What’s the Matter?

Joseph Silk
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Matter

physical substance in general, as distinct from mind
and spirit; (in physics) that which occupies space and
possesses rest mass, especially as distinct from

energy.

Oxford English Dictionary



By convention, sweet is sweet, bitter is bitter, hot is
hot, cold is cold, color is color; but in truth there
are only atoms and the void.

Democritus of Abdera, 5th century BC

All things are made of atoms--little particles that
move around in perpetual motion, attracting each
other when they are a little distance apart, but
repelling upon being squeezed into one another.

Richard Feynman, The Feyman Lectures on Physics, Vol. 1, 1964

Richaranan 1918-1988



Protons
Electrons
Neutrons
Neutrinos

Nuclear reactors



PROTONS

Protons must decay

That’s what the unified theory of physics requires.

Because it unifies protons with electrons at
sufficiently high energy



Life-time of a proton

e We would be dropping dead of cancer if proton life-
time was less than 10000 times age of the universe

e 1000 rads or ~ 10’ erg/gm is lethal dose, in a day
or 1000 watt-sec/person or 104 gamma/atom/yr

How do you do better? You monitor a lot more atoms than in the
human body,

50000 tons of ultra-purified water and you look continuously for years

can improve precision by a huge factor



Super-Kamiokande, Japan

in an abandoned zinc mine
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proton lifetime is

>1.6x103% yrs

cf. age of the universe

1.4x10%° yrs



 Quarks are fundamental particles
less than 1000t of a proton in size (or < 10-16¢m)

* Electrons are fundamental particles, they are
point-like.

e Clouds of electrons surround positively charged
nuclei, and are responsible for all of chemistry



e standard mode

of elementary particles

three generations of matter

(fermions)

2.4 MeV/c? =1.275 GeV/c’ =172.44 GeV/c’ 0 ~125.09 GeV/c’
- @ - @ |- @ I @ |- H
up charm top gluon Higgs
=4.8 MeV/c? =95 MeV/c? =4.18 GeV/c? 0
- @Il-@Il- @& | @
down strange bottom photon

=0,511 MeV/c?
1

=105.67 MeV/c?
-1

=1.7768 GeV/c?
-1

=91.19 GeV/c?

- 0

1/2 e 1/2 l‘l 1/2 T 1 Z
electron muon tau Z boson

<2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? =80.39 GeV/c?

0 0 0 +1

1/2 Ve 1/2 V}.l 1/2 VT 1 W
electron muon tau W boson
neutrino neutrino neutrino




Why are quarks undetectable directly?

In nuclei, quarks are held together by gluons
Nuclei are stable (protons and neutrons)
Forces between quarks are weak in nuclei

Outside nuclei, gluons don’t exist
Forces between quarks are strong
Quarks can’t exist in free space

We detect quarks indirectly



Protons are made of quarks
 \We can never detect quarks directly!
e Colliders create them, we see their decays

ATLAS

EXPERIMENT
http://atlas.ch

Run: 189280




Dark Enargy

Accelerated Expansior

Developmaent of
Galaxies, Planets, etc.

15t Stars
about 400 million yrs.

Patterm Dark Ages

Afterglow Light
380,000 yrs.
quark soup @

Big Bang Expansion

1 nanosecond

13.7 billion years



Where is the antimatter?

» Cosmic microwave background: fossil radiation from the Big Bang
* There are 1.6 billion photons per proton
* Matter and antimatter annihilate to photons
» At high enough energy photons create matter and antimatter
» The ratio of matter to matter + antimatter was only
6.2 x 10 19during the first nanosecond of the universe

Today, matter overwhelms antimatter!



EARLY UNIVERSE WAS A TEST BED FOR

HIGH ENERGY PHYSICS

replicating these energies today requires an accelerator stretching halfway to the Moon

A phase transition from unification of the
fundamental forces when quarks and
electrons were interchangeable

To separation of strong from weak forces
Like ice melting, this released energy
For a brief moment, the universe inflated






Alan Guth

Inflation




Why matter rather than antimatter?

* Need an asymmetry in Nature ;-
<THE LEFT HAND

eg, amino acids are left-handed

. ' #
— ¥ ’ i i
_, \ ¥ i #
THE ORIGIN AND EVOLUTION
r y -
— ;{ - OF THE EXPANDING UNIVERSE

erly folded "



Andrei Sakharov

Father of Soviet H-bomb

Nobel peace prize 1975 yu
|I.'r‘ei’lSakha

1967: hlérL

Preponderance of matter over antimatter
arose from baryon number violation, embodied in the
theory of “grand unification”: all forces are unified at
very high energy, only achievable in the Big Bang

plus the requirement that decay of baryons into leptons has to proceed asymmetrically.

We are still seeking to prove this, along with the prediction that protons decay



ELECTRONS

first subatomic particle to be discovered

carrier of electricity

Joseph Thomt 1856-1940 -
Discoverer of electron in 1897




e when accelerated, electrons produces waves

discovery

e




waves are particles (quanta)

particles are waves

Louis de Broglie
1892-1962



Neutron

Nucleus

Proton




Quantum uncertaint

Probability of observing an electron



NEUTRONS

Mass of neutron =938.2723 MeV
Mass of electron =0.5110 MeV
Mass of proton =939.5656 MeV
E=mc?



» Electrons and protons + neutrons

make atoms -2 periodic table

-
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Neutrons and stellar nuclear reactions

proton-proton cycle
powers the sun

Hans Bethe
1906-2005




Stars are powered by
thermonuclear fusion

All elements up to iron are made by fusion
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Thermonuclear fission

Elements with right balance of n/p are stable
All others are radioactive and undergo fission
Too few n: beta decay converts pton+e*+v

Too many n: beta decay convertsntop+e+v
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Neutrons and radioactivity

 One proton plus a neutron is a stable configuration

 More neutrons leads to radioactive decay
B L

.......

and in Chemistry 191



‘“'“},.e Relative Abundance
of the Chemical Elements
«H in the Solar System

Low mass stars

Massive stars
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Cooking in low mass starsj
that die as white dwarfs

sueio.ud Jo yJaquinpN

Number of neutrons

eu ron |njec jon In exp osions of massive stars
that form neutron stars (or black holes)



NEUTRINOS

"the little neutron”

Invented to account for beta decay in radioactivity:
when protons or neutrons inside atomic nuclei decay, they spit out electrons or positrons.
These “beta rays” carry extra energy but negigible mass: hence the neutrino was discovered



Neutrinos are very weakly interacting,
they pass through anything!

1968-72 Homestake mine in Lead, S. Dakota: tank filled with 100,000 gallons of cleaning fluid.
1 chlorine atom/day absorbs a neutrino, ejects an electron, and becomes radioactive argon

Ray Davis 1914-2006

Detect neutrinos from the centre of the sun
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Solar neutrino flux

THE NEAR FUTURE OF v EXPERIMENTS

Neutrino Energy [keV]




NUCLEAR REACTORS



A fusion reactor that creates and sustains life

22 gigawatts

4.1033 ergs/s or 4.10Ygigawatts
The earth captures 2.10° gigawatts



Stellarator
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First steps to controlled

thermonuclear fusion
Germany, 2016



——r—

€ Hiroshima 15ktons 1945




Big Bang nucleosynthesis makes only isotopes
with atomic masses 2, 3, 4 and 7,

— because masses 5 and 8 are not stable

Stellar fusion makes helium, and elements from
carbon to iron

Supernova fusion makes the “iron peak”

Neutron capture makes elements heavier than
Iron



Oklo uranium min
Gabon



AGE OF THE CHEMICAL ELE MEN
via Ra2iwc ACTIVE LATING of RoCKS

oLp Youne NEW-80Rf N




A natural nuclear reactor

A tiny deficiency of uranium -235 was noticed by French scientists in the 1970s

nuclear chain reaction occurred deep underground, 1.7 billion years ago,
thanks to locally enhanced uranium + water seepage

Nuclear reactor zones

sandstone

N
@
@ ore @
granite@

Oklo uranium mine, Gabon



What’s wrong with the standard
model of particles?

electroweak theory requires a new
particle to account for masses of quarks
and electrons, predicted in 1964

the Higgs boson was detected in 2012:
standard model confirmed i

But the standard model still does not:
1) account for neutrino mass

2) include gravity

3) account for dark matter particles




Something new is needed

STRING THEORY
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NATIONAL BESTSELLER

T h e

Superstrings, Hidden Dimensions, and
the Quest for the Ultimate Theory

Brian Greene

Pulitzer Prize Finalist

“Thds is a couragewus and necessary book that should spark a debare
ahour the furure of theoretical physics,” — LEE SMOLIN, author of
The Trouble with Pryiicr and Three Roads te Chustrarum Gravity

NOT EVEN

OMNMOAW

THE FAILURE OF STRING
THEORY AND THE SEARCH FOR
UNITY IN PHYSICAL LAW

PETER WOIT



VWe nave made enormous advances
But the ultimate theory eludes us

how to proceed? give us more funding
for ever larger telescopes or particle
colliders? Or are we reaching the limit?

WFIRST (100 X Hubble) is approximately
the cost of half an aircraft carrier
and just cancelled by DJT
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