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How is it possible to look at the earliest
moments of the universe? Physicists have their
ways—and what they find out will tell us a

| lot about how the universe works today and
*’% - * how it will unfold in the future.

by Kathryn Jepsen
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_)ou may have heard that, when you're look-
ing at a star at night, you're actually looking
at light emitted up to tens of millions of

y.. years ago. It took the light that long to travel
" from its birthplace to Earth.

Evidence of our distant past is everywhere. You just
have to know where and how to look for it. One of the
great missions of particle physics is to trace this evidence
back to our beginnings.

“The more we understand our origins, the more we under-
stand ourselves and our place in the cosmos,” says
theorist Michael Ramsey-Musolf, director of the Amherst
Center for Fundamental Interactions at the University
of Massachusetts.

Scientists have used experiments and observations to
investigate our past as far back as a second after the
big bang. At that point, the starstuff that makes up every-
thing around us began to materialize. But what hap-
pened before that decided the character of the universe
today—and may even foretell how it someday will end.

Particle physicists are working to find out exactly what
happened in that very first second.

Searching Dack in lime
Many of the big questions in particle physics today
relate to what happened in that first moment. According
to prevalent theories, it went something like this:
Immediately after the big bang, the universe was a hot,
dense soup of particles, including Higgs bosons, quarks
and what we now refer to as dark matter. It began to
expand and cool. As this happened, the Higgs field as we
know it went into effect and gave elementary particles
mass. Quarks and gluons began clumping together to form
protons and neutrons, which then began to form nuclei.

Although we can't go back in time and study the early
universe in person, scientists have been able to look back
pretty far, almost to that first second.

Astrophysicists can take us part of the way there: back
more than 13 billion years to the time 380,000 years
after the big bang. They use powerful telescopes to study
the cosmic microwave background, a pattern of ancient
thermal light that was stamped on the sky when neutral
atoms began to form out of the dense particle soup of the
early universe.

“The big bang was a time when everything was going
very fast and colliding,” says theorist Jonathan Feng of the
University of California, Irvine. “In some ways, the early
universe did our experiments for us. The data is right
there. All we have to do is use a telescope and look at it”

Particle physicists have peered even further into
the past using other methods. Experiments at colliders,
for example, have already given us limited insight into
times before the cosmic microwave background formed,
all the way back to that first second after the big bang.

Collider experiments can tell us about the first moments
because, even though conditions were different just after
the big bang, the laws of physics were the same. The laws
we see at work today just have different effects at differ-
ent energy scales.

The Relativistic Heavy lon Collider at Brookhaven
National Laboratory in New York and the Large Hadron
Collider at CERN in Europe both collide particles at
spectacular energies. Although these energies are not—
and, by a wide margin, never will be—high enough to
recreate the big bang itself, they do mimic some aspects
of the early universe, which can tell us something about
what it was like.

Experiments at both of these colliders, for example,
have given scientists evidence that quarks—which are
usually tightly bound together—come loose in the right
conditions. If quarks come unbound at high energies,
they also were unbound in the high-energy environment
of our universe just after its birth.

Physicists have also gotten clues about the early uni-
verse from experiments that examine massive particles
produced in particle accelerators. They have found that
certain types of particles decay—or transfer their energy
into lighter particles—into matter more often than their
antiparticles decay into antimatter. This violation of the
symmetry of matter and antimatter is a clue to what
happened in the early universe, at which point the two
should have been equal.

Physicists have learned a lot about the moments after
the big bang so far, but they need to work together if
they want to find out what happened during that very first
second, says theorist Mu-Chun Chen of the University of
California, Irvine.

“People may be working at different energy scales
or time scales, but there's a common goal to understand
what really happened,” she says. “By putting all this
data together, hopefully we'll be able to extract the truth”
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A Unified Force

Knowing what happened in the first second could answer
a couple of major questions: Are all of the known forces
that govern interactions between particles of matter act-
ually aspects of a single force? And what happened

to all of the antimatter that should have been around just
after the big bang?

That first question could give us a new understanding
of how the world works. Past experiments have led scien-
tists to hypothesize that the laws of physics, as we observe
them today, might actually be simpler than they appear.

“In a way it's an aesthetic question,” says theorist
Kaladi Babu of Oklahoma State University. “We want the
theory to be simple and elegant”

This idea has been building for some time. Isaac Newton
simplified our understanding of nature by figuring out
that the force that causes apples to fall is the same
force that keeps our planet in orbit around the sun. Hans
Christian @rsted did the same when he noticed that an
electrical current could push the needle in his compass
around, leading to the discovery that electricity and magnet-
ism are two aspects of a single force.

Now we consider electromagnetism to be one of four
fundamental forces—the others being the strong nuclear
force, which binds together the smallest pieces of atoms;
the weak nuclear force, which allows the sun to shine;
and gravity. Yet it's possible that some or all of those began
as a single unified force—one that broke apart in the first
fraction of a microsecond after the big bang. When

scientists extrapolate what they know about the strength
of the different forces at different energies, they find

a point—at an energy characteristic of the universe less
than a trillionth of a trillionth of a trillionth of a second
after the big bang—at which all of the forces aside from
gravity are equal.

“It's hard to think that's just a coincidence,” Chen says.
String theory, a theory that considers all point-like
particles as one-dimensional strings, could provide a way

to incorporate gravity into this single force as well.

Understanding how the forces relate to one another
could give us a more complete picture of the way things
work today and where they will head in the future.

The Fact of the Matter

The second burning question scientists have about the first
second is: What happened to all of the antimatter?

From everything we've been able to see or extrapolate
about the laws of nature, the big bang should have cre-
ated equal amounts of matter and antimatter particles. But
when matter and antimatter meet, they annihilate. In a
50-50 universe, no structure should have been able to
develop. The matter and antimatter should have cancelled
one another out, leaving nothing but pure energy behind.

But somehow, matter survived. And the antimatter is
almost nowhere to be seen.

“The question of how this led to our existence is, to me,
compelling,” Ramsey-Musolf says. “Whether | personally
will figure it out or not is less important than being part
of the quest to understand it”
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If the unified force broke apart and matter overcame anti-
matter in the first second, physicists want to know
about it. One way to investigate the conditions of the
early universe is to find out what it was made of.

All of the energy that exists today was created in the
big bang; that hasn't changed. What has changed is
what kinds of particles we see.

The way to make a particle is to convert energy into
mass. And the more massive a particle is, the more
energy it takes to make. When the universe was much
smaller and all its energy was concentrated, it could
make much more massive particles than the ones we see
today. In fact, our current visible universe consists of
only the lightest representatives of three generations
of particles.

Knowing this, it might seem hopeless that we could
understand what the universe was like in the first second.
But here’s the surprise: All of those heavier particles
still'exist, hidden in a virtual layer underneath everything
we see—like radio programs broadcast at frequencies
our radios cannot receive.

Physicists now understand that every particle is actually
a ripple of energy in a field. A proton is a ripple in a proton
field; an electron is a ripple in an electron field; and so on.
Massive particles that existed in the early universe might
not all be around today, but their fields—and therefore the
potential for those particles to appear—are. We are
surrounded by the fields of all the particles that have
ever existed.

Scientists have already discovered several types of
massive particles, but theories about a unified force and
the asymmetry of matter and antimatter predict the
existence of even more. Some predict the existence of
massive versions of neutrinos, which might have tipped off
the matter—antimatter imbalance. Others predict a partner
particle for every particle we already know.
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Physicists can search for massive particles in a couple
of ways. First, they use accelerators to produce enough
energy to pop them out of hiding. This is how particle
physics research works at particle accelerators like the
Large Hadron Collider. When high-energy particles
collide, their energy can convert briefly into mass, some-
times in the form of these particles.

But this endeavor is limited by the amount of energy
a particle accelerator can generate. A second way to
investigate hidden massive particles is to look for them
indirectly.

These ancient particles can materialize briefly outside
of particle collisions using energy borrowed from other
particles. When they do this, they can affect how those
particles decay or interact with other particles. They can
cause mesons—particles made up of quarks—to decay
into certain pairs of particles more or less often than
expected. They can cause neutrinos to behave in unex-
pected ways or help particles to convert into other parti-
cles. They can affect how neutrons act in an electric field.
They can give muons an extra wobble that becomes
visible in a magnetic field.

Scientists produce large numbers of these particles in
accelerators in order to watch for these effects. By
carefully measuring a certain type of decay or interaction,
scientists can find signs of interference from a hidden
particle.

The €nd of the (orld as (e fthow Tt

Some theories make a particularly intriguing prediction:
that protons, building blocks at the heart of every atom,
eventually will decay.

Not to worry; this catastrophic process would take at
least a billion trillion trillion years to destroy our atoms.
However, that doesn't mean scientists will need to wait
so long to catch one decaying.

Measuring a particle’s half-life is all about probability.
For instance, if you have 10 atoms with a half-life of
24 hours, you'll likely be down to five atoms at the end of
the day. But the five atoms you lost would not have
decayed all at once. One might have decayed after just
a second, and another after 23 hours.

So it is with protons. A few might be decaying as you
read this, but we just don't have the tools yet to observe
it. Current and planned experiments will examine more
than a billion trillion trillion protons in detectors deep
underground to attempt to catch the extremely rare decay
of this particle with a half-life of at least 1034 years—that's
the number 1 with 34 zeros after it. Discovering proton
decay would be a strong sign that theories about the unifi-
cation of forces and the asymmetry of matter and anti-
matter are correct.

Pattsrns in the Shy
Physicists could also find insight into the first second in
patterns other than the cosmic microwave background left
in the sky.

Before the cosmic microwave background formed,
the universe appeared cloudy because it was filled with
charged particles. Light was trapped inside that cosmic
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soup; if it traveled even a short distance, it would bounce
off a charged particle. Eventually, the universe cooled
and became transparent as particles combined to form
neutral atoms. The escaping light is now what we call

the cosmic microwave background. Scientists using light-
based methods have not been able to see back beyond
that point.

But one particle, the neutrino, is wily enough that it
should have been able to sneak through that haze.
Because neutrinos interact so rarely with other matter, they
would not have been absorbed by other particles in the
dense, pre-cosmic microwave background universe. If phys-
icists could study patterns in neutrinos from the early uni-
verse, they could look even further back in time. Scientists
are looking for ways to do this, but they have not yet
succeeded.

Physicists also hope to find patterns left behind from
the early days in gravitational waves. Like the cosmic
microwave background, gravitational waves—theoretical
ripples in spacetime created as a massive object
moves—should offer a map of what the universe looked
like in earlier times. Because these waves wouldn't have
been affected by the early universe’s cloudiness, this map
would offer a glimpse into the very first moments—as early
as 1073% seconds after the big bang. (That's a trillionth
of a trillionth of a trillionth of a second.) Researchers
have built ultra-sensitive detectors to look for gravitational
waves, but they have not found them yet.

Theory To the Test

Solving the mystery of what happened in the first second
of the universe requires the work of both theorists and
experimentalists. Theorists invent models and determine
their predictions; experimentalists come up with ways
to test these predictions; and together, theorists and ex-
perimentalists analyze the results.

“Experimentally, it's always hard to say, ‘This is exactly
what happened,” Chen says. “On the other hand, if you
have various pieces of evidence, you slowly can piece
everything together”

In the coming years, scientists will use particle accelera-
tors and precise measurements to search for massive
particles predicted in theories about the first second after
the big bang. They will use extremely sensitive detectors
to learn more about neutrinos, potentially revealing the
particle’'s more massive, still hidden cousins that contrib-
uted to the imbalance between matter and antimatter.
They will hunt for patterns similar to the cosmic microwave
background that neutrinos or gravitational waves might
have left in the expansion of the early universe. And they
will look for phenomena predicted in their theories such
as proton decay.

In the end, it's not just about looking to where we
came from. Answering questions about our origins gives
us a more complete picture of how the universe works
and helps us understand where it's headed in the future.
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