_ oa’(\ : % P '4‘1’;}:

(a) Fast particles make a thin curved track

e-4

(b) Slow particles or massive particles cause
more ionisation in a shorter distance and
hence thicker tracks

(c) Particles lose kinetic energy through
ionising collisions, so track gets more curved
and thicker

(d) A decay into a charged particle and a
massive neutral particle, which itself
decays into two oppositely charged

particles
—~ <
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4C fit : 5CflitZ mass:
Mo =101.7 GeV/ic?  b-tag (j,,jz) = +7.26 M2 = 97.4 GeV/c?

Mo = 86.4 GeV/ic?  b-tag (jajs)=-0.16 = Mzu=M;

M= 98.9 GeVic?  b-tag (ji,jy) = +1.43 M= M
M= 1059 GeV/c?  b-tag (joj3)=+5.67 = Myyz="113.4 GeV/c?
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a) Fast particles make a thin curved track (c) Particles lose kinetic energy through
ionising collisions, so track gets more curved

ot and thicker
~
'b) Slow particles or massive particles cause (d) A decay into a charged particle and a
more ionisation in a shorter distance and massive neutral particle, which [tself
hence thicker tracks decays into two oppositely charged
particles
p*
p-
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Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
There are about 120 types of baryons.

Quark Electric Mass Soin
content charge GeV/c2 °P

Symbol Name

proton

anti-
proton

heutron
lambda

omega




Baryons qqq and Antibaryons qqq

Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Symbol| Name | Quark | Electric | Mass |[Spin
content| charge | GeV/c2

p proton uud 1 0.938 | 1/2

p |antiproton| uud ] 0.938 | 1/2

n neutron | udd 0 0.940 | 1/2

A lambda | uds 0 1.116 | 1/2

omega SSS —1 1.672 | 3/2




force carriers

BOSONS spin=0 1, 2, ...
Unified Electroweak spin = 1 Strong (color) spin =1
Name Mass
GeV/c?

0

W

W bosons
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Origin of Mass?
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I The Standard Model
| ~ Bosons
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PHYSICS AT THE FARM:
Discovery of the Muon.
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FERMIONS

Leptons spin =1/2
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Flavor
-

W idiimes (0-0.13)x10° 0
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PROPERTIES OF THE INTERACTIONS

Interaction o
Property Gravitational
Fundamental sidu

Acts on: Mass - Energy Flavor Electric Charge Color Charge 2 Resal e

Particles experiencing: All Quarks, Leptons Electrically charged | Quarks, Gluons Hadrons

Particles mediating: notG’e“:‘(’)':gl',‘ve 5 w+ w- 70 Y Gluons Mesons

Strength relative to electromag 108 m 0.8 25 Not applicable

60 to quarks

104 )
Not applicable 20

for two u quarks at:
-7
10 to hadrons

3x10"7 m

for two protons in nucleus
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PROPERTIES OF THE
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Residual Strong Interaction
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.
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Electrically charged | Quarks, Gluons Hadrons
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Mesons qq

Mesons are bosonic hadrons
These are a few of the many types of mesons.

Symbol| Name | Quark | Electric | Mass [Spin
content| charge | GeV/c2
T pion ud +1 0.140 | 0
K~ kaon su —1 0494 | O
p* rho ud +1 0.776 | 1
B’ | B-zero db 0 5279 | 0
Ne eta-c cC 0 2.980 0




(a) Attraction, e.qg. strong force between quarks

(b) Repulsion, e.g. electromagnetic force between
positive charges

(a) B~ decay

Ve Ju U/\i p
“ wW- A
/> ﬁ\/ <\
(c) No interaction, e.g. a neutrino ignoring an electron. ~ \\

(1]
= |

The weak fields do not come close enough to interact

@
o= |

-

(b) ©* meson decay

' \\ W < =
,"’/ \ -

+

\
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Particle Processes

(C) K~ meson decay These diagrams are an artist's conception. Blue-green shaded areas represent the cloud of gluons.
Vi L
W-
------ K
u S
(d) D* meson decay
u cd D' . )
\ W+ / / d) decays to a proton An electron and positron
+ (uud), an electron, and an antineutrino (antielectron) colliding at high
T via a virtual (mediating) W boson. This energy can annihilate to produce
< is neutron B (beta) decay. B? and B® mesons via a virtual Z
d s d K* boson or a virtual photon.




Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravi o Weak Electromagnetic Strong

Property Interaction Interaction(EIectroweak) Interaction Interaction

Acts on: Mass — Energy ‘ Flavor Electric Charge Color Charge

Particles experiencing: All | Quarks, Leptons Electrically Charged Quarks, Gluons

Graviton
(not yet observed)

10-41
3x10~7m 10-41

Particles mediating:

25
60

Strength at {

|
|
w+ w- 20 ‘ Gluons




Background: Simulation of o Higgs event

The Forces

2 — ,
Four. ... hl

Particle Physics 3

BN~

....orone?

sy

The forces of nature petween matter particles (quarks and leptons) arise from

the exchange of other 'force canying' particles called bosons. If a boson is emitted by one
quark or lepton and is absorbed by another, then there is a force between the two.

Force

Boson

gravity graviton
weak whw’z

 electromagnetism photon

:) 1 sfrong gluons

Gravity

The weakest force, but responsible for
attraction between astronomical objects.
The graviton has not been observed.
Felt by all particles.

Weak

@
Responsible for radioactive B decay. The force
carriers (W=, Z bosons) have mass and o5 7e
were discovered at CERN in 1983-4.

Felt by all matter particles.

Source

Iielcmve strength*

of the electroweak force.

The mathematical theory

of this force predicts the
existence of the Higgs
boson, responsible for
the mass of all objects.

Range
mass 10 infinite
weak charge 10° 10"®m
charge 102 infinite
colour N Siveness. 10%m
X —
iy
/ /
Y% Strong v
VA ad Felt by quarks only, this force also holds nuclei
together. There are eight different fypes of gluons
/ { carrying different combinations of colour.
The weokjl force and
electromagnetism are 9 ' S
different manifestations

Electromagnetism -

Holds atoms together and plays a maijor role in
everyday life. The force carrier is the familiar .
photon. Electricity and magnetism are simply~~
different manifestations of this force. Felt by all
particles except neutrinos, which are uncharged.

Can all four forces be described as different aspects of a more general theory ?
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Cyclotron

The first circular accelerator was the cyclotron.

Accelerated
profens

Equating forces mvifr=Bev and the time for half a tum, t=mnr/v;

hence t=mm/eB. This is independent of radius, so with the
correct choice of frequency for the ac voltage protons will be
accelerated every time they eross the gap. The final kinetic
energy = (BeR)/2m and is about 10 MeV for R=0.3 m.

The largest machines

Some of the largest machines ever built accelerate the
smallest particles fo a speed very close to the speed of light.
The equation E=hc/x shows that high energy particles have a
short wavelength and can therefore probe smaller distances
when they collide. In the largest accelerators particles
circulate at a fixed radius and the magnetic field is increased
as they gain energy.

Particle Accelerators+

Particle Physics 4

Television set

A television set is a particle accelerator in v\k)_ich electrons
reach an energy of about 20 keV. The samefeatures were
found in the LEP accelerator at BCUUM

CERN. LEP accelerated electrons
and positrons to 100 GeV before
colliding them. LEP completed its
research programme in 2000
and is being replaced by the
Large Hadron
Collider.

Wom & iR

Computer graphic of
« LHC positioned in the I8
existing LEP tunnel.

Nucleus
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proton synchrotron

accelerating
cavities

o
@
\0/\. *

proton’s speed

progressively
increased

Figure 13 In a proton synchrotron, the
protons are repeatedly accelerated by the
same cavities.

magnetic field
(vertical)

e

Q

force due to
magnetic field
(horizontal)
force due to
electric field
(horizontal)

N tiae; comnmane

proton'’s horizontal
circular path

Figure 14 In a synchrotron, the proton
is accelerated by electric forces acting
tangentially to its circular path. Mean-
while the magnetic field exerts the
necessary restraining force directed
towards the centre of the circle.

Figure 15 An analogy for a synchrotron.






Universe Accelerating

&
4
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= -

The expansion of the universe appears to be
accelerating. Is this due to Einstein's Cosmo-
logical Constant? If not, will experiments
reveal a new force of nature or even extra
(hidden) dimensions of space?

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

Why No Antimatter?

P

Matter and antimatter were created in the Big
Bang. Why do we now see only matter except
for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?

Dark Matter?

Invisible forms of matter make up much of the
mass observed in galaxies and clusters of
galaxies. Does this dark matter consist of new
types of particles that interact very weakly

with ordinary matter?

Origin of Mass?

In the Standard Model, for fundamental particles
to have masses, there must exist a particle
called the Higgs boson. Will it be discovered
soon? |s supersymmetry theory correct in
predicting more than one type of Higgs?







