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To my colleagues on the LHCb experiment,
whose tireless search for answers inspired this story









The most exciting phrase to hear in science, the one that heralds new discoveries, is not “Eureka!” (I found it!) but “That’s funny . . .”


—Isaac Asimov










Prologue



December 2014, Antarctica


Twenty-three miles above Antarctica, a huge, translucent orb hangs high in the thin, freezing air. Up here, in the tenuous stratosphere, the balloon has swollen to monstrous proportions, a bloated sphere the size of a football stadium, floating free on the polar winds. Below, suspended on a long cable, hangs a peculiar object, tiny by comparison, reminiscent of some oversized speaker system, its forty-eight radio horns gleaming white in the perpetual daylight.


Far, far below stretches the vast expanse of the Antarctic ice sheet, bright, cold, and remote. From its lofty vantage point, the ANITA antenna watches over one million cubic kilometers of ice, waiting patiently for a signal. It is a week since the balloon took flight from the edge of the ice sheet and began its slow orbit of the continent on the circumpolar winds, and since then it has seen nothing out of the ordinary.


Until now.


Imperceptible at this distance, a blue light flickers deep in the ice. Microseconds later, a fleeting blast of radio noise flashes upward over the antenna and vanishes into space. It’s all over in an instant, but it will be four years until the team of scientists who launched this strange device into the Antarctic skies realizes the significance of what has just occurred.


January 25, 2021, London, U.K.


“Okay, guys, this is it.” Mitesh Patel shifts nervously in his office chair. In front of him, the faces of six of his closest colleagues stare back at him from his computer screen. No one speaks, but the tension is palpable. He notices Kostas resting his head between two closed fists, knuckles pressed hard into either temple, his lips tightened with anticipation. Or is it anxiety?


For a moment, the only sound is the gentle pattering of winter drizzle on the darkened window to his left. He realizes that he is shaking. Paula’s voice breaks the silence. “Okay, the fit is finished.” Her eyes dart from left to right as she scans the printout on her terminal, then, perhaps, the faint flicker of a smile. “Are you ready to hear it?”


His heart pounds in his chest. Particle physics is rarely a high-stakes business, but tonight is one of those rarest of moments on which the future of the subject can turn. The anomaly in their analysis has been building for the best part of a decade, as the LHCb experiment has recorded trillions upon trillions of particle collisions in a cavern deep beneath the French countryside. Tonight is the culmination of years of work, when the final result is unboxed. This could be the most important thing he ever does. “Yes, please!” He’s grinning, but inside he is coiled like a spring.


“Zero point eight five, plus minus point zero four.” A broad smile now breaks across Paula’s face. “That’s over three sigma!” Suddenly everyone is smiling. They have just found evidence of a brand-new force of nature. Mitesh slumps back into his chair, stunned. “Congratulations, everyone,” he says.


February 25, 2021, Fermilab, Illinois


In an office at Fermilab, a sealed envelope has rested safe in a locked drawer for three years. Inside, scrawled in Biro on a slip of folded paper, is an eight-digit number, the secret frequency needed to decode the results of one of the most long-awaited experiments in science.


A few hundred meters away in the main experimental hall is the Muon g – 2 experiment, a hulking blue magnetic ring, fifty feet in diameter. For two years, subatomic particles called muons flashed around it at close to the speed of light, their decays recorded by a bank of detectors arrayed around its center. But now the machine is quiet, the magnet powered down, the precious data recorded and analyzed. All that’s needed is the frequency.


Only Greg Bock and Joe Lykken have ever seen the eight-digit number. They are the frequency’s neutral, disinterested (although not uninterested) guardians, protecting the experimental team from the temptation to consciously or subconsciously massage their results. There is no room for bias when the outcome could herald a new age in physics. Like a cipher, the frequency blinds the team to their own results, that is, until today.


After years of work perfecting their analysis, Chris Polly, co-spokesperson of the experiment, finally retrieved the envelope earlier that day. Sitting alone in the control room later that afternoon, pale winter sunlight shining through the windows and with 170 of his collaborators watching on tenterhooks over the internet, Polly tears open the envelope and holds the frequency up to his webcam for all to see. A moment later, when the result is unscrambled, his colleagues erupt in applause.


June 5, 2019, Blois, France


At the start of summer 2019, I took part in a physics conference held in the Château de Blois, an opulent seventeenth-century French castle perched on a hillside overlooking the river Loire. Particle physics is rarely a glamorous business; I spent the three years of my PhD studies in a windowless office, which, rather distressingly, was located directly beneath the frequently leaky first-floor men’s bathroom (water dripping unexpectedly onto my head and the smell of bleach still give me flashbacks). But the Blois conference was definitely an experience to be savored. In particular, the lunches.


This being France, lunch was an extended, four-course affair: pâtés, salads, chunks of meat swimming in rich creamy sauces, not to mention the desserts, all amply complemented by wine. The upshot of which was that once the afternoon talks began, at least half the delegates were too sozzled to stay awake, let alone follow a physics presentation. The first slot of the afternoon was a particularly tough gig. Even if the speakers had abstained at lunch themselves, they still had to contend with a smattering of delegates gently snoozing in the high-ceilinged ballroom where the sessions were held.


The unenviable task of waking the audience from their boozy stupor on the Wednesday afternoon fell to Cristian Rusu, a researcher from Japan’s National Astronomical Observatory. He was there to present the latest results from something called H0LiCOW, which I rightly presumed was a tortured astronomical acronym, rather than anything to do with actual farm animals. The conference deliberately brought together particle physicists (like me), who study the smallest building blocks of nature, and cosmologists, who study the universe at the vastest scales imaginable, with the aim of encouraging collaboration between the two fundamental sciences. As a result, about half of the talks at the conference were well outside my usual comfort zone, but I was enjoying getting to hear about research that didn’t just involve failing to find any signs of new particles at the Large Hadron Collider (LHC), an all-too-familiar refrain from my own kind.


It quickly became clear that Rusu’s talk was arousing a lot more interest than was usual for the post-lunch session. He had begun by solemnly requesting that everyone keep the results he was about to share within the four walls of the conference hall; they were yet to be published, and he didn’t want to scoop the official announcement. When I navigated to Rusu’s slides on the conference website, I discovered that the key result he was presenting had been blacked out. Something was clearly afoot.


H0LiCOW, I learned, is a collaboration of cosmologists who use images taken by the Hubble Space Telescope to measure how fast the universe is expanding. Around 13.8 billion years ago, the universe burst into existence from a tiny point, far smaller than an atom, growing in size unimaginably quickly in a fearsome explosion of space, time, energy, and matter: the big bang. The universe has continued expanding ever since, which means that when astronomers look into the deepest reaches of space, they see that almost every galaxy in the night sky is rushing away from us.


This effect was first discovered by the American astronomer Edwin Hubble in the late 1920s, who found that the farther away a galaxy was from Earth, the faster it was retreating. In fact, he discovered that there was a straightforward “linear” relationship between how far away a galaxy was and how fast it was moving—double the distance to a galaxy, and it moved away twice as fast. As a result, to figure out how fast a galaxy ought to be moving away from Earth, you simply need to multiply its distance from Earth by a number called the Hubble constant, which in essence tells you the rate that the universe is expanding. The bigger the Hubble constant, the faster space is stretching.


Measuring the Hubble constant ever more precisely is one of the great missions of cosmology. Its value not only tells us about how space is expanding but also helps cosmologists unravel the history of the universe and predict its eventual fate. There are, broadly speaking, two ways to do this. One set of methods looks out into the “local universe”* and measures the distances and speeds of things that emit light, like stars, supernovas, and galaxies. The other approach uses the oldest light in the universe, the faded afterglow of the big bang itself, known as the cosmic microwave background. These so-called early universe measurements calculate the composition of the infant cosmos from patterns in the cosmic microwave background and then extrapolate forwards in time to estimate how fast space ought to be expanding today. In principle, since these two methods are measuring the same thing, they ought to agree.


Unbeknownst to me as I sat in that conference hall in Blois, a crisis in cosmology had slowly been brewing for a number of years. It hinged on the value of the Hubble constant. The local and early universe values, it turned out, had been slowly diverging from each other as each set of measurements got ever more precise. However, the two sets of measurements hadn’t yet reached the precision necessary to be sure that it was a real effect and not just a bit of bad luck—that is, until Rusu presented his results.


H0LiCOW’s aim was to measure the Hubble constant using the most energetic and violent objects in the cosmos, quasars. Quasars are found in the hearts of distant galaxies and are thought to be caused by supermassive black holes, with masses of millions or billions of suns, devouring huge clouds of dust, gas, and stars before blasting out terrifying beams of matter and radiation with a power that can be thousands of times greater than all the stars in the Milky Way. Their terrific brightness means that they can be seen by telescopes even at enormous distances, which makes them an excellent way to track the cosmos’s expansion.


The reason for the cloak-and-dagger atmosphere around Rusu’s results soon became clear. H0LiCOW’s measurement of the Hubble constant had finally caused the tension between the local and the early universe measurements to grow past the critical statistical threshold known as five sigma. Without getting into the statistics in detail—we’ll save that for later—in essence this meant that there was now less than a 1 in 3.5 million chance that the two sets of measurements disagreed with each other due to a random statistical wobble.


In other words, something very strange indeed was going on in the heavens.


This is what in physics is known as an anomaly, an unexpected result that seems to contradict our accepted ideas of how the universe works. A growing list of such anomalies has been cropping up in a range of experiments over the past decade. Some have appeared in particle collider experiments like the one I work on at CERN, the European Organization for Nuclear Research. Others have turned up in detectors that search for particles raining down from space, yet others from studying the universe as a whole. This particular anomaly—known in the cosmo biz as the Hubble tension—is the big one. It implies that our basic model of the universe is wrong, challenging the accepted history of the universe and potentially implying the existence of cosmic forces never previously imagined. The fate of the universe itself is, quite literally, in the balance.


The controversy surrounding the Hubble tension became all too clear once Rusu had finished giving his talk. Cosmologists around the room leaped up to ask questions, some attempting to unpick H0LiCOW’s methods, others speculating about what it could all mean for our understanding of the universe. Some members of both the early and the local universe camps have been keen to blame the other side for making a mistake in their analysis, each convinced of the rightness of their own favored method and suspicious that the other side might have blundered. That our long-standing and, so far at least, stunningly successful cosmological model may be wrong, and that the universe may be even stranger than anyone supposed, was too much for some in the room that day to countenance.


Several years on from the conference in that French château, the Hubble tension has grown only stronger and more mysterious. Both sets of measurements have been pored over and repeated with ever greater care, and no one has managed to find a mundane explanation for this strange divergence.


Meanwhile, in particle physics, a series of anomalies has also been growing ever more significant, leading many to believe that we are on the brink of something big. Particles with unbelievable energies have been spotted bursting from beneath the Antarctic ice while hidden forces seem to be tugging on the basic building blocks of matter. From the vast subterranean caverns of the Large Hadron Collider to a balloon floating high above the frozen ice sheets of the South Pole, scientists are uncovering a catalog of weird phenomena that can’t be explained by our long-established theories of the universe.


There’s been a lot of talk lately about a crisis in physics. Despite being confronted with some of the deepest mysteries we’ve ever faced in science—from the nature of the invisible dark matter that dominates the universe, to the strange fact that the particles that make up our world should have been annihilated during the big bang—every attempt to resolve them has crashed and burned as experiment after experiment has failed to offer any clues on where to go next. It’s gotten so bad that some have even started to fear that particle physics could be reaching a dead-end and that these mysteries will remain unsolved—perhaps forever.


So, the stakes (for physicists at least) could not be higher. These anomalies could be the answers to all our prayers, lifting the veil on nature’s best-kept secrets and leading to a revolutionary new scientific age.


But they also bring danger. As Carl Sagan once said, extraordinary claims require extraordinary evidence, and there are good reasons to question whether these results are really signs of something wondrous and new or mere statistical flukes, theoretical confusion, or, worst of all for us practitioners, a glitch in an experiment. Could we be so desperate to see something new that we risk seeing effects where there are none? Could we be chasing ghosts? Or, after decades of fruitless searching, could we finally be catching glimpses of a profound new view of the fundamental nature of reality?


These are the questions at the heart of this book. How they get answered could transform how we think about the cosmos.


The search for answers will take us on a journey across the globe, from a mysterious underground vault on the outskirts of Chicago to telescopes perched high above the Atacama Desert. Along the way we’ll meet the men and women on the hunt for scientific glory, whose careers and reputations are staked on these uncertain results. As a physicist working on one of these anomalies myself, I’ll share my own firsthand account of the drama unfolding at CERN’s Large Hadron Collider. We’ll also meet the hardened skeptics who dismiss the anomalies as mere cock-ups or wishful thinking, and the theorists following the experimental bread crumb trail as they attempt to figure out what all this could mean for the future of physics—from new fundamental forces to a wholesale revision of the big bang theory.


Along the way, I hope to share some of the excitement of working at the cutting edge of modern physics as we crisscross the globe, and journey through time and space, from the farthest galaxy to the tiniest constituents of matter.


Our story begins, fittingly, at the beginning.










Chapter 1



The Cosmic Story


The origins of the universe, the nature of matter, and what we still don’t understand


Despite what you might have been told, the universe didn’t begin, not really.


It’s tempting to picture the embryonic universe, before the big bang, as a seed, pregnant with all the possibility of the cosmos to come, ready to germinate. But as far as we understand, the universe was already growing when it began. Which means it wasn’t a beginning at all, but rather the start of a new phase of its existence. But for simplicity’s sake, and since all stories need a beginning, let’s say that our universe began with growth.


But this was not the generative growth of a germinating seed. This was a lacerating, annihilating growth, one that destroys, tears, and rends. It was the growth of space itself.


At the start of everything, the cosmos grew at a truly terrifying rate, expanding exponentially. Space begat space begat space. Reality was stripped of all form by space’s expansion, becoming a tenuous, near-featureless void. If you could have sat on an atom—though there were no atoms, not yet—and gazed out at the rapidly expanding universe, you would have seen nothing, only a freezing, suffocating darkness. The remorseless stretching of space would have carried all other objects far out of sight, faster than the speed of light, beyond an unreachable horizon. Paradoxically, as space expanded, the world visible to any would-be observer shrank to a tiny, inescapable nutshell, binding every speck within its own isolated sphere of nothingness, separated from all other such specks by an ever-growing void.


This age of extreme expansion has been given a rather mundane name: “inflation.” How long inflation went on we do not know. It could have been a mere instant, or an eternity. In all probability, we will never know. Nor are we likely to discover what, if anything, came before it took hold of the cosmos. Any traces of earlier epochs have been erased by the growth of space.


But we do know that at some point inflation ended, and as it ended, the universe roared into being. As the force that drove inflation dwindled, its power birthed innumerable particles, filling the gasping void with a searing, subatomic fire, the primordial plasma from which all objects in the cosmos would later form.


From darkness, light. Within a trillionth of a second, the forces of nature came into existence and with them the first and greatest blaze of light in cosmic history. Though inflation had ended, space was still expanding, albeit at a less ferocious rate. As the cosmos continued to grow, the primordial fire began to cool. Elementary particles, the building blocks of everything yet to come, fused to form the hearts of the first atoms. Over the next few minutes, the nuclei of the first chemical elements were forged: hydrogen, helium, and lithium.


For around 380,000 years, the infant universe was filled with an incandescent fire, cooling slowly as space continued to swell. Then, at a critical moment, the temperature dropped low enough to allow electrons to wrap themselves tightly about wandering atomic nuclei, forming the first whole atoms. At this moment, the primordial flame went out and darkness fell throughout the cosmos.


A long dark age began. For hundreds of millions of years, the universe was filled by a warm hydrogen fog. But in the darkness, the first seeds of structure were gathering. Slowly at first, then faster and faster, hydrogen and helium were drawn under gravity into ever-thicker clouds. As these clouds grew dense, they also grew hot. At last, somewhere in the unsearchable reaches of space, the pressure at the center of one cloud became so intense that it ignited a nuclear fire, the spark of the first star. Light flooded back into the universe and the dark age ended with a cosmic dawn.


Soon, the universe was filled with stars, bright points of light in the slowly expanding dark. Gathered in the first galaxies, they forged chemical elements never seen before. Carbon, oxygen, nitrogen, iron, and many more were scattered through space as these first stars died in blazing supernovas. From their glowing embers, new generations of stars were born, and yet more elements were forged, a continuous cycle of birth, death, and rebirth.


Around nine billion years after the cosmic dawn, in an outer spiral arm of one of the hundreds of billions of galaxies now spread through space, a new star flickered into light. About it circled a fleet of worlds, and on one rocky sphere inert matter somehow came to life. Under the guidance of dumb physical forces, atoms arranged themselves into ever more complex organisms that grew, multiplied, and evolved. For billions of years, the pale blue orb teemed with living things, species emerged and perished, and the dance of evolution went on. Until, at last, humankind stood on the surface of the Earth, gazed up at the stars, and wondered.


This story of the cosmos, its origins, and its history has been gradually pieced together over centuries by the collective effort of thousands of people. The fact that modern science allows us to speak with such confidence about events so remote in time and space that they defy imagination is surely one of the greatest achievements of our species. Particularly when you consider that this story was assembled by peering and prodding at the universe from a rather restricted vantage point on the surface of an insignificant little rock hurtling through space.


The evidence that underpins this cosmic story comes from two sources. The first is the sky. By looking up into the heavens, first with our eyes and later using clever instruments made out of the physical matter of the Earth, we have learned about stars, planets, gravity, the expansion of space, and the fireball of the big bang. However, the problem with stuff in the sky is that almost all of it is inconveniently far away. The farthest a human being has traveled is around the Moon, a mere 400,171 kilometers into space, which is an imperceptible shuffle to the right in cosmic terms. We’ve done a little better using remote space probes. By early 2023, Voyager 1, launched by NASA in 1977, had traveled an impressive-sounding 23.8 billion kilometers from Earth, taking the plucky little probe beyond the edge of our solar system and into interstellar space. However, 23.8 billion kilometers is absolute peanuts to the cosmos, a trifling 0.000000000001 percent of the distance to the edge of the observable universe.


The problem, as the novelist Douglas Adams drily put it, is that “space is big.” Its bigness makes it impossible to go out and sample a bit of star, or pop over to a black hole and peer over the edge. Instead, we have to make do with inferring the properties of the objects we see in the sky from the signals we passively receive from above. This would have been extremely limiting had it been the only approach we had to making sense of the universe at large. Fortunately, there is a second powerful way to study the cosmos—by probing the physical matter we find here on Earth.


Our modern understanding of matter—the stuff from which we and everything around us are made—ultimately comes from picking up bits of it from our surroundings and doing some rather unpleasant things to them. By means of smashing, boiling, melting, burning, dissolving in acid, electrocuting, hurtling through particle accelerators, and many other torturous practices, humans have slowly discerned that all objects in the world around us are made up of the same basic building blocks: elementary particles. Somewhat miraculously given the enormous variety of things that exist in the world, there appear to be only a tiny number of different types of these particles. You are made from just three—electrons and two types of quarks (more about those soon)—held together by some handy quantum mechanical forces that stop all your bits from falling off.


Over the past century or so we have developed an eerily successful understanding of matter based on experiments performed here on Earth. Using this knowledge combined with the crucial assumption that the stuff we find in our immediate surroundings is the same as the stuff that makes up the wider cosmos, we have extended our intellectual reach far beyond our planet to the most distant stars. For instance, it was discovered in the nineteenth century that when different chemicals are heated in a flame, they give off characteristic colors of light, making it possible to tell two different gases apart just based on what colors they emit. When astronomers break starlight apart, they find it contains the same characteristic colors that are emitted by chemicals here on Earth, allowing them to figure out what the remotest star is made from without the hassle of traveling thousands of light-years to take a sample.


More recently, experiments conducted at the Large Hadron Collider, humankind’s largest and most powerful scientific instrument, a twenty-seven-kilometer ring of superconducting magnets that spans two countries and is operated by a global scientific community, have probed how matter behaved under the incredibly extreme conditions that existed a trillionth of a second after the universe came into existence. Knowledge gained from experiments like this makes it possible to pull off the remarkable trick of inferring what the universe was like long before human beings started blundering about here on Earth, and hundreds of thousands of years before even the first atoms formed.


These, then, are the two pillars on which our cosmic story rests: observing the heavens and experimenting on matter. With these two powerful tools we have unraveled much of the history and nature of the universe. We know with some confidence that the universe came into existence 13.8 billion years ago in the big bang. We know that it has carried on expanding ever since and that today that expansion is accelerating. We’ve discovered how the chemical elements were forged, traced the life cycles of stars, and uncovered the deep laws that govern reality. The cosmic story is full of wonder, beauty, and majesty. It is a testament to human creativity, ingenuity, and curiosity.


And yet it is a story that is far from complete. There are several yawning gaps in the cosmic narrative, many of which appear when our understanding of the universe at large collides with what we know about the microscopic world of atoms and particles.



A Tale of Two Theories



Our understanding of the very large and the very small is encapsulated in two theories, which between them describe more or less everything we know about the fundamental nature of the universe. These two theories are among the greatest intellectual achievements of the human race, dazzlingly successful in describing the world around us, profound, and in places ineffably beautiful. However, since they were cooked up by physicists, who have a less than inspiring track record when it comes to naming things, these two spectacular theories are referred to, rather prosaically, as standard models.


The first, and more fundamental of the two, describes the tiniest building blocks of matter: the standard model of particle physics. Arguably the closest we have to a “theory of everything”—a set of equations that might one day explain all phenomena that have ever been observed in the universe—it describes the ingredients that compose atoms, three of the four known forces that act on matter (gravity, so far at least, isn’t included), and a bunch of other elementary particles, with names such as “neutrinos” and the “Higgs boson.” The standard model is without doubt the most successful scientific theory ever written down, simultaneously accounting for the structure of matter, how stars shine, and why things have mass. It has passed pretty much every experimental test we have ever thrown at it, often with unbelievable (and sometimes maddening) accuracy.


However, rather strangely perhaps considering its name, the standard model of particle physics isn’t really a theory of particles at all. Instead, it describes the world around us as being made of rather more mysterious and nebulous objects known as quantum fields. Particles are fairly easy to picture, conjuring images of little spheres whizzing about in space. Quantum fields are far harder to get our heads around.


Even if we might struggle to picture them, we have all felt the physical reality of a quantum field. I imagine that, given you are reading this book and therefore have more than a passing interest in physics, you will at some point in your life have played with magnets. Magnets, I think, are basically as close as you can get to real everyday magic. I keep a small box in my desk drawer containing around a dozen little gold-colored magnetic spheres, each about the size of a pea. I have lost many a happy half hour fiddling with them, snapping them together into long chains, pulling them apart, or levitating one off the desk using another. But what I find most captivating is taking one in each hand and forcing their two like poles together until they start to push back. If you do this, you will feel the undeniable presence of a physical thing pushing back from between the magnets. Look as hard as you like and you won’t see anything in that gap, but there is absolutely no denying that there is something there.


The thing that’s there is a quantum field, in this case the magnetic field. It may be invisible, and you may not be aware of it except when you’re playing with magnets, but nevertheless it is ever present. And it is not simply the case that magnets generate a magnetic field close to their poles. In truth, the magnetic field permeates the entire universe, connecting my little magnets to the magnetic dynamo of the Earth, the Sun, and even the most distant galaxy. There is only one magnetic field, and it’s everywhere.


The “quantum” bit of a quantum field comes into play when we try to understand what a particle is. If quantum fields are like invisible fluids filling all of space, particles can be thought of as little ripples in these fluids. The reason you are able to read these words is that a torrent of uncountable particles of light known as photons are bouncing off the page and smashing headlong into your retinas. Each photon is a tiny undulation in something called the electromagnetic field (of which the magnetic field is just one aspect). What we think of as a particle, therefore, is simply the smallest possible amount of wobble that can travel through a quantum field.


It may seem counterintuitive to think that it is the invisible influence of fields that governs the universe. But in fact, it’s even stranger than that. According to the standard model, fields explain not just light and photons but even the particles that make up the apparently solid world around us. Atoms are ultimately made of subatomic particles—electrons and quarks—which aren’t tiny hard spheres, as we’ve been trained to imagine, but instead little ripples in underlying fields. Electrons are little ripples in something called the electron field, while quarks are tiny wobbles in the quark fields.


It is these fields, not particles, that are the ultimate constituents of our universe. Each of us is made of fields. Deep down, we are all vibrations in the same invisible oceans.


That said, particles are the things we actually see in our experiments, and they remain a very useful way of thinking about the world. Throughout this book I’ll discuss particles again and again; I am a particle physicist after all. And so, while the standard model of particle physics tells us that I could just as well refer to quarks as “quantized ripples in the quark field,” in the interest of brevity I’ll stick with old-fashioned “quarks.”


Quantum fields are described using an incredibly powerful and predictive theoretical framework known, unsurprisingly, as quantum field theory. Quantum field theory is the language in which the standard model of particle physics is written, in the same way that English is the language of Shakespeare. And like the English language it can be used to do some pretty extraordinary things.


To get a sense of just how powerful quantum field theory is, consider, for a moment, the first fundamental particle to be discovered: the electron. As well as being negatively charged, electrons behave like tiny bar magnets, with a north and a south pole. Using the known quantum fields in the standard model, it is possible to calculate how strong the electron’s little bar magnet ought to be to a frankly ludicrous level of precision. Here it is:


0.00115965218161


Don’t worry about what this number means too much or what the units are. The important thing to appreciate is that this number is calculated to fourteen decimal places! Now, if you do an extremely clever and careful experiment, it is possible to measure the electron’s magnetism to an equally silly level of precision, giving:


0.00115965218059


You will notice that these two numbers are essentially identical. In fact, the difference between them is a mere 0.0000000000010 or roughly one part in a trillion. What I have just shown you is the best prediction anywhere in science. Ask a biologist or a chemist to show you anything as good as this and I guarantee they will shuffle off looking dejected and probably grumbling about how smug and superior physicists can be.


The take-home message from all of this is that the standard model of particle physics is right. I mean, it just has to be. There is no way you get a prediction this precise by accident.


And yet it is also almost certainly seriously incomplete. And what spoils the party is none other than our second great theory of the universe: the standard cosmological model.


The standard cosmological model covers the opposite end of the scale, zooming out to view the entire universe on the largest stage imaginable. It is the story of the cosmos, its birth, evolution, and eventual fate. Like the standard model of particle physics, the standard cosmological model is based on another, deeper theory. In this case, Einstein’s masterpiece, the revolutionary theory of space, time, and gravity known as general relativity.


When Einstein revealed general relativity to the world in 1915, it completely transformed the way we think about the nature of space and time, and in particular the force of gravity. At its core is the profound insight that gravity isn’t really a force at all, but a consequence of the way matter and energy bend, warp, and stretch space and time. According to general relativity, space and time aren’t merely coordinates that tell you where and when you are—say, having a nice cup of tea at 4:00 p.m. in your favorite armchair—but a dynamic, interwoven fabric. In other words, space and time are a physical thing. While Isaac Newton argued that the Moon orbits the Earth thanks to Earth’s gravity reaching out across the void of space and tugging on the Moon, Einstein argued that there’s no such thing as gravity. Instead, the mass of the Earth literally bends the physical, stretchy fabric of space and time around it, like a bowling ball resting on a trampoline, forcing the Moon to follow a bent path in this curved space.


But general relativity can do far more than just explain the orbits of heavenly bodies; it can also be used to describe the behavior of space at the grandest possible scales—the scale of the entire universe. The advent of general relativity allowed scientists to write down equations describing the cosmos as a whole, giving birth to the modern science of cosmology.


The power of general relativity is that it tells you how the elastic fabric of space and time responds to the presence of different types of matter and energy. For instance, ordinary matter—the stuff that makes up galaxies, stars, and you and me—tends to cause space to contract. Meanwhile, there are altogether weirder types of energy that can do the opposite, acting as a form of repulsive antigravity that makes the universe expand. That means if you want to cook up a model for the cosmos, all you need to do is decide on what ingredients you’d like your universe to contain—for instance, a dash of ordinary matter, a sprinkling of radiation, and perhaps some repulsive energy—and general relativity will tell you how your model universe will evolve.


As we saw briefly at the start of this chapter, the standard cosmological model begins with a universe dominated by a powerful form of repulsive energy. This repulsive energy caused an incredibly rapid period of expansion, which cosmologists call inflation. In an extremely short time—around ten billionths of a trillionth of a trillionth of a second—the universe exploded in size by a factor of ten trillion trillion. Now, I’ll readily admit that these are some pretty insane numbers. I mean, what on earth does ten billionths of a trillionth of a trillionth of a second feel like? I could just as well have told you that the universe expanded by a squillion bazillion times in one iota of a yoctosecond. The key message is that the universe got bigger really fast.


The next thing that happened was that inflation ran out of puff and the repulsive energy that drove it converted into a mixture of matter and radiation. This created a fiery inferno of particles that rapidly filled the nascent universe and led to what cosmologists call the hot big bang. It is from this maelstrom that all the objects in the universe today would ultimately form. From this point onward, the history of the universe was dictated by precisely what kinds of matter and energy emerged from the death of inflation and in what quantities.


And this is where the trouble starts. Because, as far as cosmologists can tell, about 95 percent of this stuff seems to be missing.


Through careful studies of the light left over from the big bang, cosmologists estimate that the stuff that makes up you and me, the planets, the stars, and everything we can see is just a small fraction of what’s really out there. The cosmos, it seems, is dominated by two mysterious substances: dark matter and dark energy. The first firm evidence for dark matter was discovered in the 1970s by the American astronomer Vera Rubin, who found that stars orbiting our closest galactic neighbors, such as Andromeda, appeared to be moving far too fast for the gravity provided by all the visible stuff—gas, dust, and stars—to hold them on course. By rights, the stars should have been flying free from their galaxies, skidding into intergalactic space like a car that had taken a corner too fast. And yet somehow the galaxies stayed together.


The solution was to propose the existence of a vast amount of invisible stuff whose gravitational pull keeps the stars attached to their galaxies: dark matter. Today, the evidence for dark matter is overwhelming, with all but a small minority of astronomers, astrophysicists, and cosmologists convinced of its existence. Our best estimates suggest that there is around five times more dark matter in the universe than visible matter. And by visible matter I mean literally everything we can see in the night sky, every galaxy, every star, every cloud of gas, and every speck of dust. The problem is, we haven’t the foggiest clue what dark matter actually is.


What we can say with a high degree of certainty is that dark matter isn’t made of atoms, or indeed any other particle we’ve discovered in experiments. The standard model of particle physics describes seventeen different elementary particles, but none of them has the right properties to be dark matter. It is hoped that we will eventually be able to detect dark matter particles directly as they drift through the Earth, or perhaps even create them in particle colliders. But so far at least, we haven’t had any luck.


Even more enigmatic than dark matter is dark energy. In the mid-1990s, careful observations of exploding stars revealed that the expansion of the universe appears to be speeding up, overturning the established view that it should be slowing down due to gravity’s tendency to pull everything back together. The most popular explanation for this accelerating expansion is a strange form of energy that permeates all of space, generating a repulsive force that overwhelms gravity at sufficiently large distances and drives the universe to expand faster and faster. Cosmologists call this unknown thing dark energy. Dark energy is thought to account for around 68 percent of the total energy content of the universe, with dark matter making up around 27 percent and ordinary matter (that is, you, me, and everything in the night sky), a measly 5 percent.


Again, we have no real clue of what dark energy is. Some kind of force field perhaps? Or the energy intrinsic to space itself? Or perhaps it’s something we have yet to imagine. One take-home message from all of this is that when you hear the word “dark” being used by physicists, you should get very suspicious because it generally means we don’t know what we’re talking about.


If you turn to the standard model of particle physics for an explanation of dark energy, things go badly wrong. Very badly wrong. Attempting to estimate how strong dark energy ought to be based on what we know about quantum fields results in what has been called the worst prediction in science, giving a number that’s 10120 (that’s 10 with 120 zeros after it) times larger than what we observe in the cosmos. If dark energy were anywhere near as strong as particle physics suggests, then the whole universe would be ripped apart in an instant.


Now, you might think that having no explanation for 95 percent of the universe is a pretty big problem, and you’d be right. If you were a cartographer and 95 percent of your maps had “Here be dragons,” scrawled all over them you might have a hard time taking yourself very seriously. But the cosmic story has more than just gaps; in some places it contains outright paradoxes. One of the most troubling of these concerns how matter came to exist in the first place. Particle physics tells us that every matter particle has a mirror image, identical in every way but with the opposite charge. These mirror particles are called antiparticles. The good old negatively charged electron that we find whizzing around every atom has an antiparticle with positive charge known as the positron. Likewise, for each of the quarks that make atomic nuclei, there is an equal and opposite antiquark. Now, according to our current best theory of particle physics, whenever you make a particle, say by bashing some atoms together very hard, you must also make an antiparticle. Similarly, when a particle meets its antiparticle, the two will annihilate each other, disappearing from existence in a flash of radiation. This state of affairs has been confirmed by every experiment we have ever conducted. However, when we apply this understanding of particles and antiparticles to the very first moments of the universe, things go disastrously wrong.


In the first millionth of a second after the big bang, the universe was so hot that particles and antiparticles were continuously being created out of energy, emerging from the seething primordial plasma before annihilating again. Each time a particle was created, so was an antiparticle, and whenever an antiparticle was annihilated, so was a particle. Equality between matter and antimatter reigned.


However, around a millionth of a second into cosmic history, the universe expanded and cooled to the point where there was no longer enough heat in the primordial fireball to make new particles and antiparticles, and an event known as the great annihilation took place. All the particles and antiparticles created in the first millionth of a second rapidly destroyed each other in a fearsome blast of radiation, leaving a universe made of naught but light.


In other words, particle physics tells us that the universe should contain nothing: no stars, no planets, no you or me.


And yet, perplexingly, here we are. Our very existence, and that of the material universe, is an enormous challenge to our understanding of particle physics. Again, what we see in the universe at large—that there is anything to see at all and that we are here to see it—conflicts violently with what we have learned by studying the smallest components of matter. Something deep is clearly missing from our current telling of the cosmic story.


Now, I don’t mean to make this sound like a bad thing. For a scientist, ignorance is a kind of tortured bliss. Problems like these mean that there is still more to learn, and the bigger the problems, the better. It is trying to solve these mysteries that makes science worth doing. Wonderful and awe inspiring as what we already know is, it is the process of discovery that really sets the heart aflutter, what Richard Feynman called “the pleasure of finding the thing out.” I can think of nothing more depressing than a world where we’d learned all there is to learn, where there was nothing new to add to the cosmic story.* The existence of these gaps and paradoxes means that there is a chance to help write parts of this grand narrative, and I can think of no greater privilege than that.


What is rather more troubling is that we have been facing many of these big mysteries for decades, in some cases for more than half a century, and so far, at least, every attempt we have made to find solutions has failed. Speculative new theory after speculative new theory has come a cropper when confronted by cold, hard experimental evidence (or more often, lack thereof). Worse still, some of the solutions to these problems make no testable predictions at all, calling into question whether we should really regard them as scientific.


Things have become so acute in the past decade that a view has gotten about that particle physics in particular might have reached a dead end. And if particle physics were to die, cosmology too would hit the buffers. Dark matter, dark energy, inflation—key ingredients of the cosmic story—would remain forever unexplained, mere words to cover our fundamental ignorance. If this rather depressing take is right, then the quest to understand the universe, its nature, and its origins might be coming up against the limits of the knowable.


But in the last few years, chinks of light have started to appear in the form of unexplained anomalies. Could they be the clues that allow us to write the next chapter of the cosmic story? That is the question on the mind of every particle physicist and cosmologist right now, and the focus of this book.


Soon enough, we’re going to get to the cutting-edge results that are challenging our current theories. But before we do, it’s worth taking a short detour to appreciate the part anomalies have played in deepening our understanding of the world. For as we’ll see, anomalies played crucial roles in building the twin pillars of modern physics, general relativity and quantum field theory, just as they may help pave the way for our next epoch-defining discoveries.
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