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 “The search for truth is more precious than its possession.”  

Albert Einstein 

 

For millennia, humankind has striven to compose a coherent picture of our environment 

and our origins. Scientists today partake of this age-old endeavour in myriad ways. For 

physicists, who are interested primarily in understanding phenomena and developing 

theories that are universal, the pursuit of knowledge compels consideration of a range of 

distances and sizes unprecedented in other fields of human undertaking.  

 

Finding a heretofore unknown physical phenomenon is always exciting because it can 

challenge our understanding of the world and lead to true discovery. Equally rewarding 

are theoretical insights that elucidate the enigmatic results of previous experiments and 

forecast behaviour or observation. Experimental and theoretical physics, thus, can be 

viewed as complementary branches: they rely on one another's distinctive capabilities in 

the quest to unlock secrets of physical realms. 

 

In analyzing any phenomenon, physicists typically begin with its characteristic scale. As 

it happens, human beings are well adapted to studying phenomena on distance scales of 

around a metre; we are also pretty dexterous down to millimetres and out to kilometres. 

Much smaller or bigger distances, however, can seem too remote or abstract even to 

contemplate.  

 

Moreover, as we scale up or down, at each change in scale, the world seems to behave 

quite differently. At the molecular level, for example, we encounter quantum effects, 

which involve uncertainty and necessitate the introduction of probabilities to describe 

phenomena. When probed at the sub-nuclear level—i.e., at less than 10^{-12}metres—

the world looks particularly strange. Indeed, at these smallest imaginable distance scales, 

we must grapple with the question of the very nature of space and time.  

 

It is fascinating, therefore, that our attempts to understand nature at the very smallest 

scales end up compelling us to comprehend phenomena at the very largest. Thus, to 

weave our story of the basic structure of matter, forces, space and time, we will draw 

together threads from the research frontiers in two seemingly disparate fields: particle 

physics and cosmology. Accordingly, we will consider the largest range of distance 

scales penetrable by the human imagination. 

 

Particle Physics 

 

Let us imagine zooming inwards from our human-scale metre anchor, say three powers of 

10 at a time. At around a millimetre (10^{-3}metres), we might find an aphid; at a 

micrometre (10^{-6}metres) an E.coli bacterium; and at a nanometre (10^{-9}metres) the 

world of atoms and molecules. Zooming in further takes us into the realm of nuclear 

physics. The nucleus of an atom is 10^{-12}metres in size; it is a conglomeration of two 



different types of subatomic particles, protons and neutrons, which themselves are of the 

order of 10^{-13} metres in size. These particle species are but two of a much larger 

“zoo” of subatomic particles. To date, physicists have discovered hundreds of different 

species of such particles, which are in essence fundamental subatomic building blocks, or 

“Legos”: matter held together by interactions, or forces. 

 

Subatomic particles are divided further, into leptons and quarks. Among leptons are the 

familiar electron and its heavier, short-lived cousins, the mu and tau, each of which has 

its own special ultra-light friend, known as a neutrino. Quarks are the constituents of 

nuclear material and come in six kinds: up and down quarks are required to build protons 

and neutrons, while charm, strange, top and bottom quarks construct more exotic, short-

lived animals in the subatomic particle zoo. Building with so few Legos sounds simple, 

but big puzzles remain unresolved. Why are some particles much heavier than others? 

Why is it that we see precisely six leptons and six quarks? And how large are they really? 

 

Studying interactions offers a route to obtaining answers. Let us imagine a pair of skaters 

alone on an ice hockey rink. If they exchange a heavy ball by tossing it without anchoring 

themselves with their blades, then the skaters move apart. The reason is that a thrower 

recoils backward from the ball, while a catcher is carried along by its momentum. 

(Alternately, a gun recoils opposite to the direction its bullet is fired, while the target is 

knocked along the same direction.) Each of the four known interactions—gravity, 

electromagnetism, the weak force, the strong force—that can take place between 

particles, such as electrons, works analogously to the repulsion of the ice skaters. The 

force-carrier particle responsible for electric repulsion is the constituent of light: the 

photon. The other force-carriers are the W+, W-, Z, eight different gluons and the 

graviton. 

 

Our studies of these forces have suggested that gravity and electromagnetism operate 

over an infinite range, and are weaker at longer distances in inverse-square proportion. 

By contrast, the strong and weak nuclear forces—responsible for gluing quarks together 

into protons and neutrons, for binding protons and neutrons into atomic nuclei and for 

radioactivity—operate effectively only below 10^{-15}metres and 10^{-18}metres, 

respectively. The current state of understanding is based on experiments that measure the 

nature of all four known forces; we have no experimental evidence that tells us what is 

happening at a size scale beneath a billion billionth of a metre. 

 

Despite many and varied attempts to measure the size of quarks and leptons by studying 

the forces that affect them when they collide, the best estimation to date is that they are at 

least 10,000 times smaller than the protons or neutrons that make up the atomic nucleus 

(i.e., less than 10^{-18} metres in extent). And, as far as we are able to determine, they 

are “point-like” in nature—that is, they appear to have no physical dimension at all, 

which, however, does not mean that they have no structure. History has shown that 

anything apparently point-like has revealed, at some smaller scale, substructure. At what 

scale then will we see the substructure of quarks and leptons?  Or perhaps there is no 

substructure and they really are point-like with no physical extent?  

 



Or so it would appear. Now, let us speculate a little. 

 

Unification and String Theory 

 

Probably the simplest way to get a theoretical handle on what lies at scales smaller than 

10^{-18} metres is to ask what happens if we extrapolate down what we know from 

experimental particle physics. Combining relativity (the physics of the very fast) with 

quantum mechanics (the physics of the very small) in such an “extrapolation thought 

experiment” yields (at least) two startling consequences. 

 

First, electromagnetism and the two nuclear interactions appear to merge to look like one 

interaction at an ultra-short distance (10^{-33} metres). To a physicist, this unification is 

a beautiful idea: the four different forces are really just different long-distance 

manifestations of one fundamental interaction. In fact, the electromagnetic and weak 

forces can be explained in this way, through the introduction of a single “electroweak” 

force that has two different faces to it. This idea led to the discovery of the W+, W- and Z 

bosons. 

 

Second, we do not yet understand why quarks and leptons have mass. One viable theory 

that sheds light this, and on how the unified electroweak symmetry at shorter distances 

breaks into electromagnetism and the weak force at longer ones, is the “Higgs 

mechanism.” The “Higgs mechanism” postulates the existence of a field that permeates 

the whole of space; interactions within the “Higgs field” are what give subatomic 

particles their mass.  

 

If the Higgs (or an analogue) does exist, it will probably be discovered at the world's 

newest particle accelerator currently under construction at CERN (the European 

Organization for Nuclear Research), on the outskirts of Geneva. The Large Hadron 

Collider (LHC) is a circular proton accelerator which, at nine kilometres in diameter, is 

the largest scientific instrument in the world. Amazingly, with its enormous array of 

cutting-edge technology, it will squeeze energy into a space about a million million times 

smaller than a mosquito. Once it is up and running, discoveries made at the LHC no 

doubt will be crucial in setting the future direction of physics itself. 

 

However, it is just as reasonable to ask whether particle physics should be the same at 

scales smaller than the current frontier of discovery. Indeed, over the last three and a half 

decades, an approach which posits that physics is fundamentally different at the shortest 

scales has taken shape: string theory. The technical details of string theory are highly 

mathematical and beautifully complex. The essential idea, though, is stunningly simple: 

subatomic Legos are actually tiny, one-dimensional, vibrating strands of energy, called 

“strings.” But this is a totally new kind of string than any we’ve seen before. The size of a 

fundamental string is surely smaller than 10^{-18}metres, but beyond that we know very 

little: it could be as small as 10^{-35}metres! 

 

After zooming out many times, a string looks point-like. This observation holds true 

whether the string is open (i.e., has ends) or closed. In other words, we humans think we 



see point-like particles, simply because we cannot find our spectacles; but strings are 

extended, softer objects. Accordingly, string theory predicts smoother behaviour at ultra-

short distances that a theory based on point-like particles simply could not. But at long 

distance, string theory does resemble a particle theory based on point-like objects. 

 

Now, proposing that string is fundamental Lego might appear to complicate and to clutter 

up the whole subatomic landscape: why bother going beyond particles? In fact, string 

theory was developed to answer one of the deepest, most enduring puzzles of modern 

physical science: why is it so difficult to unify gravity with the other forces that even 

Einstein failed despite decades of trying? One reason is that, within the traditional 

particle theory context, it has not been possible to reconcile Einstein’s theory of gravity 

(in the General Theory of Relativity) with quantum mechanics. 

 

Why is it so difficult to unify General Relativity and quantum mechanics theoretically? 

From a particle physics perspective, General Relativity behaves very well at long 

distances, such as planetary and cosmological scales. It routinely predicts results of 

experiments with such exquisite precision that humankind can land robots on Mars 

successfully. But at short distance, it goes crazy: it predicts mathematical infinities for 

physical quantities that should be finite. For example, at the very centre of a finite-mass 

black hole, Einstein's theory says that the probability of producing any particle like an 

electron is infinite. This claim is nonsensical, in part because all the particles would have 

an infinite amount of energy and hence react back on the black hole infinitely, messing 

up the whole space-time and destroying physical predictability. 

 

In string theory, however, smooth geometric interactions between closed strings give rise 

to gravity in a natural way. In a nutshell: once strings, rather than particles, are assumed 

to be the fundamental Legos, gravity falls out of the mathematical structure of the 

quantum physics of strings for free.  

 

Theoretical speculations at the smallest imaginable scale have yielded surprising new 

directions of investigation. One of the most important is that the answer to the question of 

whether strings are actually subatomic Lego may not be found in particle physics 

experiments at all, but rather in our understanding of the universe at its very largest scale: 

the cosmos. 

 

Cosmos 

 

One of Einstein's most brilliant insights was that the speed of light is the same for all 

observers. According to his General Theory of Relativity, the speed of light is also the 

same as the speed of gravity. The fact that light-speed is finite is extremely important. 

Consider, for example, a distant star about 10 million billion kilometres (10^{19}metres) 

away. Since a photon hitting an astronomer's telescope at the observatory atop Mauna 

Kea had to travel for a thousand years through space to reach Hawaii, it encodes 

information about how that star looked a thousand years ago. Thus, finite light-speed 

allows us to look back in time—in a way that does not violate causality. 

 



Since older light comes from stars further away, studying fainter and fainter stars and 

galaxies permits us to learn about the ever more ancient history of the universe. In order 

to determine precisely what these old photons are telling us, however, we also have to 

take into account the more subtle effects of any other “stuff” in the universe that pulls on 

the photon as it travels toward us. Gravity is universal: nothing escapes, not even light. 

Using General Relativity, Einstein correctly predicted the magnitude of starlight-bending 

by our own Sun as a result of gravity. However, detailed studies of the very oldest 

photons (which have traveled almost 10^{27} metres by the time they are detected by us) 

indicate that there is more than gravity tugging on the photons as they travel across the 

universe.  

 

Just as the frequency of siren sound downshifts when an ambulance recedes from a 

listener, so light bears witness via its frequency as to how its star was moving away from 

us when it was emitted. In one of the most stunning discoveries of the 20th century,   

the astronomer Edwin Hubble used this technique to show that our universe is 

expanding—which led to the idea that the Big Bang was the event that started this 

expansion. Since then, some researchers have looked at a particularly well-understood 

type of supernovae—stellar explosions that occur near the end of a medium-large star’s 

natural life—and have used them as “standard candles” to weigh the universe and all the 

stuff in it. Others, in an attempt to learn more about the origin of galaxies and large-scale 

structures of galaxies, have focused their efforts on exquisitely precise measurements of 

the cosmic microwave background radiation, the remnant heat left over from the Big 

Bang, which is currently at a very cold at 2.725 degrees above absolute zero  

 

These cosmological studies have composed a view of the universe that is drastically 

different from our thinking two decades ago. Today, what we do know is that about 25 

percent of our universe is composed of matter that does not shine (called dark matter) and 

that about 70 percent of the universe’s total energy budget is pure energy that does not 

shine (called dark energy). What we do not know anything about is the nature of dark 

matter or dark energy! All of the subatomic particles we have observed so far are unlikely 

candidates for dark matter, and the forces that we have measured at the very smallest 

scale do not give us any hint as to the source of dark energy. Some natural candidates for 

dark matter arise in the many theories of what lies beneath the current discovery frontier, 

with exotic names such as axions, neutralinos and WIMPS. In the near future at least, the 

final arbiter for dark matter will be a combination of cosmological and LHC data. 

 

Explaining the nature of dark energy is one of the biggest prizes up for grabs in 

theoretical and experimental physics today. One reason dark energy matters so much is 

that it has an unfamiliar “repulsive” gravitational effect. Growing twice as much space 

effectively doubles the energy budget. More space means more gravitational repulsion, 

due to the dark energy, which makes the universe expand even further. Today, this 

runaway repulsion is stronger than the attractive effects from matter—and it is 

accelerating the expansion of the universe. 

 

String and particle theorists have various ideas about dark energy and dark matter, all of 

them consistent with what we see and a number predicting new phenomena that we 



should be able to observe, either through more detailed cosmological studies or by 

studying even higher energy interactions using particle colliders. Which of these ideas 

will be right is in a very real sense now up to what the experimentalists observe in the 

next decade. 

 

* 

 

Our inability to reconcile the nature of dark energy and dark matter with our 

understanding of particle physics has forced two scientific communities, separated by 

distance scales that are almost 45 orders of magnitude apart, to work together to address 

key questions posed by nature. What is perhaps most exciting is that solving the riddles at 

these vastly different length scales may be accomplished by understanding strings, the 

extraordinarily tiny objects that have captured the imagination of not only the theoretical 

community, but the public at large. 

 

It is perhaps fitting, therefore, that, in the year in which we celebrate the 100
th

 

anniversary of Einstein's annus mirabilis—when he published four papers that radically 

changed our conception of the world at these vastly different length scales—we are hot 

on the trail of unraveling the mysteries of nature with which Einstein spent his latter 

years struggling. Fitting indeed. 

 


