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The cosmologists’ history of the universe is always the same 



model a
model b

Model builders have different ideas 

model c



Cosmology fundamentally tied to model building 

• Cosmological Constant 

• Dark Matter / Dark Sectors 

• Solution to strong CP problem (axion) 

• Cosmological solutions to Hierarchy Problem 

• Relics from new symmetries (e.g. gravitino) 

• Origin of structure, baryogenesis, B-fields, … 

Model Building



Answers live in the early universe 

Unproven(?)





CMB observables

From B. Benson & J. McMahon 



Plan for the talk: 

II. Dark Sectors

I. Inflation



Inflation



I. Inflation



The story of inflation is often told in one way 

Period of exponential expansion

The Nature of Inflation

From WMAP



The story of inflation is often told in one way 

Driven by a slowly rolling scalar field

From Baumann & McAllister

The Nature of Inflation



The story of inflation is often told in one way 

Quantum fluctuations of this field = initial conditions

From Baumann & McAllister

The Nature of Inflation



This pictures is consistent with observations 

Planck 2018

?

The Nature of Inflation



But is it necessary ? 

Planck 2018

?

The Nature of Inflation



Inflation: A definition 

(1) A period of quasi-de Sitter expansion 

(2) Inflation ends: requires a physical clock 

In slow roll inflation - we set our clocks to 
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The Nature of Inflation

Defines two kinds of questions about inflation 

(A)Do we know the geometry? Is it really inflation? 

Strategy: primordial gravitational waves (CMB B-modes) 

GW see the true geometry of spacetime 

(B) What is the clock?  

Real world clocks aren’t fundamental scalars 

Strategy: Non-trivial dynamics affects statistics 



Scales

What do we know from data? 

H
2
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Resolution of the clock

Scale of fluctuations

Energy2
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Gravitational Waves
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Energy2



B-modes

From B. Benson & J. McMahon 



arXiv: 2203.08128

B-modes



Gravitational Waves

Lots of reasons to prefer models that produce observable GW 

Not seeing GWs would exclude entire classes of (good) ideas 

Detection of primordial GW would be profoundly important 

Is a direct window into the geometry of spacetime 

Determines the energy scale of inflation was very high 

Implications for particle spectrum / interactions at GUT scale



Theoretically, making a flat enough potential is hard 

Dynamics may resolve a number of theoretical challenges 

e.g.  self-interactions      or          particle-production 

Leads to measurable non-Gaussianity and/or features

What is the clock?



The Cosmological Collider

Primordial Statistics is particle physics at the scale of inflation 

Masses and spins of new states are observable 

For high-scale inflation, probes Planck suppressed couplings
arXiv: 2203.08121



Cosmic Signals

CMB+LSS+

Cross-Correlation

Primordial  FeaturesNew Particles Self-Interactions

Alin
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Parameter:


Observable:


Signal:
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Dark Sectors & the CMB
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CMB lensing CMB modulation B-modes

arXiv: 1907.04473



arXiv: 1707.04591

Dark Sector Experiments



Cosmology competes head to head with the lab 

•  Detect dark matter at 

•  Detect cosmic neutrino background at 

Neither has been seen in the lab 

Superior sensitivity arises because of 

(1) high T / number density in early universe 

(2) large gravitational influence at recombination
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Dark Sectors



We see these dark sectors through gravity 

Can’t hide the signature by changing the coupling 
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CMB lensing CMB modulation B-modes

arXiv: 1907.04473

Dark Sectors



Light Relics

Light Relics

arXiv: 1707.04591



Damping Tail

From B. Benson & J. McMahon 





Equilibrium : 

Decoupling: 

Cosmic Neutrino Background

T 3
⇠ G�2

F /Mpl = O(1MeV)
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Cosmology sensitive to the neutrino energy density  

Conventional to define 

Perfect decoupling : 

Imperfect decoupling + QED : 

Ne↵ ⌘ 8

7

✓
11

4

◆4/3 ⇢⌫
⇢�
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Cosmic Neutrino Background

Ne↵ = 3.0440± 0.0002
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Bennett et al. (2020)
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Ne↵ > 3.044
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Light Relics

arXiv:2203.07943.



E.g.  TF is sensitive to any standard model coupling 

           constrains many couplings simultaneously  

Light Relics

Ne↵
<latexit sha1_base64="QdzIIoytwW0FGHJVxy5xCExJgKc=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAIJ4kgnnAZgmzk9lkyDyWmVkhLPkMLx4U8erXePNvnCR70MSChqKqm+6uOOXMWN//9kpr6xubW+Xtys7u3v5B9fCobVSmCW0RxZXuxthQziRtWWY57aaaYhFz2onHNzO/80S1YUo+2klKI4GHkiWMYOuk8L6f97RANEmm/WrNr/tzoFUSFKQGBZr96ldvoEgmqLSEY2PCwE9tlGNtGeF0WullhqaYjPGQho5KLKiJ8vnJU3TmlAFKlHYlLZqrvydyLIyZiNh1CmxHZtmbif95YWaT6yhnMs0slWSxKMk4sgrN/kcDpimxfOIIJpq5WxEZYY2JdSlVXAjB8surpH1RD/x68HBZa9wWcZThBE7hHAK4ggbcQRNaQEDBM7zCm2e9F+/d+1i0lrxi5hj+wPv8ARH4kR0=</latexit><latexit sha1_base64="QdzIIoytwW0FGHJVxy5xCExJgKc=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAIJ4kgnnAZgmzk9lkyDyWmVkhLPkMLx4U8erXePNvnCR70MSChqKqm+6uOOXMWN//9kpr6xubW+Xtys7u3v5B9fCobVSmCW0RxZXuxthQziRtWWY57aaaYhFz2onHNzO/80S1YUo+2klKI4GHkiWMYOuk8L6f97RANEmm/WrNr/tzoFUSFKQGBZr96ldvoEgmqLSEY2PCwE9tlGNtGeF0WullhqaYjPGQho5KLKiJ8vnJU3TmlAFKlHYlLZqrvydyLIyZiNh1CmxHZtmbif95YWaT6yhnMs0slWSxKMk4sgrN/kcDpimxfOIIJpq5WxEZYY2JdSlVXAjB8surpH1RD/x68HBZa9wWcZThBE7hHAK4ggbcQRNaQEDBM7zCm2e9F+/d+1i0lrxi5hj+wPv8ARH4kR0=</latexit><latexit sha1_base64="QdzIIoytwW0FGHJVxy5xCExJgKc=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAIJ4kgnnAZgmzk9lkyDyWmVkhLPkMLx4U8erXePNvnCR70MSChqKqm+6uOOXMWN//9kpr6xubW+Xtys7u3v5B9fCobVSmCW0RxZXuxthQziRtWWY57aaaYhFz2onHNzO/80S1YUo+2klKI4GHkiWMYOuk8L6f97RANEmm/WrNr/tzoFUSFKQGBZr96ldvoEgmqLSEY2PCwE9tlGNtGeF0WullhqaYjPGQho5KLKiJ8vnJU3TmlAFKlHYlLZqrvydyLIyZiNh1CmxHZtmbif95YWaT6yhnMs0slWSxKMk4sgrN/kcDpimxfOIIJpq5WxEZYY2JdSlVXAjB8surpH1RD/x68HBZa9wWcZThBE7hHAK4ggbcQRNaQEDBM7zCm2e9F+/d+1i0lrxi5hj+wPv8ARH4kR0=</latexit><latexit sha1_base64="QdzIIoytwW0FGHJVxy5xCExJgKc=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAIJ4kgnnAZgmzk9lkyDyWmVkhLPkMLx4U8erXePNvnCR70MSChqKqm+6uOOXMWN//9kpr6xubW+Xtys7u3v5B9fCobVSmCW0RxZXuxthQziRtWWY57aaaYhFz2onHNzO/80S1YUo+2klKI4GHkiWMYOuk8L6f97RANEmm/WrNr/tzoFUSFKQGBZr96ldvoEgmqLSEY2PCwE9tlGNtGeF0WullhqaYjPGQho5KLKiJ8vnJU3TmlAFKlHYlLZqrvydyLIyZiNh1CmxHZtmbif95YWaT6yhnMs0slWSxKMk4sgrN/kcDpimxfOIIJpq5WxEZYY2JdSlVXAjB8surpH1RD/x68HBZa9wWcZThBE7hHAK4ggbcQRNaQEDBM7zCm2e9F+/d+1i0lrxi5hj+wPv8ARH4kR0=</latexit>



Axions Coupled to Matter
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Axions Coupled to Matter
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Mediators of dark forces = light relics 

Constraint on mediator often stronger than direct limits
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Theory Aside



Theory

Cosmology blurs the line between theory and experiment 

Connections are essential for understanding data

Observations Theory



Observations

Bootstrap

Amplitudes

Quantum Gravity

Effective field theory

Dark Matter

Hierarchy / Strong CP Problems

CMB

Large Scale Structure

Galaxies / 

Small Scale Structure
Astrophysics

Gravitational Waves

Theory



Theorists are essential to this progress 

1. New analyses of existing and future data 

2. Directly working on projects (likelihoods, pipeline) 

3. Simulations / theory that impacts data analysis 

4. Defining theoretically interesting targets 

5. Pure theory (e.g. formal aspects of inflation) 

ALL of this work needs to be supported

Theory



Summary



The early universe is the frontier 

•  Key targets for inflation are within reach 

•  Gravitational waves directly probe geometry 

•  Statistics are a window into particle physics of inflaton 

•  Cosmic probes of dark sectors competitive with lab 

•  Sensitivity to individual specifies produced at reheating

Summary
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