (new) "Higgs field" H.

e There are only 'left-handed' interactions



Fields

Electro-weak Interaction 1970

Milestone paper (Glashow, Iliopoulos, Maiani)

PHYSICAL REVIEW D VOLUME 2, NUMBER 7 1 OCTOBER 1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Irtopouros, axp L. Maranf
Lyman Laboratory of Physics, Harvard University, Cambridge, M assachuseits 02139
(Received S March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Mills theory is discussed.

Quarks Leptons

(with two families)

I This was now called
‘ Xl ‘ ‘ the 'Standard Model’




. Fields
Electroweak Interaction

1983
Discovery of the W, Z bosons at CERN (1983)

(Carlo Rubbia - leader of UA1 collaboration, and proponent of proton-antiproton collider in SpS)
(Simon van der Meer - inventor of stochastic beam cooling)
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Siden ble en generasjon
til funnet!

¢ Vil vi finne fler?

° Sannsynligvis ikke!




Quarks

Nucleus Neutron
Matter TS ',.\, ; =
particles LEW@J\]Q
Al ordinary Electron neutrino Up ' Down :
particles i ,_mh&dﬁdy Particle with no electric Has an electnc charge of Has an electric charge of minus
belong to | and chemical reactions; 0 charge, and possibly no mass; 0 plus two-thirds; protons contain two, one-third; protons contain one, °
this group i it has a charge of -1 bilkons fly through your body eutrons contan one neutrons contain two
every second
These Z | Muon Muon neutrino | Charm Strange
particles ! A heavior relative of the - Created along with muons A heavier relative of the up; A heavier relative of the down;
existed just electron; it fives for two- when some particles docay 0 found in 1974 found in 1964
after the g miionths of a second
Big Bang.
Now they are = | Tau | Tau neutrino | Top Bottom
found only i Heavier still; it is extremaly not yet discovered but | Heaver stil Heavier still; measuning
mn Cosmic . unsiable. it was discovered bebeved 1o cost 0 i bottom quarks is an mporant
rays and g in 1975 | test of electrowaak theory
accelerators c l | 2 o J
Force
particles Gluons Photons Intermediate Gravitons
These Carriers of the Particles that vector bosons g Carriers of
oar 'l'cl';}s; strong force make up light; Carriers of the gravity
tra_nsmu.t 1.hr_- between quarks they carry the weak force
fﬂur |r§t‘t,_ll‘nf‘.ulgn1‘.'i(:
! ~
fundamental oire ‘
forces N
of nature 0
although
grawlons Felt by Feilt by Folt by: Folt by:
have so far quarks quarks and charged leplons quarks and leptons all parhcles with mass
not been
discovered The explosive release of nuclear  Electricity, magnetism and chemistry Some forms of radio-activity are the  All the weight we experience is the
energy is the result of the strong force are all the results of electro-magnetic result of the weak force result of the gravitational force :

force



Technology www.ift.uib.no -

Higgsmekanismen

Mekanisme for a g1 alle partikler masse

Forutsier en ny partikkel, higgspartikkelen, men sier ikke
mye om dens egen masse.

Eksperiment viser at den ma veare tyngre enn ca 114 GeV

For gitt masse sa kan imidlertid produksjons og
henfallsannsynligheter beregnes 1 Standardmodellen

Derfor kan Standardmodellen etterproves.
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Standardmodellen (SM) oppsummert

Tre og bare tre generasjoner kvarker og leptoner.

Forening av elektromagnetisme og svake
kjernekrefter.

Litt asymmetri mellom materie og antimaterie (CP
brudd) pa en selvkonsistent mate

En mekanisme for a g1 partiklene masse

Ingen jordiske observasjoner bryter med SM,
Standardmodellen er en stor suksess!

_ - The University of Bergen
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Ubesvarte sparsmal

Mekanismen for a g1 partiklene masse ma bekreftes av
eksperiment, d.v.s: vi ma finne higgspartikkelen.

S.M. kan ikke forutsi verdier av massene.
Hvorfor er elektron og protonladningene like?

Hvorfor ingen antipartikler 1 universet? (CP-bruddet vi
observerer er for lite til 4 forklare)

Kan v1 fi med gravitasjon i en enhetlig teor1?
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UT I VERDENSROMMET!

e Mork materie

* Universets ekspansjon

* Mork energi




Universe
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, - The University of Bergen



1915

Universe

The University of Bergen
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Merk materie

Definisjon: Materie som nesten ? bare foler gravitasjons-
kraften. Ingen spor 1 form av synlig straling



http://upload.wikimedia.org/wikipedia/commons/c/c5/M101_hires_STScI-PRC2006-10a.jpg
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Galaktiske rotasjonskurver viser at

V;tG

V V

my’ mM
2

Ma enten modifisere Netowns gravitasjon eller innfore
merk materie 1 galaksenes ytteromrader
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Rotasjonshastighet Som TUNKS)on av avstanc

til galaksens sentrum.
A:uten merk materle

| I T A ) P

Velocity

Distance

#

- The University of Bergen



http://upload.wikimedia.org/wikipedia/commons/b/b9/GalacticRotation2.svg
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Doppleretfekt (rad/bla-forskyvning)

T !

ron Scandium

A

mottatt *“utsendt

v
Z = X~ —  (for “sma” hastigheter)
C

A

utsendt
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Hubbles lov: v=H d

Objektene 1 universet fjerner
seg fra oss med en hastighet
som er proposjonal med avstanden.

S00KM

Proposjonalitets”’konstant™:

H,=(71%3) km/s/Mpc : o S
Velocity-Distance Relation among Extra-Galactie Nebulae,

Radial velocities, corrected for solar motion, are plotted against
_ 0 distances estimated from involved stars and mean luminosities of
(1 pC — 3 ,26 lysar) nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combtning the nebulae into
groups; the cross represents the mean velocity corresponding to
B the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

- The University of Bergen
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Technology

Supernovaer og avstand

* Supernova-eksplosjoner er en godt kjent del
av en stjernes livssyklus — godt kjent og
hoy lys-intensitet, L.

— Kan se fjerne supernovaer p.g.a. intensiteten

e Avstand, r, gitt fral=kL/r?
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m = storrelsesklasse
Hoy m betyr svakt lys

(som betyr stor avstand)

The Distance Befween Two Galaxies

Now
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=
9
-~
4]
=
©
Q.
@
w

27" Slowing Down

Big|Bang Time

Det fins na noen observasjoner
med z godt over 1 (v.h.a.
Hubble space telescope)
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e
o

Men Hubble’s konstant var slett ikke konstant gjennom
universets historie. For radskift som naermer seg 1 skal man
se avvik fra dagens verdi

H?*(2)
o™

(1+2)* +Q, (1+z)""

Q-ene beskriver massen og energien 1 universet
(summerer seg til ca. 1)
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Observasjoner passer med

0 =Q. o +0) =0,05+0,25

synlig merkmaterie

Q,=0,7 (mork, frastetende energi!)

\ - The University of Bergen
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100 ar med sort straling

» Alle legemer avgir et stralespekter som bare
avhenger av temperatur

 Plancks stralingslov:

Eh 3
I(n,T) = —

C
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Plancks stralingslov

» Utledet for 100 ar siden ved a anta diskrete
energitilstander for fotonene
— Viktig brikke under utviklingen av
kvantemekanikken

* Na: Viktig som bevis for a4 underbygge

teorien om Big Bang
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Universets temperatur er (2,725 £0,002)K

‘Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

] L] ! L] l | | | ] L] L] I ] L] L L I Li L] L I I ¥

THEORY AND OBSERVATION AGREE

Intensity, 10-4 ergs / cm? sr sec cm-1
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Nobelpris 2007 for pavisning av smad romlige forskjeller 1 temperaturer
Waves / centimeter LSV W
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Hva betyr det at universet ekspanderer?

* En geometrisk effekt 1 Einsteins generelle
relativitetsteori, der selve skalaen ekspanderer 1
alle punkter

 (Galakser etc.er rosiner 1 en bolledeig under
hevning!

« Tilstedevarelse og temperatur fra kosmisk
mikrobglgespekter underbygger Big Bang teori

—
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- The University of Bergen



Heavy Elements:
0=0.0003

LR ). —.
QO =1

“TOTAL

Neutrinos (v):
0Q=0.0047

Stars:
=0.005

Cold Dark Matter:
0=0.25

Modell, ’Cold Dark Matter,

og kosmologisk konstant’

Dark Energy (A):
Q=0.70
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Hvorfor har universet bare materie?

« Sakharovs tre betingelser:
— Brudd pa bevaring av baryontall
— Brudd pa partikkel-antipartikkelsymmetri

— Faseoverganger (system ute av termisk likevekt)

 Partikkelfysikk kan bidra til a belyse de to forste
betingelser




Historv of the Ilmiverse

P 13 7 milliarder :




