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POKING HOLES IN THE

STANDARD MODEL OF
PARTICLE PHYSICS

Our understanding of physics changed dramatically in the 20th

century, with the advent of the Standard Model of Particle Physics,

which builds on quantum mechanics and Einstein’s theory of

relativity - two of the most successful theories in the history of

science. However, we know that our theories are incomplete, but

finding out what’s beyond the Standard Model is difficult because
it’s such a successful theory. Professor Alison Lister and her

colleagues at the University of British Columbia and around the

world are poking holes in the Standard Model, towards finding a
new theory that gives a more complete description of the universe.

Challenging Science’s Most Successful
Theory

Modern physicsis in a strange position.
In the 20th century, our understanding
of physics changed dramatically.
Einstein’s theories of special and general
relativity provided us with deep and
beautiful explanations of gravity, space,
time, and the large-scale structure of
the universe. Meanwhile, the emergence
of quantum mechanics reshaped our
understanding of the smallest structures
in the universe.

The combination of these two
revolutions in our understanding led

to the development of Quantum Field
Theory. When combined with ground-
breaking experimental results, Quantum
Field Theory led to the establishment of
the Standard Model of Particle Physics.
The Standard Model is a theory centred
around the universe being made up of a

small number of fundamental particles,
forces and rules governing their
interactions - which is the foundation of
our modern understanding of physics.

The Standard Model has made testable
predictions that have been verified with
unprecedented accuracy. However,

itis also fundamentally incompatible
with general relativity, and neither are
complete theories on their own.

Further, the standard model cannot
explain why there is matter in the
universe. Each particle of matter has

a complementary anti-particle, which

is identical in seemingly every way to

its corresponding particle but with an
opposite electric charge. When a matter
particle collides with its antiparticle, the
two are annihilated into pure energy.
This seeming symmetry between
matter and antimatter clashes with the
universe we see, which is filled with
stars, gas, and planets, all made of
matter. The Standard Model suggests
matter and antimatter should have
been produced in equal amounts in the
early universe, but this would lead to a
universe without matter or antimatter.

Professor Alison Lister at the University
of British Columbia is a world-leading
experimental physicist, and an expert
on the Standard Model. The goal of

£

her research is to break it, towards

developing a more complete picture of
the universe.

Beyond the Standard Model

As Professor Lister argues, our best way
to get past the Standard Model and find
a deeper theory of physics is to ‘poke
holes’ in it: find situations where the
theory makes inaccurate predictions.
This gives us clues about what’s wrong
about the Standard Model, and also
lets us constrain the theories that might
replace it. These are called ‘Beyond the
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Standard Model, or BSM, theories, and there are many of them,
such as theories with extra space-time dimensions. Figuring
out the most promising replacement is hard, precisely because
the current Standard Model is so successful, and it’s difficult

to devise experiments to distinguish which theory is most
accurate.

Professor Lister is tackling this problem on two fronts: precision
measurement and searching for particles beyond the Standard
Model.

Crucial to both of these goals is the Large Hadron Collider
(LHC). The LHC is a particle accelerator, located in a
27-kilometre ring-shaped tunnel that lies between France and
Switzerland. This enormous contraption allows physicists to
accelerate protons to near light-speed and collide them. This
process is so energetic that it lets physicists probe the limits of
our theories, exploring conditions that simulate extreme high-
energy interactions or the first few nanoseconds after the Big
Bang. At four different points around the tunnel, the beams are
brought into collision in the middle of giant detectors, packed
full of incredibly sensitive devices, giving physicists a window
into what exactly happens after such high-energy particles
collide.

Experiments at the LHC have confirmed many Standard Model
predictions, most notably discovering the Higgs Boson. The
Higgs Boson is a particle that was predicted by physicists
developing the Standard Model in the 1970s, but wasn’t
experimentally detected until 2012 at the LHC.

However, many researchers have actually been hoping to be
surprised by the LHC experiments, for the reasons described
above: it would give us tantalising insights into the theories
beyond the Standard Model. So far, the results have been
accurately predicted by the Standard Model, but Professor
Lister hopes to change this.

Precision Measurements on Top

By measuring experimental data, physicists can identify
deviations between theory and reality. However, these
deviations can sometimes be miniscule. Therefore, Professor
Lister and her colleagues focus on extremely precise

The ATLAS detector in the LHC
measurements, so that they can find these tiny deviations.

The team’s primary object of study for these precision
measurements are particles called ‘top quarks’. Quarks are a
type of fundamental particle that, along with leptons such as
electrons, are the basis of all atomic matter in the universe.
Quarks come in six varieties, or ‘flavours’, evocatively named
‘up’, ‘down’, ‘charm’,  strange’, ‘top’, and ‘bottom’.

Up and down quarks are the most common, as they constitute
the protons and neutrons within atoms. The other four flavours
are more exotic, and Professor Lister studies the heaviest of
these: top quarks. While up and down quarks weigh far less
than a hydrogen atom, each top quark has the mass of an atom
of gold.

Because of their large mass, top quarks are only created in
extreme environments such as high-energy collisions. These
do occur naturally, for example when high energy cosmic rays
strike particles in the Earth’s atmosphere, but they cannot be
analysed well there. Instead, physicists use the LHC to generate
top quarks to measure their properties and see what happens
when they decay.

Top quarks have an incredibly short lifespan, decaying on
average just half a trillionth of a trillionth of a second after
they’re created. You might think this makes it hard to study top
quarks, butit’s actually a blessing in disguise, as it means they
are the only quark that can be observed directly. Their short
lifespan means that they don’t have time to combine with other
quarks, like the other five quarks very quickly do. This means
top quarks are the only quark that can be studied in isolation.

Further, mass is fundamentally linked to the Higgs field

and thus the Higgs Boson. The Higgs field is crucial to our
understanding of how and why particles have the masses

they do. Thus, the large mass of top quarks renders them
directly detectable and allows physicists to indirectly study the
properties of the Higgs Boson, providing more opportunities to
test the Standard Model and constrain the theories beyond it.

Professor Lister pioneered this type of precision measurement
experiment at the LHC using ATLAS. Her goal is to improve the
sensitivity and precision of the data, by improving our accuracy
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of correctly identifying top quarks, and correcting for impacts
of the detector on the data. She has been using and developing
machine-learning tools for over a decade to improve our
sensitivity to BSM physics.

Searching for Long-Lived Particles

The second focus of Professor Lister's work is searching for so-
called long-lived particles.

As we discussed earlier, we know the Standard Model isn’t a
complete theory. One area we know it falls short is explaining
‘dark matter’.

When astrophysicists began studying distant galaxies, they
discovered a strange phenomenon: they appeared to spin
faster than their apparent mass should permit. Stars at the
edge of a galaxy seemed to orbit so fast that they should have
been thrown out of the galaxy, and yet their orbits are stable.
This suggests that galaxies contain much more mass than we
can see, anchoring these stars in orbit.

Astronomers posed many explanations and refined their
measurements and theories, but still failed to find a
conventional source for this invisible mass. Most physicists
now agree that some kind of exotic matter must contribute this
mass. This is labelled dark matter, since it seemingly doesn’t
interact with light.
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However, the Standard Model doesn’t propose any particle
that fits this description. This means that understanding and
explaining dark matter will be crucial to developing theories
beyond the Standard Model.

Professor Lister and her colleagues have approached this by
trying to synthesise potential ‘dark matter candidates’ using
the LHC. If they can produce and detect a particle that matches
the properties expected for dark matter, this would be the first
ever direct detection of something from beyond the Standard
Model, kickstarting a whole new era of particle physics
research.

Many theories beyond the Standard Model predict particles
that might explain dark matter, but they do so in wildly different
ways. Some predict a single particle, while others predict a
whole ‘dark sector’ of currently unknown particles. Ruling these
theories in or out could dramatically change our understanding
of the universe, and re-prioritise global physics research.

Physicists around the world are waiting with baited breath

for researchers to find flaws in the Standard Model, and no
one knows whether the next big leap in our understanding of
physics will come from the discovery of some new dark matter
particle in the LHC, or from some tiny deviation between
theory and measurement, such as in the properties of the

top quark. Professor Lister and her team work on both fronts,
and their research may contribute to the largest shift in our
understanding of physics in a century.
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