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Cosmology is often presented as a complete story… 



What current data tells us is not so simple…   

Neutrino Mass Dark Energy

Hubble Parameter Optical Depth



model a
model b

Attempts to explain the data change the picture 

model c



These models are viable because we don’t 
know what happened in the early universe 

Unproven(?)
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CMB observables

CMB Probe+

Primordial GWs (r) 

Optical Depth (𝜏) 

Neutrino Mass (Mν)

Dark Sectors (Neff)



CMB observables

CMB Probe+

A single CMB (Probe+) survey = many experiments 

E.g. One survey probes dark sectors in many ways
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CMB lensing CMB modulation B-modes

arXiv: 1907.04473



arXiv: 1707.04591

CMB observables

CMB Probe+

Compare to CMB + list of all dark matter experiments



Cosmology via CMB Probe+

CMB Probe+

A CMB Probe+ survey can address a lot of critical questions: 

• Pin down cosmic parameters 

• Explore fundamentally new territory for the early universe 

• Determine the neutrino mass (and how they affect structure) 

• Reionization (Optical Depth, Duration, patchy) 

• High redshift clusters, structure formation 

• … and we keep finding new applications



Let’s focus on two key areas: 

II. Dark Sectors

I. Inflation



Inflation



I. Inflation



CMB Probe+

Inflation is often described in a single picture 

Exponential expansion arises from potential energy

From Baumann & McAllister

The Nature of Inflation



CMB Probe+

This picture is consistent with observations 

Planck 2018

?

The Nature of Inflation



CMB Probe+

But current data doesn’t require this is the story either 

Planck 2018

?

The Nature of Inflation



Gravitational Waves from Inflation



CMB Probe+

B-modes

From B. Benson & J. McMahon 



CMB Probe+

Gravitational Waves & Inflation

GWs provide a unique probe of the early universe: 

• They are a direct measure of the spacetime geometry 

• They determine the energy scale of inflation 

• Higher scales are very sensitive to quantum gravity 

• We distinguish high and low scale models if we reach
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CMB Probe+

arXiv: 2203.08128

B-modes



CMB Probe+

B-modes

QG Threshold
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Dark Sectors



Dark Sectors 





CMB Probe+

Equilibrium : 

Decoupling: 

Cosmic Neutrino Background

T 3
⇠ G�2

F /Mpl = O(1MeV)
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CMB Probe+

Cosmology sensitive to the neutrino energy density  

Conventional to define 

Perfect decoupling : 

Imperfect decoupling + QED : 
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Cosmic Neutrino Background

Ne↵ = 3.0440± 0.0002
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Bennett et al. (2020)



New Light 
Particles



 

Ne↵ > 3.044
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The peak locations + damping determine Neff : 

• Energy dissipation determines the expansion rate 

• Peak locations measure neutrino perturbations

Light Relics

CMB Probe+



CMB Probe+

            depends only on degrees of freedom at freeze-out 

Robust determination of the universe at very high T

Light Relics

arXiv:2203.07943
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CMB Probe+

The freeze-out temperature is the physical quantity 

 

CMB Probe+ can improve on SO by a factor of 100

Light Relics
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Neutrino Mass

CMB Probe+

Cosmological measurements are inconsistent with the lab 

Likelihood actually peaks at large negative values
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Neutrino Mass

CMB Probe+

The optical depth is central to our understand of neutrinos  

A CMB satellite is needed to reach the cosmic variance limit 
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Neutrino Mass

CMB Probe+

Evidence is that optical depth could explain a lot of tensions 

 

High results are in tension with duration of reionization 

We need a better measurement
Cain et al. (2025)

Craig et al. (2025) 

DG & Meyers (2025)

Sailer et al. (2025) 

Jhaveri et al. (2025)



Summary



CMB Probe+ can answer many key cosmic questions 

• It can determine the scale and geometry of inflation 

• It would reach a critical threshold for r 

• It would reach a critical threshold of Neff 

• It could determine the absolute mass of neutrinos 

• It could resolve a number of tensions 

• It would provide a CVL measurements of reionization 

Summary



Thank You


