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on Lincoln is a Senior Scientist at Fermi National Accelerator
Laboratory. His research time has been divided between studying
data from the Tevatron Collider (until it closed in 2011) and data
from the CERN Large Hadron Collider, located outside of Geneva,
Switzerland. Dr. Lincoln is also a Guest Professor of High Energy Physics
at the University of Notre Dame. He received his Ph.D. in Experimental
Particle Physics from Rice University.
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Dr. Lincoln is the coauthor of more than 1000 scientific publications that
range over subjects from microscopic black holes and extra dimensions to
the elusive Higgs boson. His most noteworthy scientific accomplishments
include being part of the teams that discovered the top quark in 1995 and
confirmed the Higgs boson in 2012. Dr. Lincoln is interested in everything
about particle physics and cosmology, but his most burning interest is in
understanding the reasons for why there are so many known subatomic
building blocks. He searches for possible constituents of the quarks and
leptons, which are treated in the standard model of particle physics as
featureless and point-like particles.
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When Dr. Lincoln isn’t exploring the energy frontier, he enjoys
communicating the excitement of his and his colleagues’ cutting-edge
research with the public. He has authored 3 books for the public about
particle physics that have been translated into Polish, Russian, German,
Korean, Portuguese, and Chinese: Understanding the Universe: From
Quarks to the Cosmos; The Quantum Frontier: The Large Hadron Collider;
and The Large Hadron Collider: The Extraordinary Story of the Higgs Boson
and Other Stuff That Will Blow Your Mind. His fourth book, Alien Universe:
Extraterrestrial Life in Our Minds and in the Cosmos, combines astrobiology
and popular reports of alien visitation to weave together a complete tale of
the possibility of life from other planets.
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Dr. Lincoln has published many articles in periodicals that include Analog
Science Fiction and Fact, The Physics Teacher, and Scientific American. His
online articles have appeared on CNN.com, The Huffington Post, and
Live Science. Dr. Lincoln’s science outreach efforts resulted in him being
awarded the 2013 Outreach Prize from the High Energy Physics Division of
the European Physical Society. He is also a fellow of the American Physical
Society and the American Association for the Advancement of Science.
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Dr. Lincoln has given hundreds of lectures on 4 continents and to a broad
range of audiences, but his favorite kind of audience is nonscientists who are
interested in understanding how the world works. He has a well-regarded
series of YouTube videos that explain frontier physics to a lay audience, and
he is a blogger for the website of the popular television series NOVA. Dr.
Lincoln also writes a weekly column for the online periodical Fermilab
Today, which popularizes research papers as they are released.
You can follow Dr. Lincoln at http://www.facebook.com/Dr.Don.Lincoln. ■
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THE QUEST TO
EXPLAIN ALL REALITY
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or as long as humanity has kept records, we have asked some very
big questions: How did we get here? How did the universe come into
existence? Does the universe have to be the way that it is?

While these questions were once exclusively the province of philosophy and
religion, to determine quantifiable answers, we must turn to the realm of
science. For more than 4 centuries, physicists have led the scientific quest
toward the most fundamental answers to those questions. Their goal is
to create a single theory, using a small number of building blocks and a
few guiding principles, that will allow them to answer these questions as
comprehensively, yet also as succinctly, as possible. The name that physicists
use for this is a theory of everything.

to

In this course, you will learn to view the major advances in physics as a
series of unifications. Isaac Newton unified the motion of a falling apple
with the passage of the Moon around the Earth. A series of 19th-century
scientists, culminating with James Clerk Maxwell, unified electricity and
magnetism into a single force called electromagnetism. With the discovery
of radiation in the early 20th century, scientists discovered the strong nuclear
force, which holds together nuclei and the weak force, which is responsible
for some forms of radioactivity. This course also describes the unification
in the 1960s of the electromagnetic and weak forces into a combined and
more fundamental electroweak force.
COURSE SCOPE

1

These achievements have allowed current-day physicists to categorize the
phenomena of the cosmos into 2 broad categories: a theory of gravity and
a preliminary and incomplete grand unified theory of everything else. The
course begins with a deep dive into the latter—into past and prospective
steps toward a complete grand unified theory, excluding gravity, as
currently expressed in the standard model.
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The standard model of particle physics is our modern understanding of
the subatomic realm and combines both quantum mechanics and special
relativity to create quantum field theories. It explains the nature and
behavior of matter as being caused by 2 classes of fundamental building
blocks (called quarks and leptons), governed by 3 forces (electromagnetism
and the strong and weak nuclear forces). Each of these topics is covered in
at least 1 lecture. In addition, the recently discovered Higgs boson provides
a capstone for the standard model.
But the standard model alone does not provide a full grand unified theory
of the strong, weak, and electromagnetic forces, so the course also addresses
particle physics beyond the standard model. Subatomic particles called
neutrinos have been observed to change their identity, morphing from one
type of neutrino into another before converting back again.
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Devising a theory of everything also requires inventing new and powerful
models that bring together disparate ideas, such as supersymmetry and
the search for a possible level of structure even below the level of quarks
and leptons. Mathematical symmetries have played a fundamental role in
generating these and other new theories.
Next, the course turns to gravity. After a brief introduction to Newton’s
contributions, the course gives an overview of Einstein’s theory of general
relativity. Once you have an appreciation of those well-understood topics,
the course dives into efforts to unify gravity and the standard model, with
descriptions of superstrings and quantum gravity. Quantum gravity is on
the forefront of modern theoretical research, and even top-notch scientists
don’t know what the final answer will be.

2

The Theory of Everything

While both the standard model and general relativity are incredible
intellectual triumphs, neither one explains enough to be considered a
theory of everything—nor are they compatible with one another. To make
further progress, researchers look at phenomena and measurements that are
not described by either theory for clues as to what kinds of changes are
necessary to make improved theories.
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In the realm of gravity, there is both dark matter and dark energy, neither
of which can be accommodated by existing models. Dark matter is
hypothesized to be some kind of particulate matter that persists throughout
the universe and explains why galaxies rotate faster than can be explained
by the observed matter and current theory of gravity. In contrast, dark
energy is an energy field that permeates the entire cosmos and is invoked to
explain why the expansion of the universe is accelerating. The possibility of
extra dimensions has been proposed to account for the extreme weakness of
gravity compared to the other fundamental forces.
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In the quantum world, scientists do not understand why our universe is
made solely of matter when our best theories suggest that it should consist
equally of matter and antimatter. In addition, a theory of everything must
not only explain what we see in our universe, but also how our universe
began and evolved. The big bang theory explains a lot, but it is silent on the
moment of creation itself. The course covers both what is known and also
speculation about the earliest moments of the universe. The course even
covers the humbling concept of the multiverse, the idea that our universe is
but one of many and that other universes may obey laws of physics that are
quite different than our familiar ones.
This course dives deep into what we know, what we don’t know, and how
we hope to move forward to a unified understanding of everything.

COURSE SCOPE
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TWO PROTOTYPE
THEORIES OF
EVERYTHING
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he ultimate goal of science is an understanding of the fundamental rules of the
universe. Over the centuries, scientists
have combined their thinking and observations and distilled them into 2 distinct theories:
Einstein’s general theory of relativity, which
is our best description of how gravity works,
and the standard model of particle physics,
which covers everything else. The 2 theories
are incompatible, however, and we need to
invent a theory of quantum gravity and merge
it into the standard model.

4
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CHEMISTRY AS A BASIS
FOR EVERYTHING
In the 18th and early 19th centuries, a legion of early chemists discovered
that there were several fundamental substances they called elements
that seemed to combine in different configurations. Chemistry
occurred when the elements combined or broke apart.

yy

Another key clue was
revealed in the early 1800s,
when English scientist John
Dalton discovered that when
elements combined, they
combined in fixed ratios.
Essentially, his work verified
that atoms existed.

yy

People had talked about
atoms for more than 2000
years, but it took until the
first years of the 19th century
that we had experimental
data that verified the idea.
And with the discovery of
atoms, our understanding of
the behavior of matter had
one of its first unification
moments: All matter was
made of atoms of elements.

to
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John Dalton
1766–1844

Having this new unit of measure also made it possible to begin
organizing even more observations. There were highly reactive
elements and ones that were less reactive; some elements liked to
interact with other elements more than others. And some mixed in a
few ways—for example, carbon monoxide, which consists of a carbon
and an oxygen atom, and carbon dioxide, which consists of a carbon
and 2 oxygen atoms.

Two Prototype Theories of Everything
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In 1869, many additional
observations were brought
together when Russian
chemist Dmitri Mendeleev
invented what is now
called the periodic table
of elements. He took the
discrete pieces of knowledge
developed by a century of
chemists and alchemists
and organized the elements
in a big grid, in which each
column contains atoms with
similar chemical properties.

yy

The periodic table is a pretty
amazing achievement, but perhaps
D mitri M endeleev
even more amazing is that when
1834–1907
Mendeleev started to work out the table,
he didn’t know about the more than 100
elements that are on the table today. He only knew about slightly more
than 50, which means that he had some holes in his table, but he was
able to work out the patterns with incomplete information.

yy

When Mendeleev wrote it down, he didn’t know why the elements
had the properties they do and why the patterns repeated. In fact,
answering those questions would take another 50 years, when we
finally understood the nature of the atom and the laws of quantum
mechanics. All he knew at the time was that some elements reacted
similarly and that the mass of these similar elements was different. But
those 2 observations led him to his key insight.

to
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There was a point in the 1880s when the best scientific minds in the
world would look at the periodic table and wonder what those patterns
were telling them. It would take the unifying ideas of nuclear and
atomic physics to explain the mysteries of chemistry.
The Theory of Everything
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MENDELEEV'S PERIODIC TABLE
PERIOD
I
1

II

III

IV

V

VI

VII

VIII

H=1

2

Li = 7

Be = 9.4

B = 11

C = 12

N = 14

O = 16

F = 19

3

Na = 23

Mg = 24

Al = 27.3

Si = 28

P = 31

S = 32

Cl = 35.5

4

K = 39

Ca = 40

? = 44

Ti = 48

V = 51

Cr = 52

Mn = 55

Fe = 56,
Co = 59,

Zn = 65

? = 68

? = 72

6

Rb = 85

Sr = 87

?Yt = 88

Zr = 90

Se = 78

Br = 80

Ru = 104,

7 Ag = 108

Cd = 112

8

Ba = 137 ?Di = 138 ?Ce = 140

Cs = 133

9
10

Nb = 94 Mo = 96

? = 100

In = 113

Sn = 118

Sb = 122 Te = 125

?Er = 178 ?La = 180 Ta = 182 W = 184

11 Au = 199 Hg = 200 Tl = 204

Pb = 207 Bi = 208

12

Th = 231

Rh = 104,
Pd = 106

J = 127

Os = 195,
Ir = 197,
Pt = 198

U = 240

In many ways, that’s where we are in our modern effort to develop
a theory of everything. We know of patterns but don’t know the
underlying causes. And this, more than anything, is why we have such
enthusiasm for the idea of unifying theories—because we’ve seen many
examples of when patterns eventually turned into understanding.
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As = 75

ir

Cu = 63
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Ni = 59

yy

Our modern understanding of atoms is that they have a particular
structure, with a small and concentrated nucleus at the center
surrounded by a cloud of electrons. The nucleus is made of protons
and neutrons. With protons, neutrons, and electrons, we can build up
all of the familiar kinds of matter.

Two Prototype Theories of Everything
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The situation changed in 1964 and into the early 1970s, when
physicists found that the protons and neutrons were made of even
smaller particles, which are now called quarks.

yy

The standard model is one of the 2 biggest steps toward a theory of
everything. While nobody claims that we’re done, we can regard the
standard model as our current best guess of a grand unified theory.
Whatever the final theory of everything looks like, the standard model
will be part of it.

to
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THE STANDARD MODEL
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THE KNOWN FORCES
The 5 known forces are gravity, which keeps us firmly planted on the
ground and guides the planets through the heavens; electromagnetism,
which covers both electricity and magnetism, as well as light and
chemistry; the strong nuclear force, which binds protons and neutrons
together in the nucleus of atoms; the weak force, which is responsible
for some forms of radioactivity; and the Higgs field, which gives mass
to subatomic particles.

yy

In the late 1960s, physicists showed that the weak force and
electromagnetism were really 2 facets of a single thing, much in the
same way that electricity and magnetism turned out to be 2 facets of
what is now called electromagnetism.

yy

Therefore, scientists often talk about an electroweak force. So, we
might say that the forces are gravity, the electroweak force, the strong
force, and the Higgs field. On the other hand, the Higgs field is
inextricably tied up with the electroweak force, so maybe it can get
tucked under the electroweak umbrella. Under that way of thinking,
we have only 3 forces: gravity, the strong force, and the electroweak
complex.

yy

The strong force is the strongest of the known forces. It is incredibly
strong over only very short ranges—such as the size of a proton. Once
2 particles are separated by a distance much larger than that, the strong
force goes to zero.

to

pa
ud
io
bo
ok

s.

ir

yy

yy

The next strongest force is electromagnetism, which unifies electricity
and magnetism into a single force. It’s much weaker than the strong
force, but it has a different behavior as far as distance is concerned. Two
particles experiencing the electromagnetic force will, in principle, feel
a force between one another if they are located on opposite sides of the
universe. That force will be very small, but it won’t be mathematically
zero, because electromagnetism has infinite range.

Two Prototype Theories of Everything
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The next weakest force is the weak force. The natural range of the
weak force is about 1/1000 the size of a proton. However, at a
separation of a femtometer, it is about 100,000 times weaker than the
strong force. At its natural scale, the weak force is actually similar to
electromagnetism, and that was the beautiful insight that allowed for
electroweak unification.

yy

Gravity has an infinite range like electromagnetism, but at the
femtometer distance scale, gravity is approximately 1040 times weaker
than the strong force. Gravity is extremely weak—so weak that we
have never figured out a way to study it on these very small scales, so it
is not covered by the standard model.

yy

The Higgs field gives mass to particles, so it’s not a force in the way
that the others are and we can’t talk about it in quite the same way.
Therefore, we can’t compare its strength to the others. The Higgs field
turns massless particles into massive ones.
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THE STANDARD MODEL

The quarks are the heavier particles, most commonly found in the
nucleus of atoms. There are 6 different types of quarks: up, down,
charm, strange, top, and bottom. The up, charm, and top quarks have
an electric charge of 2/3 that of the proton. The down, strange, and
bottom quarks have an electric charge of −1/3 that of the proton.

yy

The up and down quarks are found inside protons and neutrons.
A proton contains 2 up quarks and a down quark, while a neutron
contains 2 down quarks and an up quark.

yy

All of the quarks experience the electromagnetic force, but they also
experience the strong force and the weak force. While the up and
down quarks are found in stable atoms, the other 4 quarks are unstable
and disappear in much shorter than a second. The only way to study
them is to create them in particle accelerators. All 6 types of quarks
have been discovered.

to

yy
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The quarks have very different masses. The up and down quarks have
very small masses, less than 1/100 that of a proton. The strange quark’s
mass is higher than the stable 2, perhaps 20 to 40 times higher. The
charm quark is about 30% heavier than the proton, and the bottom
quark is more than 4 times heavier than the proton. The top quark is
about 185 times heavier than a proton. The top quark was discovered
in 1995.

yy

The leptons are generally lighter than the quarks. Leptons don’t feel
the strong nuclear force, but they all feel the weak force, and their
interaction with the electromagnetic force is mixed.

yy

There are 2 classes of leptons: charged leptons and neutrinos. The
charged leptons, which all carry electric charge, include the electron,
the muon, and the tau lepton. The electron weighs about 0.05% that
of a proton, while the muon is slightly heavier than 10% of a proton.
The tau lepton is just shy of being double the mass of a proton. Like
the quarks, the heavier charged leptons decay very quickly, so if you
want to study them, you need a particle accelerator.

yy

Neutrinos don’t have electric charge, so they only experience the weak
force. Because the weak force is so weak, it means that neutrinos can
pass through matter without interacting. Neutrinos are produced in
nuclear reactors, and the biggest nuclear reactor is the Sun. The mass
of neutrinos is very low. The standard model treats them as having
zero mass, but the neutrino masses are actually just incredibly small,
not zero.

to
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The force-carrying particles, or gauge bosons, are responsible for
transmitting 3 of the 4 known forces. In the quantum world, forces
are caused by the exchange of particles. The gluon is the particle that
mediates the strong force, the photon mediates electromagnetism,
and the W and Z bosons are responsible for the weak force. Both the
photon and gluon are massless, while the W and Z bosons are very
heavy—nearly 100 times heavier than the protons.

Two Prototype Theories of Everything
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There is a hypothetical particle called the graviton that would be
responsible for gravity, but it hasn’t been discovered.

yy

The Higgs field and the Higgs boson were proposed in the late 1960s but
only discovered in 2012. The Higgs field gives mass to the quarks and
leptons, the 2 heavy force-carrying particles, and even the Higgs boson.

yy

With the standard model, we can explain basically everything we
see—from why bread bakes to how stars burn—and we hope one day
to unify the electroweak and strong forces into a single force called a
grand unified theory. However, the standard model is completely silent
on the force due to gravity. For that, we need another theory.
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GENERAL THEORY OF RELATIVITY
In 1915, Albert Einstein revolutionized our vision of the universe.
Before his crucial insight, we had to make do with Newton’s theory of
gravity. Newton unified the gravity of falling objects on Earth with the
gravity of stars and planets, but his ideas had stars and planets marching
in a stately way through a kind of space that was mathematically flat
and unrelated to the objects moving through space.

yy

Einstein changed all that. He described gravity as being caused by matter
and energy actually bending space. Einstein’s theory made all kinds
of seemingly outlandish predictions. For example, he predicted that
colliding stars and black holes would shake the fabric of space and send
gravitational waves traveling across the universe. Gravitational waves were
indirectly discovered in 1974 and directly observed on Earth in 2016.
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Relativity has been tested to incredible accuracy, but the theory doesn’t
work when you apply it to the atomic or subatomic world. This means
that we still have a way to go in devising a theory of everything. In
fact, one of the biggest goals of physics is to somehow first devise a
quantum theory of gravity and then merge quantum gravity with the
standard model—or, even better, merge quantum gravity with a grand
unified theory that unifies all the other known quantum forces. We
The Theory of Everything
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However,
while
that
unification is a crucial and
necessary step, even that is
not enough. The standard
model has its own holes,
and neither theory explains
2 substances called dark
matter and dark energy,
which are needed to describe
the evolution of the universe.
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don’t know how to do that,
but when we achieve it, we
will have taken enormous
steps toward a unified theory
of everything.

A lbert Einstein
1879–1955
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QUESTIONS
1

Why do scientists think that a grand unified theory is possible?

2

What are the key outstanding questions that need to be answered
before a grand unified theory might be devised?
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