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Inthe eld of particle physics, we try to understand what our universe

TOUNG REVIEWERS is made of. We study the basic properties of matter, describe the

EDOARDO elementary particles that compose matter, and try to understand
AGE:8 how the various particles that build our world work together. In this
LYAN article, we will dive into the heart of atoms—the building blocks of
AGE 8 matter—and try to answer some intriguing, basic questions about the
universe such as: “What are protons and neutrons, the particles that
MATTIA make up the nucleus, made of?” and, “Can those components be
AGE: 9 divided into even smaller particles?”
WHIT-
CHURCH Professor David Gross was awarded the Nobel Prize in Physics
PRIMARY in 2004, jointly with Prof. Hugh David Politzer and Prof. Frank
SCHOOL Wilczek, for the discovery of asymptotic freedom in the theory o f
AGES: 1011 the strong interaction.
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THEORETICAL
PHYSICS

A branch of physics
that uses mathematical
equations to build
models that help to
describe the world.

PARTICLE PHYSICS

A branch of physics
that studies the building
blocks of matter.

THEORETICAL PHYSICS—MY MIDDLE SCHOOL
SWEETHEART

| was curious about science from a young age. When | was in middle
school, | was enormously interested in reading popular science  books,
such as One Two Three...In nity by George Gamow, which explores
concepts in mathematics and physics. For my 13th birthday, | got a
very special book signed by no other than Albert Einstein himsel f. ltwas
given to me by a relative of Einstein's collaborator, Leopold Inf eld, who
co-authored the book. That was when | fell in love with  theoretical
physics. | was fascinated by the idea of using math and my own mind
to understand the universe. From then on, | knew | wanted to be a
theoretical physicist, and indeed | became one—and still am. My | ove
for theoretical physics has matured with the years, but it is basica lly
the same love | felt as a teen. | am still excited to understand the
basic puzzles of our universe, one of them being: What is the uni verse
made of?

STUDYING WHAT MATTERS WITH PARTICLE PHYSICS

What exactly is matter? What is it composed of? These are the kinds
of questions we try to address in particle physics . Nowadays, it
is common knowledge that all matter—from the stars to our own
bodies—is made of atoms, which are themselves made of protons,
neutrons, and electrons. Up until the early 1900s, the structure of th e
atom was not understood. Between 1908 and 1913, a physicist from
New Zealand named Ernest Rutherford and his students performed a
series of experiments to explore the structure of the atom [ 1]. They
took tiny particles called alpha particles and smashed them into the
atoms in a sheet of gold foil (To read more about Ernest Rutherfo rd and
this experiment, see here and here). Some of the alpha particles passed
through the foil uninterrupted, while others seemed to have bumped
into something sti and scattered o in various directions (  Figure 1A).
The results of these famous experiments revealed that most of the
volume of the atom is empty space, while most of its mass and all
of its positive charge are concentrated in a very small volume ini ts
center, called the nucleus. This was a great discovery, and it ma rked
the beginning of particle physics.

A few years later, Rutherford discovered that the positive charge of
the atom is created by patrticles called protons, and that the number
of protons in an atom is equal to the number of electrons circling
the nucleus [ 2]. Then, it took more than 10 years to make the next
step toward understanding the structure of the nucleus. In 1932,

a renowned physicist named James Chadwick discovered that the
nucleus contains protons and neutrons [ 3]. Chadwick's discovery
completed our basic understanding of the classic “solar system”m odel
of the atom, in which electrons orbit around the nucleus (  Figure 1B).
But what are protons and neutrons made of?
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Figure 1

Early studies of the
atom's structure. (A)
Rutherford's gold foil
experiment in 1919
revealed that the atom
has a solid nucleus at
its center. When alpha
particles were used to
probe the atoms in a
sheet of gold foil, some
of them passed right
through while others
bounced o something

that changed their path.

This obstacle turned
out to be the nucleus
(Image adapted

from: https:// exbooks.
ck12.org/cbook/ck-
12-chemistry-
exbook-2.0/section/4.
14/primary/lesson/
rutherfords-atomic-
model-chem/ ). (B)
Studies in the 1930s
revealed that the atom
has a solar system-like
structure, in which
electrons orbit around
the nucleus.

SUBATOMIC
PARTICLES

Particles that make up
atoms and are
therefore smaller than
the size of an atom.
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Figure 1
SPEEDING UP OUR UNDERSTANDING WITH
ACCELERATORS
Since Rutherford's pioneering gold foil experiment, particle  physicists

have done many similar experiments, scattering one particle, ca lled
a probing particle, o a dierent particle, called a target parti  cle,
to learn about the properties of the target particle. This process i s
called probing. We measure the scattering of the probing particle  (for
example, an electron) o the target particle (for example, a proto  n),
when the probing particle is sent at various angles and with variou s
amounts of energy. This information allows us to infer the structure  of
the target particle. To understand probing, we can use the following
analogy: Imagine a room full of people. You want to know where
the people are, but you cannot get into the room. What you  can do
is throw balls into the room. So, you throw one ball in and nothing
happens. Then you throw another ball, at a slightly di erentang le, and
you hear “Ouch!”, so you know there is a person in that direction. 1  fyou
throw many balls in many di erent directions and at various spe eds,
you can eventually get a sense of how the people are organized in
the room. The same principle applies when we scatter one particle o
another—we learn about the structure of the target particle from the
feedback we get from the scattering of probing particles.

To probe the structure of the nucleus, Rutherford scattered alpha
particles o it, which he could do in his lab. If we want to zoom
even deeper into matter, probing the structure of  subatomic particles
like protons and neutrons, or if we want to discover new subatomic
particles, we must use probing particles with much higher energie s
than Rutherford used. The reason is that subatomic particles are h eld
together by strong forces, so we must use great energies to break
them apart so we can study their structures. To do this, we use
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ACCELERATORS

Devices that accelerate
particles to very high
speeds and collide
them with target
particles, to study the
structure of the

target particles.

Figure 2

The SLAC linear
accelerator at Stanford
University. The SLAC
accelerator (highlighted
in pink) was
constructed in 1966. It
is 2 miles

(3.2 kilometers) long
and is capable of
accelerating electrons
to energies of 50 giga
electron volts (Image
source: https://upload.
wikimedia.org/
wikipedia/commons/e/
ef/SLAC_National
Accelerator_
Laboratory_Aerial.jpg ).

accelerators —devices that accelerate the probing particles to very
high speeds.

At the beginning of my scienti c career in the 1960s and 1970s,
new accelerators were being built and used. Two accelerators that
in uenced my career were the Bevatron at the University of Californ ia,
Berkeley, where | was a graduate student, and the linear accelerator at
the Stanford Linear Accelerator Center (SLAC) at Stanford Universi ty
(Figure 2). Compared to the strongest accelerators we have today
(notably the Large Hadron Collider at CERN), the Bevatron and the
linear accelerator could not accelerate the probing particles to  very
high velocities. In fact, they managed to produce energies of abo  ut six
giga electron volts (GeV; one electron volt equals the energy that one
electron has when it is accelerated by a voltage of one volt), whichi s
about a thousand times less than the energies of today's accelerato rs.
Yet, those accelerators were strong enough to allow scientists to
discover new particles on a weekly basis. This was an extremely
exciting time in particle physics, and | knew | wanted to be where
the great action was. Even though experiments were ourishing, we
had very little theoretical understanding of the structures of subato  mic
particles and the interactions that govern their behavior. | chose to
focus on a very basic problem: what is the proton made of?

Figure 2

THE STRUCTURE OF PROTONS

At SLAC's linear accelerator, electrons, which are simple point particles
(meaning particles concentrated into an extremely small volume)  were
used to probe protons to study their structure. At that time, no one
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Figure 3

Studying subatomic
particles. (A) In the
1960s, physicists
Murray Gell-Mann and
George Zweig
suggested that
subatomic particles,
like protons and
neutrons, are made of
basic particles called
quarks. Quarks are
called strongly
interacting particles
because they are
bound by the strong

force. (B) In the 1970s,

my colleagues and |
found a mathematical
explanation of the
behavior of quarks—a
phenomenon called
asymptotic freedom.
Asymptotic freedom
describes how the
interaction between
quarks becomes
weaker as they come
closer together and
stronger as they move
further apart. This
explains why quarks
stay “locked” within
protons, which is
called con nement.

knew what protons were made of. One hypothesis was that the proton,
like the electron, was a point particle, and that it was not composed  of
any smaller parts. Another hypothesis was that the proton was made
of an evenly distributed, unknown material. Surprisingly, the re sults
from the SLAC accelerator did not t either hypothesis, but seeme d
to indicate that the proton was made out of other point particles.
However, no one had ever seen the point particles that supposedly
composed the proton, and no matter how hard we hit the proton
with the probing patrticles, those point particles did not come out
(In contrast, when we smash atoms together, their electrons y 0 .).
Additionally, probing results seemed to indicate that the pointpa rticles
in the proton were bouncing around as if no force was acting between
them. That was very strange because we knew that the point particles
were bound tightly within protons—but we could not explain what was
keeping them bound there.

In my search for an explanation of these surprising ndings, | wa s
assisted by two previous theories. One theory was proposed by
physicists Murray Gell-Mann and George Zweig in the early 1960s
[4, 5]. Gell-Mann and Zweig realized that the data emerging from the
measurements of strongly interacting subatomic particles could b e
explained mathematically, by assuming that they were made of three
kinds of more basic particles that Gell-Mann called quarks (Figure 3A).
At rst, this assumption was thought to be only a mathematical
“trick” that had nothing to do with reality. But, as time went on,
some of the predictions of this model turned out to be pretty
accurate, and together with new results from accelerator experimen ts
the idea of quarks seemed to be worth exploring in greater detail.
The other theory | used was generalizations of Maxwell's theory of
electromagnetism. Maxwell's theory explains the force of electri city
and magnetism based on the existence of a single type of charge,
called the electrical charge.

Figure 3

Generalizations can be made from Maxwell's theory, such that othe r
kinds of charges can be used to explain other natural forces. In
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RADIOACTIVITY

A process by which
particles and/or energy
are emitted from an
unstable atom.

STRONG FORCE

The force that binds
protons and neutrons
in the nuclei of atoms.

ASYMPTOTIC
FREEDOM

A phenomena whereby
quarks act like free
particles when they are
short distances apart,
but oppose being
separated from one
another as the
distance increases.

CONFINEMENT

The property of quarks
to stay “locked” inside
protons (or other
particles), even when
great forces are applied
to separate them.

HADRONS

Particles that are built
from quarks and
interact via the

strong force.

physics, there are four basic forces: the electromagnetic force , which
is responsible for electricity and magnetism; the weak force, whic h
is responsible for radioactivity (to learn more about radioactivity, see
here); the strong force , which binds protons and neutrons in the
nuclei of atoms; and gravity, which pulls massive objects toward on e
another. | was trying to explain the strong force holding protons and
neutrons together.

After doing some complicated math based on these two theories,

| developed a new theory called quantum chromodynamics (QCD).
QCD explains the properties of quarks and the forces that act on
them. In QCD, there are three types of charges (opposed to only
one type—electrical—in classical electromagnetism) and eight types
of forces that act between these charges. One of QCD's greatest
achievements is its ability to explain the surprising nding that g uarks
behave like free particles inside the proton. My colleagues and |
found a mathematical explanation for why the strong force that
acts between quarks becomes weaker and weaker as the quarks get
closer together—a phenomenon called asymptotic freedom [6, 7]
(Figure 3B). The discovery of asymptotic freedom led to a great
advancement in particle physics, for which | was awarded the Nobel
Prize in Physics in 2014, jointly with Hugh David Politzer and Fran k
Wilczek. Asymptotic freedom was a surprising discovery becaus e
other forces in nature get weaker as the particles move further apart.
Asymptotic freedom explains why we do not see free quarks—the
further we try to separate them, the stronger the force pulling
them together becomes. This means that quarks stay “locked” inside
protons—a phenomenon called con nement

QUIRKY QUARKS: SURPRISING BUILDING BLOCKS OF
MATTER

We currently believe that quarks are point particles that make up
protons, neutrons, and a whole class of strongly interacting partic les
called hadrons. As we have seen, quarks are con ned within the
particles they constitute, and they move like small balls bouncing
around inside a larger ball. Quarks have three types of charges : electric
charge, avor, and color (not the same “avor” and “color” in the
traditional sense that we detect with the tongue or eyes). In terms
of electric charge, quarks can have a charge that is some fractio n
of the charge of an electron or proton: either % (% of the negative

charge carried by an electron) or C% (% of the positive charge carried
by a proton). Quarks come in six avors, which we call up, down,
strange, charm, top, and bottom ( Figure 4A). Quark avors are related
to the weak force responsible for radioactivity. Protons are made
of two “up” quarks and one “down” quark; neutrons are made of
two “down” quarks and one “up” quark ( Figure 4B). In addition to
electric charge and avor, quarks can come in one of three color s:
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Figure 4

Quarks. (A) Quarks
come in various electric
charges, avors, and
colors. Their charge is
some fraction of the
charge of an electron
or proton. They come
in one of three colors,
which are the source of
the strong force that
binds them together,
and in one of six avors
which are related to the
weak force. (B) Protons
are made of two “up”
quarks and one “down”
quark, while neutrons
are made of two
“down” quarks and one
“up” quark.

STRING THEORY

A theory of physics that
describes the basic
particles of nature in
terms of a string that
vibrates in

di erent ways.

red, white, and blue. Colors are the source of the strong force
that binds quarks together, and this is also the source of the name
chromodynamics—"chromos” means “color” in Greek.

Figure 4

At this stage, you might be wondering whether quarks themselves
are made up of even smaller particles. In the history of physics,
we have progressively found smaller and smaller particles that make
up matter: atoms are made of electrons and nuclei, nuclei are
made of protons and neutrons, protons and neutrons are made of
guarks...maybe quarks are made up of something else? So far, there
iS no experimental evidence to indicate that quarks are made of
sub-quarks. To get de nite experimental proof that quarks are tr uly
indivisible, our accelerators will need extraordinarily high energies—of
the order of 100 trillion trillion eV, which is about a trillion (or ~ 10%?)
times higher than the energies we currently use. This is very dicu It
and costly, and the path to getting there is still unclear. On the
theoretical side, we can extrapolate our current knowledge of the
basic forces of nature to very short distances. When we do so, we
nd that gravity should play an important role at these short dista nces,
equivalent to that of the strong force. With our current models, we
do not understand this interplay between gravity and the strong force
so something unexpected might be occurring at very short distan  ces.
Experiments indicate that something is still missing in our theory , and
study of quarks might help us overcome some of the current gapsi n
our understanding of the basic building blocks of the universe.

STRING THEORY: AN ALTERNATIVE PERSPECTIVE ON
MATTER

String theory , which many scientists (myself included) have been
working on for several decades, is another interesting theory that
could o er us a new way of understand the universe. String theory is
extremely complex mathematically, and its details exceed whatcan be
described in this article. But, in principle, string theory isana ttempt to
understand how all the elementary particles, including quarks, could
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Figure 5

String theory. (A) String
theory suggests that all
elementary particles
are composed of an
object called a string.
(B) When this string
vibrates in di erent
ways, speci ¢ particles
are produced. We do
not currently have the
technology to test
whether string theory is
true, but hopefully we
will be able to do so in
the future.

be made of one type of object, called a string. This string can vibr ate
in many di erent ways, and each vibrational pattern corresponds to
a speci c elementary particle. For example, if the string vibrate s in
one speci ¢ pattern we get a quark, if it vibrates in a di erent patte  rn
we get an electron, and so on ( Figure 5). If string theory is correct,

then quarks and other elementary particles do not contain addition  al
sub-particles but are instead made of vibrating strings. Testing string
theory experimentally will require energies much more powerful  than
we currently have—so it might take a while, but | think this is an exci  ting
development to look forward to.

Figure 5

RECOMMENDATIONS FOR YOUNG MINDS

In physics, as in all of science, itis important for scientiststo be creative.
Unfortunately, we do not know how to teach people to be creative, but

we can serve as examples of creativity and be inspiring mentors for
our students. The best thing students can do is observe how creative
and successful people work and learn their “tricks.” | see my stude nts
as colleagues, and | like to work with them as equal contributors. Tha t
might be challenging for some students, but others ourishintha ttype
of relationship. Prof. Frank Wilczek, my rst o cial student, wo  n the
Nobel prize with me for our shared work on asymptotic freedom—he

is a good example of a student who ourished by being treated like
an equal.

To become good scientists, it is also important to start doing rese arch
as soon as possible. Research is very di erent from taking cla sses and
studying. In physics class, problem sets are the best method we hav e
to prepare students to do research. We give students lots of problems
and they must solve those problems and usually gain insights whil e
doing so. But even the best problems students get in class are mad e
up. In contrast, research is based on real, unresolved problem s that
no one knows in advance how to solve. The biggest challenge in
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Figure 6

Recommendations for
Young Minds. One of
the most important
skills needed for doing
good research is
coming up with good
research questions.

research is to come up with the right questions . Before you even tackle
a scienti ¢ question, you must rst make sure that the question is a
good one ( Figure 6). Asking good questions is also a skill we cannot
teach directly—we can only supply examples and model productive
ways of thinking. Once you manage to ask a good question, you might
not be able to answer it right away, but at least you can make progr ess
toward an answer.

Figure 6

In my view, there are many reasons why being a scientistcan leadto a
happy life. For one, society generally respects the talent thatit takesto
be a scientist, because science is so important to our lives. Ther efore,
science allows you to both be supported and respected by society and

to make a living, which is a great pleasure. It feels good to beina eld
where your work is your play, your passion, and your interest. Ano ther
advantage of being a scientist is that you belong to a world-wide,
international community of people who share the same passions and
interests. You can go anywhere in the world and nd people who are
interested in the same topics you are, and have interesting discuss ions
with them. Science is a kind of family that you choose to join.

| think that people should do what they love doing. It does not have

to be science—it could be anything. If you can spend your life do ing
what you really enjoy, you are very lucky. This is my best advic e about
how to decide what to do with your life— nd out what you enjoy and
what you are good at. Then, be ambitious—try hard and be willing to
fail. If you have chosen a path that you enjoy, the joy that you rece ive
is worth the chance of failure.
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YOUNG REVIEWERS

EDOARDO, AGE: 8

Hi, my name is Edoardo and | really like Pokémon. | am 8 years old, | live in Monte
Porzio Catone in the neighborhood of Rome and | have a very pretty | ittle sister. |
am interested in constellations, especially Sagittarius bec ause it is my zodiac sign. |
really like jumping, climbing and running so | practice parkour.

ILYAN, AGE: 8

Hi, my name is llyan, | am eight years old and | come from Borghesian a, a town
close to Roma. My school is GermogliAmo. | like to play soccer, tap dance, piano
and love singing., | like gifts and surprises. My favorite ani mal is the gorilla. My best
friends are Edoardo, Yuri, Leonardo and Flavio.

MATTIA, AGE: 9

Hi, my name is Mattia, | like skateboard, basketball and draw comic str ips. | think that
scienti c articles could be more interesting if they were writt  en in cartoon bubbles.
Maybe one day | will be a scienti ¢ cartoonist!

WHITCHURCH PRIMARY SCHOOL, AGES: 10-11

We are a group of 16 year six students in Cardi, Wales, who love e xploring the
world around us. We have loved learning about all sorts of scie nce as part of this
project, and discovering what is at the cutting edge of human know ledge, and we
have encountered so many new words! The experience is goingto ber eally valuable
as we move up to High School!
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