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CMB lensing CMB modulation B-modes

arXiv: 1907.04473

Cosmology and Particle Physics



arXiv: 1707.04591

Cosmology and Particle Physics



Cosmology tied to many basic problems 

• 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, … 

Cosmology and Particle Physics



Cosmology and Fun(damental) Physics

Cosmology is interconnected across theory frontier 

Connections are essential for understanding data

Observations Theory
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Inflation & 

Large Scale Structure



LSS is a key to our to understanding inflation 

Z

Linear regime of LSS

CMB

Figure from Chabanier  et al.

Large Scale Structure



Problem: low redshift universe is hard to model 

Large Scale Structure

Vogelsberger et al. (2019)

DM-only DM + Baryons



Strategies

Inflation LSS Modeling Principles

Look for novel signals: 

Top down (QG) 

 
EFT/symmetries 

New fields 

New mechanisms 

Improve accuracy: 

N-body 

Sims with baryons 

Machine learning 

EFT / perturbative

Protected quantities 

Locality 

Causality 

Symmetries 

Bootstrap



Top Down Model Building 

E.g. axion monodromy inspires features searches 

Originated from string models 

Logarithmic oscillations tied to non-perturbative effects
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Figure from Baumann & McAllister

Flauger et al. (2009)

Silverstein & Westphal (2008) 

McAllister, Silverstein, & Westphal (2008)



Top Down Model Building 

Oscillatory features in correlators
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Top Down Model Building 

Oscillatory signals in LSS are distinct from nonlinearity
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Cosmic microwave background (Planck)
Galaxy clustering (BOSS, this work)

Beutler, Biagetti, DG, Slosar, & Wallisch (2019)  



Top Down Model Building 

Oscillatory signals in LSS are distinct from nonlinearity

Beutler, Biagetti, DG, Slosar, & Wallisch (2019)  



Cosmological Collider

Light(ish) particles are detectable via non-Gaussianity 

Leaves unique signatures in the soft limits 

Violates the single-field consistency conditions

Chen & Wang (2009); DG & Baumann (2011); Chen & Wang (2012); Noumi et al. (2012); Arkani-Hamed 

& Maldacena (2015); Lee et al. (2016); + many many more 

Maldacena (2002); Creminelli & Zaldarriaga (2004)



Cosmological Collider

Single field consistency can be applied directly to LSS 

Breaking of consistency-scale dependent bias, e.g. 

Looks like a violation of equivalence principle 

Does not arise from nonlinear dynamics

Creminelli et al. (2013 x 3)

Dalal et al. (2007)
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Galaxies Matter



Doré et al. (2014) [SPHEREx]

Cosmological Collider

For extra light fields, LSS will make large improvement



Inflation is a pattern of symmetry breaking 

It is also a period of quasi-de Sitter expansion 

Inflation ends: requires a physical clock 

e.g.                         sets time in slow-roll inflation 

No reason the clock must be a weakly coupled scalar 

�(t) ⇡ �̇ t
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The Nature of Inflation
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Interactions = primordial Non-Gaussianity 

Courtesy of Fergusson & Shellard
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Locality

The inflationary signal is nonlocal in space 

Created at the past intersection of the light cones 

Proportional to 3 commutators: uniquely quantum!

DG & Porto (2020)

Beq = 162 f eq
NL

T (k1)T (k2)T (k3)�2
�

k1k2k3(k1 + k2 + k3)3
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Locality

Dark matter is slow: late-time evolution is ultra-local* 

Nonlinearity can never completely mimic the signal 

Differences seen at map-level

R∗

Primordial NG Late-time NG

DG & Baumann (2021)



Locality

This is deeply connected to AdS/bootstrap/amplitudes 

Analytic structure tied to causality/locality 

Error correction in AdS      Protection of pNG in LSS

Cosmological bootstrapAdS/Conformal Bootstrap

Figure from BaumannFigure from Simmons-Duffin et al.
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Forecasts
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Status

First ever LSS constraints on pNG from the bispectrum 

Far from competitive now; proof of principle

Cabass et al. (2022) D’Amico et al. (2022)



Status

Forecasts for future surveys 

Euclid: 

Euclid: 

21cm intensity mapping (e.g. PUMA) 

�(f eq
NL) = 7.5
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<latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit>

kmax = 0.15hMpc�1/D(z)
<latexit sha1_base64="DfEwdzVneLfFaUIyL9iNdK2jf8o=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCai6EYo2IUboYJ9QFPLZDpth84kYWYi1pDfcOOvuHGhiEtd+TdO0iy09cC9HM65l5l73IBRqSzr25iZnZtfWMwt5ZdXVtfWzY3NuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc4UXiN+6IkNT3btQoIG2O+h7tUYyUljqmNexEjuCQo/sYnkOrZJ9AZx8OkpYaVwGOb6MDO4aHsFJ82OuYBatkpYDTxM5IAWSodsxPp+vjkBNPYYakbNlWoNoREopiRuK8E0oSIDxEfdLS1EOcyHaUXhbDXa10Yc8XujwFU/X3RoS4lCPu6kmO1EBOeon4n9cKVe+sHVEvCBXx8PihXsig8mESE+xSQbBiI00QFlT/FeIBEggrHWZeh2BPnjxN6kclWwd6fVwoV7I4cmAb7IAisMEpKINLUAU1gMEjeAav4M14Ml6Md+NjPDpjZDtb4A+Mrx90JZzO</latexit><latexit sha1_base64="DfEwdzVneLfFaUIyL9iNdK2jf8o=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCai6EYo2IUboYJ9QFPLZDpth84kYWYi1pDfcOOvuHGhiEtd+TdO0iy09cC9HM65l5l73IBRqSzr25iZnZtfWMwt5ZdXVtfWzY3NuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc4UXiN+6IkNT3btQoIG2O+h7tUYyUljqmNexEjuCQo/sYnkOrZJ9AZx8OkpYaVwGOb6MDO4aHsFJ82OuYBatkpYDTxM5IAWSodsxPp+vjkBNPYYakbNlWoNoREopiRuK8E0oSIDxEfdLS1EOcyHaUXhbDXa10Yc8XujwFU/X3RoS4lCPu6kmO1EBOeon4n9cKVe+sHVEvCBXx8PihXsig8mESE+xSQbBiI00QFlT/FeIBEggrHWZeh2BPnjxN6kclWwd6fVwoV7I4cmAb7IAisMEpKINLUAU1gMEjeAav4M14Ml6Md+NjPDpjZDtb4A+Mrx90JZzO</latexit><latexit sha1_base64="DfEwdzVneLfFaUIyL9iNdK2jf8o=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCai6EYo2IUboYJ9QFPLZDpth84kYWYi1pDfcOOvuHGhiEtd+TdO0iy09cC9HM65l5l73IBRqSzr25iZnZtfWMwt5ZdXVtfWzY3NuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc4UXiN+6IkNT3btQoIG2O+h7tUYyUljqmNexEjuCQo/sYnkOrZJ9AZx8OkpYaVwGOb6MDO4aHsFJ82OuYBatkpYDTxM5IAWSodsxPp+vjkBNPYYakbNlWoNoREopiRuK8E0oSIDxEfdLS1EOcyHaUXhbDXa10Yc8XujwFU/X3RoS4lCPu6kmO1EBOeon4n9cKVe+sHVEvCBXx8PihXsig8mESE+xSQbBiI00QFlT/FeIBEggrHWZeh2BPnjxN6kclWwd6fVwoV7I4cmAb7IAisMEpKINLUAU1gMEjeAav4M14Ml6Md+NjPDpjZDtb4A+Mrx90JZzO</latexit><latexit sha1_base64="DfEwdzVneLfFaUIyL9iNdK2jf8o=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVtCai6EYo2IUboYJ9QFPLZDpth84kYWYi1pDfcOOvuHGhiEtd+TdO0iy09cC9HM65l5l73IBRqSzr25iZnZtfWMwt5ZdXVtfWzY3NuvRDgUkN+8wXTRdJwqhHaooqRpqBIIi7jDTc4UXiN+6IkNT3btQoIG2O+h7tUYyUljqmNexEjuCQo/sYnkOrZJ9AZx8OkpYaVwGOb6MDO4aHsFJ82OuYBatkpYDTxM5IAWSodsxPp+vjkBNPYYakbNlWoNoREopiRuK8E0oSIDxEfdLS1EOcyHaUXhbDXa10Yc8XujwFU/X3RoS4lCPu6kmO1EBOeon4n9cKVe+sHVEvCBXx8PihXsig8mESE+xSQbBiI00QFlT/FeIBEggrHWZeh2BPnjxN6kclWwd6fVwoV7I4cmAb7IAisMEpKINLUAU1gMEjeAav4M14Ml6Md+NjPDpjZDtb4A+Mrx90JZzO</latexit>

�(f eq
NL) = 4.5

<latexit sha1_base64="Ago7z6hHHl6UianCAvaw0KvD2uQ=">AAACCnicbZDLSsNAFIYnXmu9VV26GS1C3YREKroRCoK4EKlgL9DEMJlO2qEzSZyZCCV07cZXceNCEbc+gTvfxmmahbb+MPDxn3M4c34/ZlQqy/o25uYXFpeWCyvF1bX1jc3S1nZTRonApIEjFom2jyRhNCQNRRUj7VgQxH1GWv7gfFxvPRAhaRTeqmFMXI56IQ0oRkpbXmnPkbTHUSXwUkdweH01usuA3I8O4RmsmsdeqWyZViY4C3YOZZCr7pW+nG6EE05ChRmSsmNbsXJTJBTFjIyKTiJJjPAA9UhHY4g4kW6anTKCB9rpwiAS+oUKZu7viRRxKYfc150cqb6cro3N/2qdRAWnbkrDOFEkxJNFQcKgiuA4F9ilgmDFhhoQFlT/FeI+EggrnV5Rh2BPnzwLzSPTtkz7plquXeRxFMAu2AcVYIMTUAOXoA4aAINH8AxewZvxZLwY78bHpHXOyGd2wB8Znz/L+5kE</latexit><latexit sha1_base64="Ago7z6hHHl6UianCAvaw0KvD2uQ=">AAACCnicbZDLSsNAFIYnXmu9VV26GS1C3YREKroRCoK4EKlgL9DEMJlO2qEzSZyZCCV07cZXceNCEbc+gTvfxmmahbb+MPDxn3M4c34/ZlQqy/o25uYXFpeWCyvF1bX1jc3S1nZTRonApIEjFom2jyRhNCQNRRUj7VgQxH1GWv7gfFxvPRAhaRTeqmFMXI56IQ0oRkpbXmnPkbTHUSXwUkdweH01usuA3I8O4RmsmsdeqWyZViY4C3YOZZCr7pW+nG6EE05ChRmSsmNbsXJTJBTFjIyKTiJJjPAA9UhHY4g4kW6anTKCB9rpwiAS+oUKZu7viRRxKYfc150cqb6cro3N/2qdRAWnbkrDOFEkxJNFQcKgiuA4F9ilgmDFhhoQFlT/FeI+EggrnV5Rh2BPnzwLzSPTtkz7plquXeRxFMAu2AcVYIMTUAOXoA4aAINH8AxewZvxZLwY78bHpHXOyGd2wB8Znz/L+5kE</latexit><latexit sha1_base64="Ago7z6hHHl6UianCAvaw0KvD2uQ=">AAACCnicbZDLSsNAFIYnXmu9VV26GS1C3YREKroRCoK4EKlgL9DEMJlO2qEzSZyZCCV07cZXceNCEbc+gTvfxmmahbb+MPDxn3M4c34/ZlQqy/o25uYXFpeWCyvF1bX1jc3S1nZTRonApIEjFom2jyRhNCQNRRUj7VgQxH1GWv7gfFxvPRAhaRTeqmFMXI56IQ0oRkpbXmnPkbTHUSXwUkdweH01usuA3I8O4RmsmsdeqWyZViY4C3YOZZCr7pW+nG6EE05ChRmSsmNbsXJTJBTFjIyKTiJJjPAA9UhHY4g4kW6anTKCB9rpwiAS+oUKZu7viRRxKYfc150cqb6cro3N/2qdRAWnbkrDOFEkxJNFQcKgiuA4F9ilgmDFhhoQFlT/FeI+EggrnV5Rh2BPnzwLzSPTtkz7plquXeRxFMAu2AcVYIMTUAOXoA4aAINH8AxewZvxZLwY78bHpHXOyGd2wB8Znz/L+5kE</latexit><latexit sha1_base64="Ago7z6hHHl6UianCAvaw0KvD2uQ=">AAACCnicbZDLSsNAFIYnXmu9VV26GS1C3YREKroRCoK4EKlgL9DEMJlO2qEzSZyZCCV07cZXceNCEbc+gTvfxmmahbb+MPDxn3M4c34/ZlQqy/o25uYXFpeWCyvF1bX1jc3S1nZTRonApIEjFom2jyRhNCQNRRUj7VgQxH1GWv7gfFxvPRAhaRTeqmFMXI56IQ0oRkpbXmnPkbTHUSXwUkdweH01usuA3I8O4RmsmsdeqWyZViY4C3YOZZCr7pW+nG6EE05ChRmSsmNbsXJTJBTFjIyKTiJJjPAA9UhHY4g4kW6anTKCB9rpwiAS+oUKZu7viRRxKYfc150cqb6cro3N/2qdRAWnbkrDOFEkxJNFQcKgiuA4F9ilgmDFhhoQFlT/FeI+EggrnV5Rh2BPnzwLzSPTtkz7plquXeRxFMAu2AcVYIMTUAOXoA4aAINH8AxewZvxZLwY78bHpHXOyGd2wB8Znz/L+5kE</latexit>

kmax = 0.1hMpc�1/D(z)
<latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit><latexit sha1_base64="/Tl/ZcCdbLDLfCOixtrhQ9pGG34=">AAACGHicbVDLSgMxFM3UV62vUZdugkWooO2MCLoRCnbhRqhgH9COQyZN29AkMyQZsQ7zGW78FTcuFHHbnX9j+lho9cC9HM65l+SeIGJUacf5sjILi0vLK9nV3Nr6xuaWvb1TV2EsManhkIWyGSBFGBWkpqlmpBlJgnjASCMYXI79xj2RiobiVg8j4nHUE7RLMdJG8u3SwE/akkOOHlJ4AZ2iC9tHsD9uE/06wuldcuymsAQrhcdD3847RWcC+Je4M5IHM1R9e9TuhDjmRGjMkFIt14m0lyCpKWYkzbVjRSKEB6hHWoYKxInykslhKTwwSgd2Q2lKaDhRf24kiCs15IGZ5Ej31bw3Fv/zWrHunnsJFVGsicDTh7oxgzqE45Rgh0qCNRsagrCk5q8Q95FEWJsscyYEd/7kv6R+UnRNnjen+XJlFkcW7IF9UAAuOANlcAWqoAYweAIv4A28W8/Wq/VhfU5HM9ZsZxf8gjX6BvK+nI8=</latexit>
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