Structure within
the Atom

Quark

Size <107 "¥9m

Electron

Nucleus
Size < 1078 m

Size =107 m

Neutron

T~ ‘Atom
~10"10m

If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.




History of the Universe

Now
(15 billion years)

Stars form

s (1 billion years)
_ Atoms form
7 (300,000 years)

Nuclei form
—— (180 seconds)
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Sizes and distance scales

ID'? m
0.0000001 m
One ten millionth of a meter

Molecule

10 m

0.000000001 m

Nucleus

Y

104 m
0.00000000000001 m
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Froton

0.000000000000001 m
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What's the Point?

High Energy Particle
Physics is a study of
the smallest pieces of
matter.

It iInvestigates (among
other things) the
nature of the universe

Immediately after the
Big Bang.

It also explores
physics at
temperatures not
common for the past
15 billion years (or so).

It’s a lot of fun.



— Periodic Table
7 of the Elements
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All atoms are

L of protons,
neutrons

ELEMENTARY
PARTICLES

and electrons

W@ W .

Electron
Proton Neutron

Gluons hold quarks together
Photons hold atoms together



= The crowning achievement of
physics iIs a model that describ
particles and particle interactions. Th
model includes:

6 quarks (those little fellows in the nucé eﬂs
and their antiparticles.

6 leptons (of which the electron is an
example) and their antiparticles

4 force carrier particles (of which the photon
IS an example)
e All known matter Is cormoosad of
cormposites of ouslm* ane leotons which
intaeract by exchanoline force carriers.




Quarks, Leptons,
and Bosons

e Physicists currently believe
there are three types of
basic building blocks of
matter: quarks, leptons, and
bosons.

e Quarks and leptons make up
everyday matter, which is
held together by bosons.

e Each boson is associated
with a force.

Quiarks

e The photon, the unit of the
electromagnetic force, holds
the electron to the nucleus in
the atom.
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e The way these particles
combine dictates the
structure of matter.




All particles have
‘anti-particles’,
which have
similar
properties, but
opposite
electrical charge

Particles

e u,c,t +2/3
e d,s,b -1/3
- e,u,t -1

Anti-particles
e u,c,t -2/3
e d,s,b +1/3
- e,u,t +1



Wierdo
Trekkie-geek
thing?
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How much energy?

Energy release

equivalent to
1 gram of 1 gram of Hiroshima

matter antimatter explosion
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FACT: Fermilab has th
largest amount
antimatter

)

anywhere on the ™

planet.

Question:

What would happen if you
took all of the antimatter

ever made at Fermilab and
combined it with an equal

amount of matter?

ANnswer:

Enough energy

to raise

your 20 oz AVQ‘BUC},_
coffee from (@ 'y
room to **
drinkable  “\Oppe¥/

temperature
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matter constltuents

FERMIONS spin =12, 312, 5/2, ...

Leptons spin =1/2 Quarks spin =1/2

Flavor GM?/S/SZ ELectric Elavor Approx Elhectric
eV/c charge GeV/ 2 charge
2/3

Vo oSt (0-0.13)x10-° 0 Uy v 0.002
€  electron 0.000511 —1 g) down 0.005 -1/3
Vo mactroo* (0.009-0.13)x10-9 0 &) charm 1.3 2/3
JL, muon 0.106 = S) strange 0.1 —-1/3
Y nedtrino* | (0.04-0.14)x10-9 G o 173 213

T  tau 1| T
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Baryons qqq and Antibaryons qqq
Baryons are fermionic hadrons.
These are a few of the many types of baryons.

uud

antiproton . uud

neutron | udd |

lambda | uds
omega | SSS




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

Symbol| Name | Quark | Electric
content| charge

I pion ud +]

K~ kaon : su -1
pP* | rho | ud | +1
BY B-zero db 0

Ne . eta-c | c¢C




Forces of Nature

e Electromagnetic

The electromagnetic force causes electric
magnetic effects such as the repulsion betyween lk
electrical charges or the interaction of bar magnets. H
Is long-ranged, but much weaker than the strong
force. It can be attractive or repulsive, and acts g
between pieces of matter carrying electrical chqrge

« Weak

The weak force is responsible for radioactive decay
and neutrino interactions. It has a very short range
and, as its name indicates, it is very weak.

e Strong

The strong interaction is very strong, but very short-
ranged. It acts only over ranges of order 10-13
centimeters and is responsible for holding the nuclei
of atoms together. It is basically attractive, but can be
effectively repulsive in some circumstances.

e Gravity

The gravitational force is weak, but very long ranged.
Furthermore, it is always attractive, and acts between

any two pieces of matter in the Universe since mass

IS Its source. g



« As the light bulb hinted, charged

objects interact by exchanging ﬂ
photons.

 In the atom the electron and nucleus
are held together by exchanging
photons.
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Light as a Manifestati o

e By emitting or absorbing a photon, 1;
the electron can change its avera/ge3

of a Fundamental F w“
/

position or energy in an atom.  (

 In every day life, the illumination
from your light bulb iIs just a very
great number of photons emitted
from the excited filament atoms.

e This i1s a classic electromagnetic
Interaction and our first
manifestation of a fundamental
force!




The Weak Force

Radioactivity, in particular, neutron de
actually a manifestation of the weak force

At the quark level, a down quark in the neq@
decays into an up quark, by emitting a W b'o_sc')'nj:,

n>p+e+v




The Problem of the N

Why doesn’t the nucleus - ful of
positive protons that repel ong

another and neutral neutrons -
Iitself apart?

Gravity doesn’t work since 1t’s much
too weak compared to
electromagnetism.

There must be yet another force
around!



The Color Charge

< Well it turns out quarks have
quantum number or charge call
“color charge”.

e The force between these color
charges iIs extremely strong.

e Gluons themselves have
color charges




The Color Charge (contin jea

e There are three color charg 1)
named: “red”, “green” and |

“blue”. (ﬁ

 These names are mathematicalx"
iIdentifiers and have nothing to
do with visible colors.

e Quarks are bound In a particle,
like the proton, by madly
exchanging gluons and forming
a binding color field:




Gravity

= Although a deep understanadi )
gravity has been around thé 1)
longest It is not understood at the

carrier level. rﬁ

e The has not been
discovered.

e Still since this is a very weak force
the Standard Model works very
well In the absence of a full
description




Gravity Weak Electromagnetic
(Electroweak)

10-37 weaker Explained by complete theory
than EM
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FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

V TARGET HALL
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DID YOU KNOW YOUR TELEVISION SET IS AN ACCELERATOR ?

++«./T PRODUCES ELECTRONS

In your TV set, the electrons
are accelerated to 20000 volts.

In LEP, they are accelerated to
100 000 000 000 volts.

ACCELERATING CAVITY

BENDING MAGNET

NP«

FOCUSING MAGNET

A VACUUM CHAMBER

COLLISIONS -

\/

_\\ /7 i

CERN AC - Z34 va - V13/3/98



Fermilab Facts

Named after Enrico Fermi,

the famous Italian physicist

who worked on the Manhattan Project.
Current Director: Pier Oddone
Fermilab encompasses 6800 acres,
much of it used for prairie restoration
and preserving open space in the western suburbs.
Employees about 2000 people.

Original cost $250,000,000. Approximately the same
amount in upgrades over the last 30 years.

Electric bill between $10,000,000 and $20,000,000

NO classified work is done here, ask all the
guestions and take all the pictures you want.
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Place H atom in ar?E
field - strip aw e.

p congregate on metal
surface w/ cesium. -

Free e from
metal/cesium combine
with p.

Incoming p smacks a H-
ion off the metal plate.

H- ion moves away from
negative surface.

lons pass through a thin
carbon foil to remove
electrons.



« 120 GeV p fromi\f)
Ml smash int

i Nickel target. *

 For every 1
million p that hit
/ = the target, only
e 20 8 GeV
Station | pbars survive to
q_I}clmm::her T h e

Accumulator.

J A ccumulator




(R

e
T/

2

< Anti-protons (p-bars) pass through a
Lithium Lens where they are focused.

e Bending magnets bend all anti-
protons in one direction.
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CDF Control Room




Dew Drop

A dew drop is made up of many
molecules of water

(1021 or a billion trillion).

Each molecule is made of an
oxygen atom and two hydrogen
atoms (H20). At the start of the
20th century, atoms were the
smallest known building blocks
of matter.

Each atom consists of a
nucleus surrounded by
electrons. Electrons are leptons
that are bound to the nucleus
by photons, which are bosons.
The nucleus of a hydrogen atom
IS just a single proton.

Protons consist of three quarks.
In the proton, gluons hold the
guarks together just as photons
hold the electron to the nucleus
in the atom.

fMolacula
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Calorimeters Tracker

ptons |

Beamline
Shielding

-5

o=

{m)

Electronics

In Run Il (March 1, 2001), the Fermilab Tevatron will deliver 10-20
times as many collisions per second as Run I.

The D@ detector required an overhaul in order to cope.



«800,000 distinct detector elements.

eVVery complex (fragile)

eAbsolutely crucial for viewing the ,
details of how particles behave neaF ‘
the collision. g

eParticles that don’t come from

the collision point serve as

‘flags’ of interesting physics.




Calorimetry: I\/Ieasurmg

A particle hits some dense stuff (like
metal) and creates more particles,
each of which have less energy. In
the undense material you count
particles. The number of particles is
proportional to the energy:.

Dense Stuff Undense Stuff

X

Gy

S = s
II 12gvy

E 2XE/[2 4xE[4 8xE/8  16xE/16



Measuring Momentum

F=force |
v = velocity P Wires or
r = radius of curvature pd Scintillating
= Fibers
p (mv) = momentum (~energy)
g = electrical charge Low
Momentum

B = magnetic field
High

The use of a magnet makes Momentum

the path of the particle bend. .

Thus we can measure the ATEATEA Maanetic Fi
agnetic Field

momentum (related to the S sttt Dointsinto screen

velocity)



Top Facts

e In each event, a top and anti-top

guark Is created.

= ~100% of the time, a top quark decays: i

Into a bottom quark and a W boson. (

« A W boson can decay into two quarks or into
a charged lepton and a neutrino.

S0, an event in which top quarks are
produced should have:
- 6 quarks
- 4 quarks, a charged lepton and a neutrino
- 2 quarks, 2 charged leptons and 2 neutrinos

Force Carriers




DET LEQD J-EEP-1537 10:30 J!'.u.u

Bt Muon An e-mu Event

1% muon

Wy neutrino

neutring ¢

clectron & <
Jet 2 ib)
L
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Top quarks are the heaviest particle
known. Each one has the mass of
CURETCR I DI T R YT CR I EUla ek Collision in Calorimeter
among the smallest objects known).



In this collision, a top and
anti-top quark were created,
helping establish their existence

Max ET= 345.4 GeV
CAEH ET SUM= 5%68.0 GeV
VIX in Z= -5.4 [cm)

This collision iIs the most violent
ever recorded (and fully
understood). It required that
particles hit within 101° m or
1/10,000 the size of a proton




Do neutrinos have
mass?

< Neutrinos are curious
particles; they interact so
weakly that 20 trillion of
them come from the sun
and pass through this
room every second
without any change
whatsoever to either
themselves or anything in
this room.

e If neutrinos have mass,
they might change from
one type into another, an
effect called oscillations.

< At Fermilab, physicists
have two experiments,
NuMI and MiniBooNE to
see If muon neutrinos can
change into electron
neutrinos or tau neutrinos
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Neutrino Oscillation 5

\V/Z-
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e The NuMI
experiment gives
neutrinos more
time to change,
they will travel
some 450 miles to
a new detector In
the old Soudan
Mine in Minnesota.
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MiniBooNE

e The MiniBooNE
experiment on the left R R e g
will use the Fermilab I 1 ETREE 0 LT
Booster to improve the PV T :
sensitivity of an
experiment conducted
at Los Alamos National
Laboratory.

e It aims to prove or
disprove a
controversial signal in
the liquid scintillation
neutrino detector in
which physicists
believe they have seen
a signal for
oscillations.



Why iIs there

Stars, people, and
Insects all have mass
because the particles
they are made of have
mass. But, not all types
of particles have mass.

Why do some have mass
and others don't?

Why does a top quark
have about 40 times as
much mass as a bottom
quark?

One theory for mass
requires a new heavy
boson, called the Higgs,
which has yet to be
discovered.




In 1993, William Waldegrave,

the British Science Minister,
Announced a contest, the prize for
which was none other than a bottle
of very good
champagne.

I'EI rl Lt Im p A r]:.:'l |'I

x

MOET & CHANDON

The contest? Explain
how the Higgs
mechanism works iIn
simple terms.

The winner:
David Miller Particle gains mass  Higgs boson manifests



The Higgs Particleh‘\

‘

The electroweak unification pofﬁ

\7%2
the existence of the Higgs Part 1. )

This particle or field interacts with all_
other particles to impart mass. €

The experimental program at Fermilab-
In lllinois and the Large Hadron Collider
In Europe are dedicated to the search
for this particle.

It’s discovery would be an achievement
of the highest order - reaching an
understanding of the origins of mass!




How do you find a Higgs

=
The Challeng{% )éhli)?

Higgs is x10 rarer t
top quark was.

We will have xlO(f@ore

data to look through.

So it’s a wash....

Except...things that look like a
Higgs Boson, but aren’t are
much more common.

B’ottom line







Higgs Event

Missing E; Electron
(neutrino) energy
cluster

lk

i

\ Electron Track

P

Two b-jets from
Higgs decay

[I Calorimeter
Energy
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Inserting the Silicon
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LHC: Large Hadron Collider
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A Few of the Unsolv E\W& '
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e Can the forces be fully ,
unified? ﬂ

e How do particles get
mass?

 How does gravity fit into

all of this? .
o=

Questions (




Extra Dimensions

- Amazingly enough an 11 dime ,; )
world (time, 3-D, 7 very small'less -
than 1mm In size) can accommod
a fully unified theory! (=)

e Only gravity can communicate to the
other dimensions and so It’s
“strength” is diluted in ours. That is,
the graviton can spread it's influence
among all 10 spatial dimensions.

e Experiments are underway searching
for signals of these dimensions.



At very high
energies all
Interactions

merge to a
single force.

Strength of Force

108 1012 1pl®
Energy in GeV
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that heral

new -
discoveries, is
not ‘Eurekal’ (I
found it!), but
‘That's funny...””

-- Isaac Asimov



Energy Is Matter

Matter is Enéﬁ

Lots of energy makes
lots of matter
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