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In the past century, scientists have explored smaller and 
smaller distances in nature, to observe and understand the 
basic components of the universe. Our knowledge of 
nature at distances smaller than an atom has mainly been 
obtained using tools called “particle accelerators”. 
Scientists are now trying to understand what happens at 
distances a billion times smaller than an atom. They believe 
that these tiny regions hold new secrets of nature, and  
also are the key to understanding the large-scale structure 
of the universe.

Toward this goal, we, a large team of scientists from 
around the world, propose the International Linear Collider 
(ILC). The ILC would be a 30-km-long particle accelerator, 
and would be one of the largest scientific instruments ever 
constructed. 

In this book, we will show you why we think the ILC is 
necessary, how it matters to us and what questions it will 
address. We will also discuss the advanced technology 
needed to carry out the ILC experiments, which can change 
our lives.
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The goal of physics is to reach beyond our ordinary perceptions to discover 
the most general principles on which the universe operates. These 
principles are deeply buried. To learn these hidden principles, scientists 
construct mathematical models—theories. These theories are tested 
against hard data from experiments and observations. Together, theories 
and experiments have the power to uncover the hidden principles.

In the 1600s, Galileo discovered the first laws of physics by timing the 
motions of objects and observing that these followed simple mathematical 
laws. Over centuries, humans have observed nature in finer detail and 
discovered deeper principles related to smaller and smaller objects.  
In the process, we have revealed hidden properties of gases, materials, 
and atoms, each of which has led to inventions that are now part of our 
daily lives.

Today scientists explore the laws of nature in much much smaller scale 
than Galileo did—a billion times smaller than an atom—using collisions of 
particles in particle accelerators. Those collisions cannot be “seen” in  
the usual sense. Rather, scientists propose mathematical laws of particle 
properties, use specialised detectors to observe the particles that come  
in and go out, and see which law, if any, might correctly account for the 
reactions that appear.

Theory
Experimentand
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Looking out into the universe, we see stars, galaxies, and clusters of 
galaxies. We also see that clusters of galaxies run away from one another 
with increasing speed. We cannot make new stars and galaxies in the 
laboratory, but we can use theory to understand how the current structure 
of the universe emerged from its earliest moment, the Big Bang. 

At the moment of the Big Bang, the universe was extremely hot. Matter 
could not exist in any organised form. Instead, the universe was filled  
with a hot soup of individual elementary particles moving randomly at very 
high speed. These particles included the basic constituents of atoms,  
but they also could have included particles that we have not yet observed 
in the laboratory because our laboratory tools have not been powerful 
enough. As the universe cooled, these particles must have somehow 
organised and developed the patterns of stars and galaxies that we see  
in the sky.

We are just beginning to understand how galaxies formed in the universe. 
Successful theories of galaxy formation require that the universe contains 
more types of particles than those we find in atoms. As much as 85%  
of the matter in the universe must be composed of a mysterious, invisible, 
substance that we call “dark matter”.

In this way, the largest structures in the universe are formed through the 
laws that govern the smallest distances that we observe in nature. To 
understand the form of the universe, we need to combine observations 
from astronomy with new discoveries about the laws governing 
elementary particles. 

TheLargest
andSmallest Objectsin 

theUniverse
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Today particle physicists have a theory, called the “Standard Model”, that 
accounts for all of the observed elementary particles. This theory 
correctly explains three of the four forces that we see acting between 
particles: the electromagnetic force, the “strong force” that binds atomic 
nuclei, and the “weak force” that leads to radioactive decay of nuclei  
and particles. It does not explain gravity. In the Standard Model, the basic 
particles of matter are called quarks and electrons, and everything we  
see is made up out of these. There are also particles called bosons that 
carry the basic forces: the photon for electromagnetism, the gluon for  
the strong force, and the W and Z bosons for the weak force. And there is 
one more boson: the Higgs boson that gives particles mass. The Standard 
Model has been thoroughly tested. So far, it has passed every test.

And yet, we know that the Standard Model cannot be a complete description 
of nature. It does not account for gravity, and it does not include the  
dark matter required by the observations of astronomers. The model contains 
matter and antimatter, but it does not explain why stars and galaxies are 
made of matter but not antimatter.

Many times before in history, physicists have proposed theories that seemed 
to explain all of the phenomena known in nature in their time. Always, 
nature has proved to be more rich and complex. If we can discover new 
phenomena not predicted by the Standard Model, this will open a new 
door. We do not know where it will lead.

of Elementary Particles
The Standard Model
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Elementary Particles

Matter
The matter of which we are made is composed of different kinds of particles. 
These particles are all described by the Standard Model. There are two 
broad types of matter particles, called leptons and quarks.

There are three types of leptons. One of these is the most familiar elementary 
particle, the electron. Electrons are basic constituents of atoms. Electric 
current in wires and semiconductors is the motion of electrons. Thus our 
knowledge of the electron is the basis for all electronics and information 
technology. 
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There are two more leptons with the same electric charge as the electron 
and very similar interactions, but with larger masses. These are the muon, 
with mass about 200 times the mass of the electron, and the tau, with 
mass about 3500 times the mass of the electron. There are also three leptons 
without electric charge, called neutrinos. Neutrinos are produced in weak 
interactions, which can convert each charged lepton to a corresponding 
neutrino. They exist in abundance in the universe, but they are very difficult 
to detect. 

Atomic nuclei are built from protons and neutrons, and these in turn consist 
of quarks. The proton contains two up quarks and one down quark; the 
neutron two down quarks and one up quark. There are six types of quark: 
up, down, strange, charm, bottom and top. The strange, charm, bottom 
and top are heavier than the up and down quarks and are unstable, decaying 
to lighter quarks. The heaviest of these quarks, the top quark, is 100,000 
times heavier than the up quark.

No one understands why there are so many varieties of leptons and quarks,  
or why their masses cover such a wide range. Is the existence of these 
particles an accident, or is it somehow a necessary part of the fabric of nature?
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In the Standard Model, each force is explained as transmitted by an 
elementary particle. These particles are collectively called bosons.  
The strong force is carried by the gluon. The weak force is carried by the 
W and Z bosons. The carrier of the electromagnetic force is the photon. 
 
In the macroscopic world, we see electromagnetism as carried by electric 
and magnetic fields. We see these fields in the force field of a magnet,  
and in radio waves and light waves. In 1905, Einstein discovered that these 
fields are built from individual particles, photons. In the 1960’s, physicists 
learned to use the special properties of individual photons to create 
powerful instruments such as the laser.

The weak force obeys laws very similar to those of electromagnetism, but  
the individual weak interaction bosons are very heavy. The W boson is almost 
90 times heavier than the proton, and the Z boson is 100 times heavier. By 
contrast, the photon has zero mass. So far, we have seen the W and Z bosons 
acting only one particle at a time. Perhaps a future technology will allow  
us to create fields of W or Z bosons for energy conversion or other purposes.

Forces
Elementary Particles
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There is another force field predicted by the Standard Model. This is called 
the Higgs field. It stretches through all of space. Particles that move 
through space acquire mass by their interaction with the Higgs field. In the 
Standard Model, the up quark is so light and the top quark so heavy 
because the up quark interacts very weakly with the Higgs field whereas 
the top quark interacts quite strongly.

The Higgs field has a force carrier called the Higgs boson. After decades 
of searching, this particle was discovered at the Large Hadron Collider 
(LHC) at CERN near Geneva in Switzerland in 2012. Indeed, as predicted,  
it decays most often to heavy particles such as the W, Z, bottom quark, 
and tau lepton. It has not yet been seen to decay to the electron or the up  
or down quarks. To this extent, the predictions of the Standard Model  
for the Higgs boson have been verified. Still, we do not know the reason  
why different quarks and leptons have interactions with the Higgs boson of 
such different strengths.

The electromagnetic field is always associated with electric charges or 
currents. Unlike the Higgs field, it cannot stretch uniformly through space. 
Scientists do not understand why this is the natural state of the Higgs 
field. There is another field that stretches uniformly through space, the field 
called “dark energy” that drives the expansion of the universe. Is there a 
connection?

Boson
Higgs 
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The major problems still open in particle physics are: How do elementary 
particles obtain mass? Why are the masses of elementary particles so 
different? What is the role of the Higgs field? What is dark matter, and how 
does it connect to the known elementary particles? Why is our universe 
filled with matter and no antimatter?

These questions have a common feature. We can ask these questions 
about the elementary particles that are plentiful in the observed universe—
the electron, the up and down quarks—but the issues become more 
important for heavy particles that are outside of our common experience. 
To answer these questions, we must find out how the heaviest particles  
of the Standard Model—the top quark, the W boson, and the Higgs boson—
and the particle of dark matter—are different from the lighter elementary 
particles that are more familiar to us.

The way to address these questions is to create the heavy particles in  
a setting in which we can examine them carefully, one by one. This is what 
the ILC is designed to do.

The ILC operates by colliding electrons with their antiparticles, positrons. In 
these collisions, one particle annihilates with one antiparticle, producing  
a state that is as close as we can come to an idealised ball of pure energy. 
This energy can materialise back into particles—one particle and one 
antiparticle. Any type of particle can appear, as long as the available energy 
can be converted to mass according to Einstein’s equation E=mc2. We do 
not know which particular particles will appear in any given collision. 

Electron-positron collisions thus produce pure samples of events containing 
particles and their antiparticles. The ILC will produce millions of events  
with top quarks, W bosons, and Higgs bosons. It may also produce pairs of 
new particles unknown today. Careful measurement of these events will 
reveal the secrets that these particles are holding.

ILCandMassive 
ParticlesElementary
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The Higgs boson is one of the particles that is produced in large numbers 
in electron-positron collisions. Higgs bosons appear in about 1 in 100 
high-energy electron-positron collisions. At the Large Hadron Collider  
at CERN, where the Higgs boson was discovered, a Higgs boson appears 
in one out of ten billion proton-proton collisions. Thus, the ILC offers a 
tremendous advantage in observing the Higgs boson and carefully 
measuring its properties. If we compare observing the Higgs boson to the 
observation of stars and galaxies, this is literally the difference between 
night and day.

Higgs bosons are not stable particles. They decay after a very short lifetime, 
less than a billionth of a trillionth of a second. In this sense, the Higgs  
boson is like the ball of energy produced in electron-positron annihilation 
and converts to particle-antiparticle pairs. However, for the Higgs boson, 
the probabilities depend on the masses of the particles produced. By 
measuring these probabilities for many different final particles, we can obtain 
a wealth of information on the interactions of the Higgs boson.

Higgs Boson
at the ILC
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Hidden Matter
Higgs Boson
and
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The Higgs boson is a different kind of particle from any other in the Standard 
Model. It is neither a particle of matter nor a carrier of one of the fundamental 
forces. It is a separate agent that creates the masses of particles.

Given its special nature, the Higgs boson might also interact with unknown 
particles outside the Standard Model. Such particles would not have  
been produced by any particle physics reaction studied up to now. But if 
these particles are light enough, they would appear in decays of the  
Higgs boson. For example, particles of dark matter could be produced in 
this way. In fact, the Higgs boson might have provided the way that dark 
matter was created in the early universe.

Dark matter particles leave no trace in the detectors used at particle 
colliders, and so Higgs bosons decaying to dark matter would be invisible. 
But in electron-positron annihilation there is a telltale process that creates 
one Higgs boson accompanied by one Z boson of a definite energy. By 
observing the Z boson, we know that the Higgs boson must have been there.

In a similar way, the ILC will allow us to observe Higgs boson decays to 
other invisible or exotic particles. From the probabilities of these decays, we 
will obtain a first picture of these new, hidden, types of matter.

23
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many theories the Higgs is a family of particles—just as, in the Standard 
Model, the electron is only one member of the family of leptons. The 
known Higgs boson was already difficult to discover; the additional Higgs 
bosons may be more so.

If there are additional Higgs bosons, this affects the strength of their 
interaction with other Higgs bosons. Today, Higgs bosons are seen only one 
at a time. But the hot particle soup present after the Big Bang contained 
many of them, and the interaction of these bosons played a crucial role in 
the formation of the Higgs field stretching through space. In some models, 
the excess of matter over antimatter in the universe arose through the 
interactions of Higgs bosons with one another.

Thus it is important that we can search for additional Higgs bosons, and 
measure the interactions of Higgs bosons with one another, at the ILC. 

Higgs
Family
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The top quark is the heaviest known elementary particle. It was discovered 
in 1995 at the Tevatron collider at Fermilab in the US near Chicago. It is the 
elementary particle that interacts most strongly with the Higgs field. In fact, 
the interaction of the top quark with the Higgs field is one of the strongest 
interactions in the Standard Model, second only to the strong force.

This tells us that we have much to learn from high-precision measurements 
of the properties of the top quark. The ILC is an ideal setting in which to 
make these measurements. The ILC will produce millions of events in 
which pairs of top quarks are produced from electron-positron collisions. 
These events can be analysed to reveal all details of the top quark’s 
interaction with the W and Z bosons and the Higgs boson.

Many theories say that both the Higgs and the top quark could be made up 
of smaller constituents bound by a new force that is not yet directly  
visible to our experiments. If they turn out to contain smaller particles, 
this would change the Standard Model. It would dramatically alter our 
understanding of how quarks and leptons interact. 

If these theories are correct and the top quark has an internal structure, 
its properties will be modified, in its interaction with the Z boson. This 
interaction can be measured at the ILC to a very high accuracy. It is hard 
to imagine that we can view the internal structure of a quark, but the ILC 
will give us that opportunity.

Inside the

Top 
Quark
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One of the most fascinating theories put forward to explain the properties 
of the Higgs boson is the idea that there are additional, unseen, 
dimensions of space, adding to the three space and one time dimensions 
in Einstein’s relativity. New dimensions must have a very small range, less 
than a thousandth of the size of an atomic nucleus. But in theory the 
known elementary particles could move along this new direction, which 
means that we add new interactions that are not possible within the 
Standard Model of particle physics.

Electric fields that cross the hypothetical fifth dimension have properties 
that mimic the Higgs field in extending uniformly through space. It is 
possible that the Higgs boson is a particle of exactly the same type as the 
photon, W, and Z, but with its field pointed, in a certain sense, into the 
new dimension.

The idea of other dimensions sounds like science fiction, but it leads to  
a concrete physical theory that is testable in accelerator experiments.  
By carefully measuring the properties of the Higgs boson and the top quark, 
the ILC could prove that this theory really describes nature.

Dimensions?Are there 
other
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Supersymmetry postulates that, for every matter particle, there is a 
corresponding boson and, for every known boson, there is a corresponding 
matter particle. This idea breaks down the separation between the quarks 
and leptons that make up matter and the bosons that create the forces of 
nature. That makes it easier to understand some of the unusual properties 
of the Higgs boson. This idea is also attractive because a matter particle 
with the interactions of the photon would be heavy, neutral, weakly-
interacting, and very long lived. These are exactly the properties required 
for the particle that makes up the dark matter of the universe.

The key to the connection between supersymmetry and the properties of 
the Higgs field is the matter counterpart of the Higgs boson, called the 
Higgsino. This is an elusive particle that would decay almost invisibly to 
dark matter, with a small release of energy into quarks and leptons. If the 
theory of supersymmetry is correct, tens of thousands of these particles are 
being produced at the LHC each year, but they are almost undetectable  
in the debris of a proton-proton collision. The ILC will offer a setting in which 
the pair-production of these particles can be observed and their decays 
recorded.

Supersymmetry?
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By revealing the properties of the heaviest and most exotic elementary 
particles, the ILC will also shed light on questions that we have about the 
earlier moments of the universe after the Big Bang:

The hot particles in motion in the early universe included not only the 
familiar quarks and electrons but also any particle that can be pair-
produced in very high-energy collisions. What particles filled the universe 
at that time? How did they interact?

What particle or particles makes up the dark matter? How were these 
particles produced in the early universe? Can we use information  
from particle physics to understand how many of these particles are in the 
universe today?

How did the universe make the transition from a state with a chaotic 
Higgs field to a state with an organised Higgs field extending through 
space. Was this transition smooth or sudden? If the latter, could  
this transition create the asymmetry between matter and antimatter?

Are there additional, very weakly interacting particles, unknown today, that 
helped to shape the evolution of the chaotic universe into galaxies?

The ILC experiments we have described in this section have the potential 
to give answers to all of these questions.

Big Bang
Matter from the
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X-Rays R Us

The Cloud

NB Tech

Synchro Therapy

Accelerators
 andTechnology
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X-Rays R Us

The Cloud

NB Tech

Synchro Therapy

In order for the ILC to be a source of experimental data for particle physics, 
it must also be a marvel of technology. It will provide the highest-energy 
electron and positron beams available in the world, in bunches of extremely 
small size and under exquisite control. The very challenging requirements  
of the machine and the experiments will drive the advancement of many 
different kinds of technology.
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The ILC will accelerate electrons and positrons using microwaves. Micro- 
waves contain electric fields oscillating back and forth a billion times  
a second. If the electrons catch the microwaves just at the right time, they 
get an accelerating kick. The technology to achieve this is at the cutting 
edge of fast-switching, high-current electronics.

In the ILC, electrons are transported in bunches less than a millimetre  
in size over distances of tens of kilometres. Just before they collide, these 
bunches are focused down to a spot less than 50 atoms in height. To 
accomplish this, the accelerator needs precisely tuned magnets, which 
must correct themselves for ground vibrations in real time. This is one of 
the most demanding applications for large–scale equipment and active 
mechanical control.

Microwaves 
 andBeams
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When an electron moves on a curved path, it emits electromagnetic radiation. 
If, at the same time, the electron is moving at a speed close to the speed  
of light, the wavelength of the radiation is compressed, and the component 
photons are boosted to very high energy. Then high-energy electrons 
naturally emit X-rays. This effect is called “synchrotron radiation”.

X-rays are essential tools for chemistry, materials science, and molecular 
biology. We use X-rays to design new semiconductors and to magnetic 
storage devices. We use X-rays to determine the structure of the proteins 
in our cells, and to design drugs that repair defects in these proteins that 
appear in some diseases.

Fifty years ago, X-rays for research were produced by tubes of hot gas on  
a lab bench. Today, most experiments with X-rays are done at “synchrotrons”, 
high-energy circular electron accelerators. These give X-ray beams  
a billion times brighter. The original synchrotrons were built for particle 
physics, but now advanced synchrotrons are developed specifically  
for X-ray experiments. Very recently, a further step in brightness has been 
achieved by X-ray lasers.

Radiation
Synchrotron
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Some metals become superconducting when they are cooled down to very 
low temperatures, which means that they lose all electrical resistance  
and can conduct electricity in an ultra-efficient way. Superconducting radio- 
 frequency cavities are at the heart of the  technology in the International 
Linear Collider. The ILC will use a voltage generator to fill a hollow 
structure called a cavity with an electromagnetic field. Made out of pure 
niobium, the cavities will be chilled to 2 kelvins, near absolute zero,  
at which point niobium becomes a superconductor and the cavities have 
almost no electrical resistance. Inside the cavities, the voltage of the  
field oscillates with a certain frequency—a radio frequency. Charged 
particles feel the force of the electric field and accelerate. String enough  
of these cavities together, and you will have a particle accelerator. 
Superconductivity is used in medical resonance imaging for medical 
diagnostics, might provide new forms of power transmission or new, super- 
efficient transport methods.

Superconductivity
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Particle physics experiments generate large event samples, which must be 
stored and explored for data analysis. Particle physicists have been 
pioneers in the storage and sharing of data. The World Wide Web was 
invented at CERN exactly for this purpose.

The major experiments at the LHC accumulate data at the rate of tens of 
millions of Gigabytes per year, building up some of the largest online 
databases that exist in the world. This data is shared among particle 
physicist worldwide over high-speed data networks. The computations 
needed for data analysis are done by a global network of computers,  
the LHC Worldwide Computing Grid. The LHC experiments provided the 
first application of such large-scale distributed computing. It was the 
precursor of today's cloud computing, and it continues to operate at  
a scale much larger than most industrial clouds today. Data analysis on the 
grid involves some of today's most sophisticated machine learning to 
identify and interpret data from collisions.

The ILC experiments and the operation of the ILC accelerator will put similar 
strong demands on databases and data analysis. In this way, ILC will 
advance the frontier of computing and train data analysts for the tasks of 
the future.
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The particle physics technology of the 1970’s has led to accelerators 
dedicated to the production of X-rays through synchrotron radiation. The 
availability of these bright sources revolutionised the areas of materials 
science, chemistry, and biology that use X-rays in their experiments.  
A new revolution is going on today. The programme of accelerator research 
required for the design of the ILC has led to a new level of control over 
particle beams. This has now allowed high-energy electron accelerators 
to create X-ray beams by laser action. This technique produces ultra-
intense X-ray beams, a billion times more intense than synchrotrons. Two 
of these X-ray lasers are now in operation, SACLA in Japan and LCLS  
in the US. Both of these facilities are direct products of ILC accelerator 
research. Beams from these lasers have been used to make detailed 
photographs of single viruses and to create atom-scale movies of chemical 
reactions.

In the next few years, new X-ray lasers will begin operation in Germany 
and the US, using ILC superconducting cavities as the accelerator 
technology. These will produce ultra-bright X-ray beams at the rate of a 
million shots per second, bringing this new phase of X-ray technology  
to a very wide variety of projects.

Lasers
X-ray

46



47



In this book, we have presented the goals of the physics 
experiments at the ILC. We have also presented some  
of the new technologies that were developed to build the 
ILC accelerator and experiments and that are now used 
powerfully in other fields of science and technology.  
The two facets of ILC go together. We will need technologies 
beyond any now available to continue to probe the most 
deeply hidden secrets of nature.

In both ways, the ILC will make a powerful contribution to 
our understanding of the universe.
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