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L Theory ﬂ Experimenth

® Physics: explain all natural phenomena in terms of a few laws

® Theory: express the laws in mathematical form

@ find out which laws are true by observation
3
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Ode to Mathematics

® O:o¢ el pewpetpel =

Plato’s é.demy

God always geometrizes

® Apcwpérpnrog undeis eloitw
No one ignorant of geometry may enter
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Ode to Mathematics

® O:0¢ el pewpetpel Perimeter-Institute
God always geometrizes

_ AZHOTAAXTOX IEPI FEOMETPIA

® Apcwpérpnrog pundeis eloitw
No one ignorant of geometry may enter
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Ode to Mathematics

® O:0¢ el pewpetpel
God always geometrizes

® Apcwpérpnroc pundeis eloitw
No one ignorant of geometry may enter

® "The miracle of the appropriateness of the language of
mathematics for the formulation of the laws of physics 1s a
wonderful gift which we neither understand nor deserve."
Eugene Paul Wigner, 1960 essay
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Experiment has the last say

® "It doesn’t matter how beautiful your theory is, it doesn’t matter
how smart you are. If it doesn’t agree with experiment, it's

wrong."
Richard Feynman, 1969 Messenger Lectures
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Ode to Experiment

Newton (1643:1727 AD) =
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Ode to Experiment
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The Big Science Era

® Started with the Manhattan Project

® Culminated with the Large Hadron Collider

® 7000 scientists from around the world

1
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The Standard Model of Particle Physics

FERMIONS BOSONS
MATTER FORCE CARRIERS

| Jauarks  [] GAUGE BOSONS

"] LEPTONS HIGGS BOSON

+ GRAVITY

~20 parameters and ~12+6 particles

Pirsa: 25080013 Page 11/59



The Range of Validity of the Standard Model

Nucleus DNA Life Earth Sun Galaxy Universe
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Precision Test of the Standard Model:

Gyromagnetic ratio of the electron
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Uncertainty: 1 part per trillion

Experimentally determined
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Precision Test of the Standard Model:

Gyromagnetic ratio of the electron

Quantum theory calculated Experimentally determined

: O O o0 O

‘ trap cavi electron
OO"{"-"S' b’ @ O ) P oY < Ea?gc?:]odd%ap
R S Be de o oo quartz spacer — ) _compensation
) i \ electrode
O #Q, oY Ay nickel rings -=7 _ ——ring electrode
Sava% SOy Fems $2O%% 0.5 cm] ) -——compensation
1' s bottom endcap _§ 41 electrode
" ”" £ " electrode =< _field emission
. : O O microwave inlet —— point
by O, L b
Il‘:l:’ - T .J\_n s ;\“',, n

Uncertainty: 1 part per trillion

Theory and experiment agree to 1 part per trillion!

10
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Why go beyond the Standard Model?

ordinary matter
5%

® Energy composition of the universe

dark matter .
L 26%  »

dark energy
69%

® 20 parameters and ~12+6 particles

® Why is the Universe so
big?

1

® 'The hierarchy problem: Why is Gravity so weak?
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Minimalism

/Wi-ﬂiam of Ockham B

“entia non sunt multiplicanda praeter necessitatem™

Things should not be multiplied more than it is required
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Unification

Newton (1680’s)

Terrestrial Celestial
Phenomena Phenomena
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Unification

Newton (1680’s)

Gravity

Pirsa: 25080013 Page 18/59



Pirsa: 25080013

Unification

Maxwell (1850’s)

Electromagnetism
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Unification

Standard Model (1940’s-2012)

Weak Force Electromagnetism
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Unification

Standard Model (1940’s-2012)

Electroweak Force
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Challenge to Unification

Electroweak Nuclear Gravity
Force

Pirsa: 25080013 Page 22/59



Challenge to Unification

Grand Unified Theory
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Obstacle to Unification

Weakness of Gravity

In the hydrogen atom

proton electron

Force Of Gravity

Force of Electromagnetism

0.0000000000000000000000000000000000000001
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New
Dimension

The Theory of Extra Dimensions

b
4 )

N\

‘ {—;—-— Gravity

— AN
5/ ,-;.;I'
\

.

’ _!'_. "

/

3-d Universe

Gravity becomes weak when it spreads in extra dimensions

Just as a river’s flow weakens when it disperses into a delta
18
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Billiard Table < Our 3-d Universe
Billiard Balls — Elementary Particles
Sound Waves > Gravity
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Signatures of Large Extra Dimensions

—— GRAVITONS

PARTICLES

PROTON v \ OUR UNIVERSE

Gravitons Escape in the Extra Dimensions
Missing Energy

Production of Exotic Particles and Strings

20
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Violation of Newton’s Law at short distances

from Large Extra Dimensions

The Stanford microcantilever
test I'I\-B'.S‘:)

cantilever-_

7
Vi drive mass

¥

-
/ drive-mass

motion

acluator

Distance smaller
than the width of a human hair

21
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New World View from New Dimensions

22
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New World View from New Dimensions

Many Universes, a Multiverse, in extra dimensions like the many pages in a book

Each page with a different story
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Minimalism Plenitude

h
i "\‘ % \ N\ ] y P
%

Go‘ttid Wﬂhe]m Leibniz

“entta non sunt multiplicanda praeter The moost perfect of all possible worlds
necessilatem” should contain all possibilities

23
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Minimalism

For the solar system

Schema huius pramufiz divifionis Sphararum.

24
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Minimalism Plenitude

For the solar system

Scherna huius pramufiz divifionis Sphararum.

24
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A plenitude of Solar Systems

® Changes the way we think about our solar system
eg. Earth-Sun distance

® Points to environmental selection within our universe

25

Pirsa: 25080013 Page 35/59



One Solar System Many Solar Systems

Kepler’s nested platonic solids

26
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One Solar System Many Solar Systems

Kepler’s nested platonic solids

N

The Golvclil"d‘cfl;;slone

Earth-Sun distance begs for Environmental Selection
an explanation Habitable Earth requirement
or divine intervention selects one solar system out of many
26
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One Universe Multiverse

eed to explain w e Universe 1s large: nvironmental selection
Need to expl hy the U larg E tal select
The cosmological constant/dark energy Most universes are too small
problem Our universe is in the goldilocks zone
27
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The Many Universes of String Theory
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Minimalism PlenitUde

The laws of nature depend on the shape of extra dimensions

These extra dimensions imply the existence of many Universes
28
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How do we look for those Universes?

29
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Consequences of a Multiverse in String Theory

® A Multiverse

Explains why the Universe is big

® A plenitude of particles in our Universe
Axions, Moduli, Dilaton, Dark Photons

® May or may not be the Dark Matter

® May behave like waves

® 'I'}*.eu'_\' interact so \\-‘eakll}-’ that th ey cannot be looked i"-‘m" in high energy

colliders

30

Pirsa: 25080013 Page 42/59



The renaissance of “small-scale science”

Table-top experiments, the precision frontier, and lately quantum sensors

ADMX
ARIADNE

Field Cancellation
Coil

SQUID Amplifier

Refrigeration

Cavity

Main Magnet

Quartz block with Nb
magnetic shielding

sample

magnetometer
(e.g.. SQUID)

CASPEr

31
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What if they are not the dark matter?

) A. Arvanitaki et.al.
They change the evolution of black holes

Cloud of

/ Particles

Particles Occupying the Same Bound Orbit:

Can be comparable to the number of protons in all the stars in the universe

33
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What if they are the dark matter?

Particle picture Wave picture

35
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Dark Matter searches

Field Cancellation
Cail

® Searches for oscillating “magnetic fields” that
can penetrate any shield

SQUID Amplifier

Refrigeration

sample

Cavity

Main Magnet

magnetometer
(e.g.. SQUID)

E. ““ [.‘. ) CASPEI"

ADMX

36
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