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The Standard Model of Particle Physics
I Quantum Field Theory – a rule book for elementary point

particles, incorporating quantum mechanics and special relativity.

I Standard Model – a particular collection of elementary particles,
masses and interactions obeying this rule book:

I Standard Model has been verified to an amazing precision, with
very few direct hints of new physics. FPP, Liverpool

Dept of Physics

I But also raises some deep questions, e.g. naturalness problem:

MHiggs

MPlanck
=

10−25kg
10−9kg

= 10−16

I We expected new physics at LHC...
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The Standard Model of Cosmology

I The Standard Model of Cosmology describes the history and
structure of the Universe using General Relativity.

I Diverse measurements beautifully concur to tell us that the
Universe is full of stuff we don’t understand.

Planck ’13

I Compare amount of matter that gravitates with the amount that is
luminous⇒ dark matter – a weakly interacting exotic particle.

I Universe’s expansion is accelerating⇒ a new repulsive source
for gravity – dark energy. Perlmutter et al ’97

Reiss et al ’97

I Simplest candidate is vacuum energy, but its scale should be
ρ ∼ 10−120M4

Pl . An even harder naturalness problem – even
quantum fluctuations of electrons contribute 1036 times too much.
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String Phenomenology

I Fact: there must be new physics beyond the standard model.

I Try to resolve fundamental problems, using a framework which
can describe both gravity and particle physics consistently.

I String theory is the leading candidate for a quantum gravity.
I String theory replaces the point particles of quantum field theory

with one-dimensional strings – higher dimensional objects called
branes also emerge.

I Consistency of string theory requires ten spacetime dimensions
and usually supersymmetry.

I We construct and study models of particle physics and
cosmology from string theory, to solve problems and make
predictions.

I We are very constrained both from the internal consistency of
string theory and from imposing consistency with the standard
models and observations.
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Cosmic Microwave Background (CMB)
A "baby portrait" of the Universe at 380,000 years old.

Planck ’15

I Universe was initially a hot, dense plasma of photons, protons
and electrons – opaque.

I Universe expanded and cooled. Eventually protons and electrons
could form atoms, photons decoupled and CMB produced.

I Photons have since been streaming freely through the Universe
until – 13.8 billion years later – they reach us and our detectors.

I Temperature of the CMB is almost the same throughout the sky,
with tiny anisotropies at less than 1 part in 10,000.
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Cosmic Inflation

I Temperature of the Cosmic Microwave Background (CMB) is
almost the same throughout the sky.

I But causal interactions happen at most at the speed of light –
radiation in distant regions in the sky did not have time to interact
between initial time and photon decoupling?!

I Extend the history of Universe with a period of exponential
expansion, with space expanding by a factor ∼ 1050 within the
first ∼ 10−30 sec – inflation! Guth ’81, Linde ’82,

Albrecht & Steinhardt ’82

I Before inflation, the entire universe was small and causally
connected⇒ explains the CMB isotropy... and tiny anisotropies!
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Slow Roll Inflation
I Einstein’s theory of general relativity:

Gµν [gµν ] = Tµν [matter ]

with inflationary solution ds2 = −dt2 + a(t)
(
dx2 + dy2 + dz2

)
and scale factor a(t) = eHt .

I Source for inflation? A new scalar particle or field – the inflaton
φ(t , x), with potential energy function, V (φ):

Potential must have region that is very flat:

ε ≡
Mpl

2

(
V ′(φ)

V (φ)

)2

� 1 .

During inflation, φ slowly rolls down V (φ) giving H ≈
√

V/3M2
pl .
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Observational Constraints on Inflation

I Inflation was proposed to explain why the CMB is so isotropic,
but its big success was to predict the temperature anisotropies
subsequently measured in the CMB. Mukhanov & Chibisov ’81

Planck ’15

I Precision observations can moreover now be used to test
different models of inflation, V (φ)!

Planck ’15
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Inflation and Quantum Gravity

We can build empirically successful models of inflation using effective
field theory GR + φ(t , x), but we know this is not a complete theory.

Quantum gravity implies corrections to effective field theory and V (φ):

∆V (φ) =
∑

n

cnV (φ)

(
φ

Mpl

)δn−4

generically spoil flatness of slow roll potential – inflation is sensitive to
quantum gravity!

Inflation must be understood within a quantum theory of gravity:
I What is the origin of φ and V (φ)?
I Why do quantum gravity corrections not spoil inflation... within

slow roll (symmetry) or with new mechanisms?
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String Inflation

I 10D string theory, compactified to 4D, offers a well-motivated
and precise framework in which to address these questions

I Particles are composed of fundamental strings and quantum
gravity corrections are computable.

I String theory is unique but has many solutions or vacua... work
towards explicit realisations of inflaton and its potential in string
theory...

I Do generic properties of string theory prefer or exclude certain
regimes of the cosmological parameter space?

I Understanding string inflation connects string theory to
observations!
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A string model of inflation
One of the simplest field theory candidates for inflation is inflaton with:

V (φ) =
1
2

m2φ2

Excluded by observations:

Planck ’15

String theory implies corrections to leading potential:
Parameswaran, Tasinato, Zavala ’16

V (φ) + ∆V (φ) =
1
2

m2φ2 +
∑

n

Λn cos

(
nφ
f

)

ϕ

V(ϕ)

Restores model into favour with Planck - with distinctive predictions
for upcoming observations... including primordial black holes as dark
matter. Özsoy, Parameswaran, Tasinato, Zavala ’18
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Dark Energy in String Theory

I Late-time acceleration of the Universe driven by Dark Energy is
similar to early-Universe inflation, involving, however, much lower
energy scales

ρDE ∼ 10−120M4
pl

.
I Because Dark Energy epoch does not have to end, it may simply

be vacuum energy – but vacuum energy computed from
Standard Model is 55 orders of magnitude too large!

I In string compactifications, many additional contributions to
vacuum energy – in some string solutions there may be
fine-tuned cancellations to yield the observed vacuum energy –
such a solution may be anthropically selected.

I Alternatively, Dark Energy may be a slowly-rolling scalar field,
like the inflaton. String theory predicts many light scalar fields,
which may interact with each other in interesting ways, to help
achieve potential energies that source Dark Energy.

Hardy & Parameswaran ’19; Gomes, Hardy & Parameswaran to appear
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Summary

I String theory is our leading candidate for a theory of quantum
gravity - can it describe our Universe and explain the
fundamental problems in particle physics and cosmology?

Faraggi, Parameswaran

I String theory is unique but has many distinct solutions - rich in
ideas to describe physics Beyond the Standard Model. Hardy

I Building string theory models of the Universe uses modern
mathematical tools and has even led to the development of new
mathematics. Mohaupt, Tatar

I We are in a Golden Age for Cosmology, with unprecedented
precision observations - and a new era of gravitational waves
astronomy - perhaps our best hope to connect string theory to
experiment.
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