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Abstract: <br>The world's most ambitious scientific experiment is buried 100 meters underground, straddling Switzerland and France.&nt
billion times every minute, the Large Hadron Collider (LHC) slams together protons, while four giant detectors watch closely.<br><br>&nbs
how does the Large Hadron Collider work?&nbsp; Why can slamming tiny particles into each other provide clues about the nature of all spa
time?&nbsp; What mysteries are physicists trying to solve with data from the LHC, and what is the Higgs anyway?&nbsp; What might we
next? How does the cutting edge of particle physics relate to the world around us, from the patterns of stars in the sky to the fact that they
all?<br><br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br:
&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br>&nbsp;<br><br>&nbsp;<br>&nbsp;<br> <br><br>So how<br>does the Large Had
Collider work?&nbsp; Why<br>can slamming tiny particles into each other provide clues about the nature of<br>all space and time?&nbsp;
mysteries are<br>physicists trying to solve with data from the LHC, and what is the Higgs<br>anyway?&nbsp; What might we learn |
How<br>does the cutting edge of particle physics relate to the world around us, from<br>the patterns of stars in the sky to the fact that they :
all?
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‘GOD PARTICLE’

With tears and applause, scientists
celebrate Higgs-like discovery

LUCY CHRISTIE

GENEVA — Agence France-Presse

Published Wednesday, Jul. 04 2012, 11:32 AM EDT
Last updated Wednesday, Jul. 04 2012, 9:11 PM EDT

Pirsa: 12070007 Page 4/92



* Why do we care so much about partieles?

How can we learn about them?

PERIMETER
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A World of Particles

ALL observed phenomena can be
accommodated by a quantum theory of
interacting particles!

|
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A World of Particles

ALL observed phenomena can be
accommodated by a quantum theory of

interacting pa?‘tK/es!

- Don’t know WHY these particular particles
In some cases, don’t know HOW, but we

CERDIETES have specific theories that work.
INSTITUTE
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The Standard Model: A New Periodic Table

Forces

PERIMETER
INSTITUTE

irsa: 12070007 Page 8/92




Particles as Building Blocks of Nature

A more fundamental structure underlying periodic table

electron

proton
neutron
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Standard Model
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The Standard Model: A New Periodic Table
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The Uncertainty Principle
Ap Az > h/2 AE At > h/2

Momentum X Position

Ener :
uncertainty Uncertainty gy x Time

uncertainty  Uncertainty

Werner .| Quantum particles don’t follow a

Heisenberg single well-defined path, and we

never know exactly where they are
or where they’re going.
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The Uncertainty Principle
Ap Ax > h/2
AE At > h/2

Werner
Heisenberg

- Can never be sure whether an
H -3 electron is “just an electron” or
FERIMETER é ) accompanied by some photons




Quantum Particles and Forces

Richard Feynman

This continual absorption and
emission of “virtual” photons
Is one way of understanding
an electric force.

Pirsa: 12070007 Page 13/92



Classical Light and Forces

Proton produces electric field in empty space, which in turn bends electron (and vice versa)

James Maxwell
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Maxwell + Quantum => Particles

Electromagnetic fields
Electromagnetic waves (light) A “smallest wave”, or

particle of light (photon)

Particles + Quantum
+ Local Interaction=> Fields

The classical field is the
effect of quantum

exchanges of many photons




Why are Weak Interactions Weak?

Electromagnetism = exchange of photons — they have no mass, no minimum energy
Weak force = exchange of W and Z particles — they are heavy (100x the mass of proton)

IH’

Large Z mass => “virtua
d Z’s exist for a very long
time, and they don’t travel

very far.
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Why are Weak Interactions Weak?

At large distances, a proton and neutrino sail right past each other:
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Why are Weak Interactions Weak?

At large distances, a proton and neutrino sail right past each other
At small distances, they will interact by exchanging Z particles:

At these small distances,

(about 1/100 the size of a
proton, or 107¥ m) the
weak force is actually
about 5 times stronger
than electromagnetic
force!
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Why are Weak Interactions Weak?

At large distances, a proton and neutrino sail right past each other,
At small distances, they will interact by exchanging Z particles:

This is why physicists who study neutrinos need such big detectors!

B r

SNO (sudbury, ON) N
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Why are Weak Interactions Weak?

At large distances, a proton and neutrino sail right past each other,
At small distances, they will interact by exchanging Z particles:

This is why physicists who study neutrinos need such big detectors!

To study weak interactions (or other new forces) of ordinary matter, we
need to look at very short distances <—> very high-momentum particles

Apr g = T2

This is why we need accelerators!
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What is a particle?

* Building block of quantum theory that can incorporate
all observed phenomena, matter, and forces

— The mass of a particle dictates how far away its forces are
felt — familiar forces (electricity, magnetism, gravity) come
from massless particles

— Heavier particles mediate short-range forces that are best
studied with high-energy accelerators.
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How did we figure this

out?
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The First Particle Accelerators

Faraday, 1838 Geissler, 1857 Crookes 1869-75
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How to Work with Charged Particles

; e r— ] Electric forces accelerate particles

= —

Q _/ Magnetic forces bend particles
----- >

(bend ~ 1/ momentum)

(opposite directions if charges are reversed)
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How to Work with Charged Particles

’ e ] _‘ j Electric forces accelerate particles

e _/ Magnetic forces bend particles
----- >

(bend ~ 1/ momentum)

(opposite directions if charges are reversed)
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Anti-matter

The positron (predicted by Dirac)

behaved like an electron, except with
the opposite charge.

Carl Anderson — 1932

In Dirac’s theory, the electron (or any
particle) could be destroyed — or, given

enough energy, created:

E=mc® \
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An Example

In a very close collision between an electron and a proton, the electric
potential energy U~ e?/r at closest approach is bigger than its mass energy
m.c? — this potential energy can be converted into mass:

In fact every reaction that
conserves energy, momentum,
and charge (and a few other
things) will happen some
fraction of the time:
"Everything not forbidden is
compulsory.”
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The Other Forces

Forces

* Neither strong nor weak are observable in
everyday world (for very different reasons!)

 We've learned about them through creation &
destruction of particles.




The Strong Force

neutron
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The Strong Force

neutron
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The Strong Force

neutron
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The Strong Force

neutron
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The Strong Force

Energy generated by pulling apart |
charges is large enough to create a neutron
v L quark-anti-quark pair
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The Strong Force

Energy generated by pulling apart _
charges is large enough to create a neutromn:
NSTTTOTE quark-anti-quark pair
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The Strong Force
« 4

Strong force converting
energy into particles

Energy generated by pulling apart
charges is large enough to create a neutron
NPT quark-anti-quark pair
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Weak Force

We’ve already met the Z particle,

| which mediates forces much like
electromagnetism, but only over
very short distances.

Its cousin, the W, is itself electrically
charged, and the force that it
mediates changes one type of
particle into another.
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Weak Force

We’ve already met the Z particle,

| which mediates forces much like
electromagnetism, but only over
very short distances.

Its cousin, the W, is itself electrically
charged, and the force that it
mediates changes one type of
particle into another.
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Weak Force & Beta Decays

The neutron is heavy enough that it can decay, through the same
interaction (just rearranging the particle legs)

This is a rare process,
because all the action
must happen in a region of
size h/(m,c?)...

...but the size of the other particle wavefunctions is much
bigger than this!
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The Matter and Forces of Nature
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Powering the Sun

The Forces at Work

— o o — Equal electric charges repel

Short-range strong force
pulls them together — but
not enough

Finally weak force
transmutes to stable
deuterium

PE R
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Powering the Sun

The Forces at Work

— o o — Equal electric charges repel

Short-range strong force
pulls them together — but
not enough

Finally weak force
transmutes to stable
deuterium
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What is a particle?

* Building block of quantum theory that can incorporate all
observed phenomena, matter, and forces

* Particles can be created & destroyed

— These processes have to conserve charge

— But every charged particle has an anti-particle, and so the
particle+anti-particle can always be created, if a process has
enough energy (E=mc?)

— So one good way to hunt for new forces and new patterns in
nature is by looking for new particles!
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Searching for New Matter

First cyclotron, Berkeley 1931
(Szillard and Lawrence)

Combined electric force and magnets to
reach unprecedented particle energies
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Searchlngfor New Matter

SPEAR (SLAC, near San Francisco) 1972:
Early colliding beam experiment,

Discovery of T and co-discovery of
charm quark
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Searching for New Matter

B ST

™~

Tevatron (Fermilab,
near Chicago) 1983

Discovery of the tOf S
quark and world’s 2"-highest energy collider
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Accelerating the Protons

v Iy
' i i

Same principle as the
cathode ray tube, on a
much larger scale
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Same principle as the
cathode ray tube, on a
much larger scale
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