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Messengers from  

the Early Universe



Outline 

1. Cosmic History 

2. Cosmic Sound 

3. Cosmic Neutrinos and Light Relics 

4. Neutrino Mass 



Cosmic History  











Suggests a complete story 

1. Early phase of inflation 

2. Reheating up to  

3. Standard model cools through expansion 

4. (Perhaps) WIMP Dark Matter freeze-out  

History of the Universe



This story is plausible but hardly proven 

Direct  
Observation



This story is plausible but hardly proven 

Inferred



This story is plausible but hardly proven 

Unproven(?)



Inflation

CMB (today)

Recombination
BBN / Neutrino decoupling

QCD phase transition

Can we 

probe 

this 
regime? Electroweak phase transition



Does it matter?

Cosmology is tied to every basic problem 

• 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 a
model b

Ideas are not consistent with a single cosmic history 

model c



I will focus on two related goals:



New Light 
Particles

I will focus on two related goals:



Observations will be relevant to: 

• 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, … 

Does it matter?



Cosmic Sound  



Image from Planck

Cosmic Microwave Background (CMB)



Image from Hu & White (2004)



Courtesy of thecmb.org



Dark MatterNeutrinos

Compton

Coulomb

Gravity

relativistic 

fluid







Cosmic Sound



Cosmic Sound

But we have to Match to long wavelength 

In the past  



“Inflation” : source of initial conditions 

?



Recombination:  

+ diffusion, gravitational forces / redshift, etc. 



Courtesy of thecmb.org



Cosmic Neutrinos  





Equilibrium : 

Decoupling: 

Cosmic Neutrino Background

T 3
⇠ G�2

F /Mpl = O(1MeV)
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Cosmic Neutrino Background

In equilibrium, light fields share entropy evenly 

Neutrino number density      photon number density 

All the power of cosmology starts here 

The Universe prepares for us a pristine, high-density 

state of neutrinos  

s / g?(T )T
3
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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 ⇢⌫
⇢�

<latexit sha1_base64="v2zmu9xbP0Ge1h/mxTTSKfGYbxo="></latexit><latexit sha1_base64="v2zmu9xbP0Ge1h/mxTTSKfGYbxo="></latexit><latexit sha1_base64="v2zmu9xbP0Ge1h/mxTTSKfGYbxo="></latexit><latexit sha1_base64="v2zmu9xbP0Ge1h/mxTTSKfGYbxo="></latexit>

Salas & Pastor (2016); 
Mangano et al. (2005)

Cosmic Neutrino Background



After decoupling the state doesn’t change 

where  

Neutrino temperature redshifts like CMB 

Today, these are very low energy neutrinos 

Cosmic Neutrino Background

f(p, t) =
1

ep/T⌫ + 1
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Neff > 3.045



Any light thermalized particle looks like a neutrino 

If a light particle decouples at temperature 

Only diluted by annihilation after decoupling 

Light Relics
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Light relics degrees of freedom

Standard Model degrees of freedom



Image from Planck 2018



Coming generations will make a lot of progress 

Light Relics

Image from DG et al. 2019



Implications for Axions

ADMX Stellar Cooling

Helioscopes (CAST)

QCD
 ax

ion

Baumann, DG & Wallisch (2016)



Implications for Axions

Baumann, DG & Wallisch (2016)



Signals in the CMB 



Cosmic Microwave Background
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Damping drives the constraints for  

Cosmic Microwave Background

⇤CDM+Ne↵
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Planck 2018



Neutrinos fluctuations move faster than sound 
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Information propagates ahead of the sound horizon 

Phase Shift

baryon-photon 
fluid

DM

d� = Ã~k cos csk⌧ +B~k sin csk⌧
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Gravitational force of 
neutrinos regenerates sin



Phase Shift

The sine is equivalent to a phase shift 

Supersonic fluctuations encoded in phase shift 

  

' ⇠ B/Ã
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Phase Shift

Neutrinos produce a unique shift in the CMB 
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Phase Shift

Neutrinos produce a unique shift in the CMB 

0 500 1000 1500 2000 2500
0.0

2.0

4.0

6.0

8.0

950 1000 1050 1100 1150 1200 1250

ℓ

3.5

4.0

4.5

5.0

5.5

K
ℓ
[1
03

µ
K

2
]

0

1

2

3

4

5

6

7

N
ν



Phase Shift

This phase shift is detected in the CMB 
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Signal is frozen in distribution of galaxies / matter 

BOSS (Beutler et al.) (2016)

Figure from Hlozek et al.

Baryon Acoustic Oscillations (BAO)  



Phase shift appears in BAO 
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Applying same idea to BOSS data 

Positive phase shift seen with 99.5% confidence 

BAO Phase Shift

Baumann et al. (2018)
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Neutrino Mass



Neutrino Mass

Neutrinos have mass

Image from Super-K ; SNO



Neutrino Mass

We know neutrinos were relativistic at recombination 

If is wasn’t, then 

Phase shift doesn’t arise when non-relativistic  

We can still improve by going to lower redshift 
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<latexit sha1_base64="Jx1apgJZ/7DZv7M8FVg63QWW+dc=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCBRlmikWXpd24ESr0Bp1SMmnahiaTIcmIdZgnceOruHGhiOBK38b0stDWA4GP/z+Hk/MHEaNKu+63tbK6tr6xmdnKbu/s7u3bB4cNJWKJSR0LJmQrQIowGpK6ppqRViQJ4gEjzWBUmfjNOyIVFWFNjyPS4WgQ0j7FSBupaxdr3cSXHFZuymn+YcaSYMEDJz2DPooiKe6h6xSK0D+HU5s00q6dcx13WnAZvDnkwLyqXfvT7wkccxJqzJBSbc+NdCdBUlPMSJr1Y0UihEdoQNoGQ8SJ6iTT81J4apQe7AtpXqjhVP09kSCu1JgHppMjPVSL3kT8z2vHun/VSWgYxZqEeLaoHzOoBZxkBXvURKHZ2ADCkpq/QjxEEmFtEs2aELzFk5ehUXA81/FuL3Kl8jyODDgGJyAPPHAJSuAaVEEdYPAInsEreLOerBfr3fqYta5Y85kj8Kesrx8OQKCJ</latexit><latexit sha1_base64="Jx1apgJZ/7DZv7M8FVg63QWW+dc=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCBRlmikWXpd24ESr0Bp1SMmnahiaTIcmIdZgnceOruHGhiOBK38b0stDWA4GP/z+Hk/MHEaNKu+63tbK6tr6xmdnKbu/s7u3bB4cNJWKJSR0LJmQrQIowGpK6ppqRViQJ4gEjzWBUmfjNOyIVFWFNjyPS4WgQ0j7FSBupaxdr3cSXHFZuymn+YcaSYMEDJz2DPooiKe6h6xSK0D+HU5s00q6dcx13WnAZvDnkwLyqXfvT7wkccxJqzJBSbc+NdCdBUlPMSJr1Y0UihEdoQNoGQ8SJ6iTT81J4apQe7AtpXqjhVP09kSCu1JgHppMjPVSL3kT8z2vHun/VSWgYxZqEeLaoHzOoBZxkBXvURKHZ2ADCkpq/QjxEEmFtEs2aELzFk5ehUXA81/FuL3Kl8jyODDgGJyAPPHAJSuAaVEEdYPAInsEreLOerBfr3fqYta5Y85kj8Kesrx8OQKCJ</latexit><latexit sha1_base64="Jx1apgJZ/7DZv7M8FVg63QWW+dc=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCBRlmikWXpd24ESr0Bp1SMmnahiaTIcmIdZgnceOruHGhiOBK38b0stDWA4GP/z+Hk/MHEaNKu+63tbK6tr6xmdnKbu/s7u3bB4cNJWKJSR0LJmQrQIowGpK6ppqRViQJ4gEjzWBUmfjNOyIVFWFNjyPS4WgQ0j7FSBupaxdr3cSXHFZuymn+YcaSYMEDJz2DPooiKe6h6xSK0D+HU5s00q6dcx13WnAZvDnkwLyqXfvT7wkccxJqzJBSbc+NdCdBUlPMSJr1Y0UihEdoQNoGQ8SJ6iTT81J4apQe7AtpXqjhVP09kSCu1JgHppMjPVSL3kT8z2vHun/VSWgYxZqEeLaoHzOoBZxkBXvURKHZ2ADCkpq/QjxEEmFtEs2aELzFk5ehUXA81/FuL3Kl8jyODDgGJyAPPHAJSuAaVEEdYPAInsEreLOerBfr3fqYta5Y85kj8Kesrx8OQKCJ</latexit><latexit sha1_base64="Jx1apgJZ/7DZv7M8FVg63QWW+dc=">AAACHnicbZDLSgMxFIYzXmu9jbp0EyxCBRlmikWXpd24ESr0Bp1SMmnahiaTIcmIdZgnceOruHGhiOBK38b0stDWA4GP/z+Hk/MHEaNKu+63tbK6tr6xmdnKbu/s7u3bB4cNJWKJSR0LJmQrQIowGpK6ppqRViQJ4gEjzWBUmfjNOyIVFWFNjyPS4WgQ0j7FSBupaxdr3cSXHFZuymn+YcaSYMEDJz2DPooiKe6h6xSK0D+HU5s00q6dcx13WnAZvDnkwLyqXfvT7wkccxJqzJBSbc+NdCdBUlPMSJr1Y0UihEdoQNoGQ8SJ6iTT81J4apQe7AtpXqjhVP09kSCu1JgHppMjPVSL3kT8z2vHun/VSWgYxZqEeLaoHzOoBZxkBXvURKHZ2ADCkpq/QjxEEmFtEs2aELzFk5ehUXA81/FuL3Kl8jyODDgGJyAPPHAJSuAaVEEdYPAInsEreLOerBfr3fqYta5Y85kj8Kesrx8OQKCJ</latexit>

X
m⌫ < 0.26 eV (95%)
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Massive neutrinos free stream / suppress growth 

Neutrino Mass

Image from Agarwal & Feldman (2010)



Massive neutrinos free stream / suppress growth 

Neutrino Mass
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analytic model

CLASS code



Suppression is really two separate effects: 

1. Neutrinos redshift like matter but don’t cluster 

At fixed, total matter density 

2. Dark matter clusters more slowly 

Enhanced by a large log (time of growth)

Neutrino Mass

Pm[m⌫ 6= 0] ⇡ (1� 2f⌫)Pm[m⌫ 6= 0]
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Combine to give a large suppression 
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Cosmological Observables



Hard because we don’t measure  
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Cosmological Observables



Cosmological Observables

We need to measure 3 numbers: 

(1) (dark) matter power spectrum - lensing 

(2) High accuracy matter abundance - BAO 

(3) Primordial Amplitude of Fluctuations - CMB 

With planned observations: 1-3 are easiest-hardest 

Plensing / ⌦2
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Realistic Goals

Data we have in hand + DESI BAO can reach  

95% exclusion of                      for minimum mass 

With improved measurements of reionization: 

Best bet is a satellite, possible from ground/balloon 
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X
m⌫ = 0

<latexit sha1_base64="w1HEEG2/KrEpYEL8O6RtvspQ6gs=">AAAB9XicbZBLSwMxFIXv+Kz1VXXpJlgEV2VGBN0IFTcuK9gHdMaSSTNtaJIZ8lDKUPBnuHGhiFv/izv/jeljoa0HAh/n3JCbE2ecaeP7397S8srq2npho7i5tb2zW9rbb+jUKkLrJOWpasVYU84krRtmOG1limIRc9qMB9fjvPlAlWapvDPDjEYC9yRLGMHGWfehtgKJTigtukR+p1T2K/5EaBGCGZRhplqn9BV2U2IFlYZwrHU78DMT5VgZRjgdFUOraYbJAPdo26HEguoon2w9QsfO6aIkVe5Igybu7xs5FloPRewmBTZ9PZ+Nzf+ytjXJRZQzmVlDJZk+lFiOTIrGFaAuU5QYPnSAiWJuV0T6WGFiXFFFV0Iw/+VFaJxWAr8S3J6Vq1dP0zoKcAhHcAIBnEMVbqAGdSCg4Ble4c179F68d+9jOrrkzSo8gD/yPn8AN/2SDg==</latexit><latexit sha1_base64="w1HEEG2/KrEpYEL8O6RtvspQ6gs=">AAAB9XicbZBLSwMxFIXv+Kz1VXXpJlgEV2VGBN0IFTcuK9gHdMaSSTNtaJIZ8lDKUPBnuHGhiFv/izv/jeljoa0HAh/n3JCbE2ecaeP7397S8srq2npho7i5tb2zW9rbb+jUKkLrJOWpasVYU84krRtmOG1limIRc9qMB9fjvPlAlWapvDPDjEYC9yRLGMHGWfehtgKJTigtukR+p1T2K/5EaBGCGZRhplqn9BV2U2IFlYZwrHU78DMT5VgZRjgdFUOraYbJAPdo26HEguoon2w9QsfO6aIkVe5Igybu7xs5FloPRewmBTZ9PZ+Nzf+ytjXJRZQzmVlDJZk+lFiOTIrGFaAuU5QYPnSAiWJuV0T6WGFiXFFFV0Iw/+VFaJxWAr8S3J6Vq1dP0zoKcAhHcAIBnEMVbqAGdSCg4Ble4c179F68d+9jOrrkzSo8gD/yPn8AN/2SDg==</latexit><latexit sha1_base64="w1HEEG2/KrEpYEL8O6RtvspQ6gs=">AAAB9XicbZBLSwMxFIXv+Kz1VXXpJlgEV2VGBN0IFTcuK9gHdMaSSTNtaJIZ8lDKUPBnuHGhiFv/izv/jeljoa0HAh/n3JCbE2ecaeP7397S8srq2npho7i5tb2zW9rbb+jUKkLrJOWpasVYU84krRtmOG1limIRc9qMB9fjvPlAlWapvDPDjEYC9yRLGMHGWfehtgKJTigtukR+p1T2K/5EaBGCGZRhplqn9BV2U2IFlYZwrHU78DMT5VgZRjgdFUOraYbJAPdo26HEguoon2w9QsfO6aIkVe5Igybu7xs5FloPRewmBTZ9PZ+Nzf+ytjXJRZQzmVlDJZk+lFiOTIrGFaAuU5QYPnSAiWJuV0T6WGFiXFFFV0Iw/+VFaJxWAr8S3J6Vq1dP0zoKcAhHcAIBnEMVbqAGdSCg4Ble4c179F68d+9jOrrkzSo8gD/yPn8AN/2SDg==</latexit><latexit sha1_base64="w1HEEG2/KrEpYEL8O6RtvspQ6gs=">AAAB9XicbZBLSwMxFIXv+Kz1VXXpJlgEV2VGBN0IFTcuK9gHdMaSSTNtaJIZ8lDKUPBnuHGhiFv/izv/jeljoa0HAh/n3JCbE2ecaeP7397S8srq2npho7i5tb2zW9rbb+jUKkLrJOWpasVYU84krRtmOG1limIRc9qMB9fjvPlAlWapvDPDjEYC9yRLGMHGWfehtgKJTigtukR+p1T2K/5EaBGCGZRhplqn9BV2U2IFlYZwrHU78DMT5VgZRjgdFUOraYbJAPdo26HEguoon2w9QsfO6aIkVe5Igybu7xs5FloPRewmBTZ9PZ+Nzf+ytjXJRZQzmVlDJZk+lFiOTIrGFaAuU5QYPnSAiWJuV0T6WGFiXFFFV0Iw/+VFaJxWAr8S3J6Vq1dP0zoKcAhHcAIBnEMVbqAGdSCg4Ble4c179F68d+9jOrrkzSo8gD/yPn8AN/2SDg==</latexit>

�(
X

m⌫) < 15meV
<latexit sha1_base64="hWYYLPVfrPFg5w/i8/EYwp+JChY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICURRRcuCoK4rGAf0IQwmU7aoTOTMA+hhP6AG3/FjQtF3Lp35984fSy0euDC4Zx7ufeeOGNUac/7cgoLi0vLK8XV0tr6xuaWu73TVKmRmDRwylLZjpEijArS0FQz0s4kQTxmpBUPrsZ+655IRVNxp4cZCTnqCZpQjLSVIvcgULTHUSVQhkMeBcIcwUvon8HgGOaBtBppjiK37FW9CeBf4s9IGcxQj9zPoJtiw4nQmCGlOr6X6TBHUlPMyKgUGEUyhAeoRzqWCsSJCvPJNyN4aJUuTFJpS2g4UX9O5IgrNeSx7eRI99W8Nxb/8zpGJxdhTkVmNBF4uigxDOoUjqOBXSoJ1mxoCcKS2lsh7iOJsLYBlmwI/vzLf0nzpOp7Vf/2tFy7nsVRBHtgH1SAD85BDdyAOmgADB7AE3gBr86j8+y8Oe/T1oIzm9kFv+B8fANevJnW</latexit><latexit sha1_base64="hWYYLPVfrPFg5w/i8/EYwp+JChY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICURRRcuCoK4rGAf0IQwmU7aoTOTMA+hhP6AG3/FjQtF3Lp35984fSy0euDC4Zx7ufeeOGNUac/7cgoLi0vLK8XV0tr6xuaWu73TVKmRmDRwylLZjpEijArS0FQz0s4kQTxmpBUPrsZ+655IRVNxp4cZCTnqCZpQjLSVIvcgULTHUSVQhkMeBcIcwUvon8HgGOaBtBppjiK37FW9CeBf4s9IGcxQj9zPoJtiw4nQmCGlOr6X6TBHUlPMyKgUGEUyhAeoRzqWCsSJCvPJNyN4aJUuTFJpS2g4UX9O5IgrNeSx7eRI99W8Nxb/8zpGJxdhTkVmNBF4uigxDOoUjqOBXSoJ1mxoCcKS2lsh7iOJsLYBlmwI/vzLf0nzpOp7Vf/2tFy7nsVRBHtgH1SAD85BDdyAOmgADB7AE3gBr86j8+y8Oe/T1oIzm9kFv+B8fANevJnW</latexit><latexit sha1_base64="hWYYLPVfrPFg5w/i8/EYwp+JChY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICURRRcuCoK4rGAf0IQwmU7aoTOTMA+hhP6AG3/FjQtF3Lp35984fSy0euDC4Zx7ufeeOGNUac/7cgoLi0vLK8XV0tr6xuaWu73TVKmRmDRwylLZjpEijArS0FQz0s4kQTxmpBUPrsZ+655IRVNxp4cZCTnqCZpQjLSVIvcgULTHUSVQhkMeBcIcwUvon8HgGOaBtBppjiK37FW9CeBf4s9IGcxQj9zPoJtiw4nQmCGlOr6X6TBHUlPMyKgUGEUyhAeoRzqWCsSJCvPJNyN4aJUuTFJpS2g4UX9O5IgrNeSx7eRI99W8Nxb/8zpGJxdhTkVmNBF4uigxDOoUjqOBXSoJ1mxoCcKS2lsh7iOJsLYBlmwI/vzLf0nzpOp7Vf/2tFy7nsVRBHtgH1SAD85BDdyAOmgADB7AE3gBr86j8+y8Oe/T1oIzm9kFv+B8fANevJnW</latexit><latexit sha1_base64="hWYYLPVfrPFg5w/i8/EYwp+JChY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1WoICURRRcuCoK4rGAf0IQwmU7aoTOTMA+hhP6AG3/FjQtF3Lp35984fSy0euDC4Zx7ufeeOGNUac/7cgoLi0vLK8XV0tr6xuaWu73TVKmRmDRwylLZjpEijArS0FQz0s4kQTxmpBUPrsZ+655IRVNxp4cZCTnqCZpQjLSVIvcgULTHUSVQhkMeBcIcwUvon8HgGOaBtBppjiK37FW9CeBf4s9IGcxQj9zPoJtiw4nQmCGlOr6X6TBHUlPMyKgUGEUyhAeoRzqWCsSJCvPJNyN4aJUuTFJpS2g4UX9O5IgrNeSx7eRI99W8Nxb/8zpGJxdhTkVmNBF4uigxDOoUjqOBXSoJ1mxoCcKS2lsh7iOJsLYBlmwI/vzLf0nzpOp7Vf/2tFy7nsVRBHtgH1SAD85BDdyAOmgADB7AE3gBr86j8+y8Oe/T1oIzm9kFv+B8fANevJnW</latexit>
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m⌫ � 58meV

<latexit sha1_base64="fjEdvnrRohioWHCIY57MIZ/pDg4=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgIWFXFFMGbSwjmAdkl2V2cpMMmZldZ2aFsKS08VdsLBSx9RPs/Bsnj0ITD1w4nHMv994TJZxp47rfTm5peWV1Lb9e2Njc2t4p7u41dJwqCnUa81i1IqKBMwl1wwyHVqKAiIhDMxpcj/3mAyjNYnlnhgkEgvQk6zJKjJXC4qGvU4FF6MsU+z24xxcV7J/izFdWhcYoLJbcsjsBXiTejJTQDLWw+OV3YpoKkIZyonXbcxMTZEQZRjmMCn6qISF0QHrQtlQSATrIJo+M8LFVOrgbK1vS4In6eyIjQuuhiGynIKav572x+J/XTk23EmRMJqkBSaeLuinHJsbjVHCHKaCGDy0hVDF7K6Z9ogg1NruCDcGbf3mRNM7Knlv2bs9L1atZHHl0gI7QCfLQJaqiG1RDdUTRI3pGr+jNeXJenHfnY9qac2Yz++gPnM8fYPSYRg==</latexit><latexit sha1_base64="fjEdvnrRohioWHCIY57MIZ/pDg4=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgIWFXFFMGbSwjmAdkl2V2cpMMmZldZ2aFsKS08VdsLBSx9RPs/Bsnj0ITD1w4nHMv994TJZxp47rfTm5peWV1Lb9e2Njc2t4p7u41dJwqCnUa81i1IqKBMwl1wwyHVqKAiIhDMxpcj/3mAyjNYnlnhgkEgvQk6zJKjJXC4qGvU4FF6MsU+z24xxcV7J/izFdWhcYoLJbcsjsBXiTejJTQDLWw+OV3YpoKkIZyonXbcxMTZEQZRjmMCn6qISF0QHrQtlQSATrIJo+M8LFVOrgbK1vS4In6eyIjQuuhiGynIKav572x+J/XTk23EmRMJqkBSaeLuinHJsbjVHCHKaCGDy0hVDF7K6Z9ogg1NruCDcGbf3mRNM7Knlv2bs9L1atZHHl0gI7QCfLQJaqiG1RDdUTRI3pGr+jNeXJenHfnY9qac2Yz++gPnM8fYPSYRg==</latexit><latexit sha1_base64="fjEdvnrRohioWHCIY57MIZ/pDg4=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgIWFXFFMGbSwjmAdkl2V2cpMMmZldZ2aFsKS08VdsLBSx9RPs/Bsnj0ITD1w4nHMv994TJZxp47rfTm5peWV1Lb9e2Njc2t4p7u41dJwqCnUa81i1IqKBMwl1wwyHVqKAiIhDMxpcj/3mAyjNYnlnhgkEgvQk6zJKjJXC4qGvU4FF6MsU+z24xxcV7J/izFdWhcYoLJbcsjsBXiTejJTQDLWw+OV3YpoKkIZyonXbcxMTZEQZRjmMCn6qISF0QHrQtlQSATrIJo+M8LFVOrgbK1vS4In6eyIjQuuhiGynIKav572x+J/XTk23EmRMJqkBSaeLuinHJsbjVHCHKaCGDy0hVDF7K6Z9ogg1NruCDcGbf3mRNM7Knlv2bs9L1atZHHl0gI7QCfLQJaqiG1RDdUTRI3pGr+jNeXJenHfnY9qac2Yz++gPnM8fYPSYRg==</latexit><latexit sha1_base64="fjEdvnrRohioWHCIY57MIZ/pDg4=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgIWFXFFMGbSwjmAdkl2V2cpMMmZldZ2aFsKS08VdsLBSx9RPs/Bsnj0ITD1w4nHMv994TJZxp47rfTm5peWV1Lb9e2Njc2t4p7u41dJwqCnUa81i1IqKBMwl1wwyHVqKAiIhDMxpcj/3mAyjNYnlnhgkEgvQk6zJKjJXC4qGvU4FF6MsU+z24xxcV7J/izFdWhcYoLJbcsjsBXiTejJTQDLWw+OV3YpoKkIZyonXbcxMTZEQZRjmMCn6qISF0QHrQtlQSATrIJo+M8LFVOrgbK1vS4In6eyIjQuuhiGynIKav572x+J/XTk23EmRMJqkBSaeLuinHJsbjVHCHKaCGDy0hVDF7K6Z9ogg1NruCDcGbf3mRNM7Knlv2bs9L1atZHHl0gI7QCfLQJaqiG1RDdUTRI3pGr+jNeXJenHfnY9qac2Yz++gPnM8fYPSYRg==</latexit>

Realistic Goals



Beyond neutrinos

          and              are gravitational measurements 

Sensitive probes of dark / hidden sectors 

From current constraints on  

Implies the fraction of hot dark matter is

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>

X
m⌫

<latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit>

X
m⌫

<latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit><latexit sha1_base64="MmmG+cCwspoQE8PeIkslkqfMH5s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOzS5idzCZDZmaXeQhhyV948aCIV//Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4duZ3nqjSLJUPZpLRSOChZAkj2DjpMdRWINEPpe1Xa37dnwOtkqAgNSjQ7Fe/wkFKrKDSEI617gV+ZqIcK8MIp9NKaDXNMBnjIe05KrGgOsrnF0/RmVMGKEmVK2nQXP09kWOh9UTErlNgM9LL3kz8z+tZk1xHOZOZNVSSxaLEcmRSNHsfDZiixPCJI5go5m5FZIQVJsaFVHEhBMsvr5L2RT3w68H9Za1xU8RRhhM4hXMI4AoacAdNaAEBCc/wCm+e9l68d+9j0Vryiplj+APv8wdnqpC6</latexit>

f� < 0.0045 (95%)
<latexit sha1_base64="nvF0mQr8JrPBGx5O3l8vAZGed2Y=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gKFaQk0qKCi4IgLivYBzQhTKaTduhkEmYmQgnFjb/ixoUibv0Kd/6NkzYLrR64cDjnXu69x48ZlcqyvozC0vLK6lpxvbSxubW9Y+7udWSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj68yv3tPhKQRv1OTmLghGnIaUIyUljzzIPAcPKLwElo1y6o3oHMCqxcNp3LsmeVMygD/EjsnZZCj5ZmfziDCSUi4wgxJ2betWLkpEopiRqYlJ5EkRniMhqSvKUchkW46e2EKK1oZwCASuriCM/XnRIpCKSehrztDpEZy0cvE/7x+ooJzN6U8ThTheL4oSBhUEczygAMqCFZsognCgupbIR4hgbDSqZV0CPbiy39J57RmWzX7tl5uXudxFMEhOAJVYIMz0AQ3oAXaAIMH8ARewKvxaDwbb8b7vLVg5DP74BeMj2+MeJOp</latexit><latexit sha1_base64="nvF0mQr8JrPBGx5O3l8vAZGed2Y=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gKFaQk0qKCi4IgLivYBzQhTKaTduhkEmYmQgnFjb/ixoUibv0Kd/6NkzYLrR64cDjnXu69x48ZlcqyvozC0vLK6lpxvbSxubW9Y+7udWSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj68yv3tPhKQRv1OTmLghGnIaUIyUljzzIPAcPKLwElo1y6o3oHMCqxcNp3LsmeVMygD/EjsnZZCj5ZmfziDCSUi4wgxJ2betWLkpEopiRqYlJ5EkRniMhqSvKUchkW46e2EKK1oZwCASuriCM/XnRIpCKSehrztDpEZy0cvE/7x+ooJzN6U8ThTheL4oSBhUEczygAMqCFZsognCgupbIR4hgbDSqZV0CPbiy39J57RmWzX7tl5uXudxFMEhOAJVYIMz0AQ3oAXaAIMH8ARewKvxaDwbb8b7vLVg5DP74BeMj2+MeJOp</latexit><latexit sha1_base64="nvF0mQr8JrPBGx5O3l8vAZGed2Y=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gKFaQk0qKCi4IgLivYBzQhTKaTduhkEmYmQgnFjb/ixoUibv0Kd/6NkzYLrR64cDjnXu69x48ZlcqyvozC0vLK6lpxvbSxubW9Y+7udWSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj68yv3tPhKQRv1OTmLghGnIaUIyUljzzIPAcPKLwElo1y6o3oHMCqxcNp3LsmeVMygD/EjsnZZCj5ZmfziDCSUi4wgxJ2betWLkpEopiRqYlJ5EkRniMhqSvKUchkW46e2EKK1oZwCASuriCM/XnRIpCKSehrztDpEZy0cvE/7x+ooJzN6U8ThTheL4oSBhUEczygAMqCFZsognCgupbIR4hgbDSqZV0CPbiy39J57RmWzX7tl5uXudxFMEhOAJVYIMz0AQ3oAXaAIMH8ARewKvxaDwbb8b7vLVg5DP74BeMj2+MeJOp</latexit><latexit sha1_base64="nvF0mQr8JrPBGx5O3l8vAZGed2Y=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gKFaQk0qKCi4IgLivYBzQhTKaTduhkEmYmQgnFjb/ixoUibv0Kd/6NkzYLrR64cDjnXu69x48ZlcqyvozC0vLK6lpxvbSxubW9Y+7udWSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6Trj68yv3tPhKQRv1OTmLghGnIaUIyUljzzIPAcPKLwElo1y6o3oHMCqxcNp3LsmeVMygD/EjsnZZCj5ZmfziDCSUi4wgxJ2betWLkpEopiRqYlJ5EkRniMhqSvKUchkW46e2EKK1oZwCASuriCM/XnRIpCKSehrztDpEZy0cvE/7x+ooJzN6U8ThTheL4oSBhUEczygAMqCFZsognCgupbIR4hgbDSqZV0CPbiy39J57RmWzX7tl5uXudxFMEhOAJVYIMz0AQ3oAXaAIMH8ARewKvxaDwbb8b7vLVg5DP74BeMj2+MeJOp</latexit>

⌦⌫h
2 < 1.2⇥ 10�3 (95%)

<latexit sha1_base64="XLV5LT3dxrbYpet/eXvMz90SCzk=">AAACFXicbVDLSsNAFJ34rPUVdelmsBQq1JJURQUXBUHcWcE+oEnDZDpth04mYWYilNCfcOOvuHGhiFvBnX/jtM1CWw9cOJxzL/fe40eMSmVZ38bC4tLyympmLbu+sbm1be7s1mUYC0xqOGShaPpIEkY5qSmqGGlGgqDAZ6ThD67GfuOBCElDfq+GEXED1OO0SzFSWvLMonMbkB7yHB7DfrsML6FdKjuKBkRC22onR8cj6BRh4eLUyR96Zs4qWRPAeWKnJAdSVD3zy+mEOA4IV5ghKVu2FSk3QUJRzMgo68SSRAgPUI+0NOVIr3WTyVcjmNdKB3ZDoYsrOFF/TyQokHIY+LozQKovZ72x+J/XilX33E0oj2JFOJ4u6sYMqhCOI4IdKghWbKgJwoLqWyHuI4Gw0kFmdQj27MvzpF4u2VbJvjvJVa7TODJgHxyAArDBGaiAG1AFNYDBI3gGr+DNeDJejHfjY9q6YKQze+APjM8fbfubLA==</latexit><latexit sha1_base64="XLV5LT3dxrbYpet/eXvMz90SCzk=">AAACFXicbVDLSsNAFJ34rPUVdelmsBQq1JJURQUXBUHcWcE+oEnDZDpth04mYWYilNCfcOOvuHGhiFvBnX/jtM1CWw9cOJxzL/fe40eMSmVZ38bC4tLyympmLbu+sbm1be7s1mUYC0xqOGShaPpIEkY5qSmqGGlGgqDAZ6ThD67GfuOBCElDfq+GEXED1OO0SzFSWvLMonMbkB7yHB7DfrsML6FdKjuKBkRC22onR8cj6BRh4eLUyR96Zs4qWRPAeWKnJAdSVD3zy+mEOA4IV5ghKVu2FSk3QUJRzMgo68SSRAgPUI+0NOVIr3WTyVcjmNdKB3ZDoYsrOFF/TyQokHIY+LozQKovZ72x+J/XilX33E0oj2JFOJ4u6sYMqhCOI4IdKghWbKgJwoLqWyHuI4Gw0kFmdQj27MvzpF4u2VbJvjvJVa7TODJgHxyAArDBGaiAG1AFNYDBI3gGr+DNeDJejHfjY9q6YKQze+APjM8fbfubLA==</latexit><latexit sha1_base64="XLV5LT3dxrbYpet/eXvMz90SCzk=">AAACFXicbVDLSsNAFJ34rPUVdelmsBQq1JJURQUXBUHcWcE+oEnDZDpth04mYWYilNCfcOOvuHGhiFvBnX/jtM1CWw9cOJxzL/fe40eMSmVZ38bC4tLyympmLbu+sbm1be7s1mUYC0xqOGShaPpIEkY5qSmqGGlGgqDAZ6ThD67GfuOBCElDfq+GEXED1OO0SzFSWvLMonMbkB7yHB7DfrsML6FdKjuKBkRC22onR8cj6BRh4eLUyR96Zs4qWRPAeWKnJAdSVD3zy+mEOA4IV5ghKVu2FSk3QUJRzMgo68SSRAgPUI+0NOVIr3WTyVcjmNdKB3ZDoYsrOFF/TyQokHIY+LozQKovZ72x+J/XilX33E0oj2JFOJ4u6sYMqhCOI4IdKghWbKgJwoLqWyHuI4Gw0kFmdQj27MvzpF4u2VbJvjvJVa7TODJgHxyAArDBGaiAG1AFNYDBI3gGr+DNeDJejHfjY9q6YKQze+APjM8fbfubLA==</latexit><latexit sha1_base64="XLV5LT3dxrbYpet/eXvMz90SCzk=">AAACFXicbVDLSsNAFJ34rPUVdelmsBQq1JJURQUXBUHcWcE+oEnDZDpth04mYWYilNCfcOOvuHGhiFvBnX/jtM1CWw9cOJxzL/fe40eMSmVZ38bC4tLyympmLbu+sbm1be7s1mUYC0xqOGShaPpIEkY5qSmqGGlGgqDAZ6ThD67GfuOBCElDfq+GEXED1OO0SzFSWvLMonMbkB7yHB7DfrsML6FdKjuKBkRC22onR8cj6BRh4eLUyR96Zs4qWRPAeWKnJAdSVD3zy+mEOA4IV5ghKVu2FSk3QUJRzMgo68SSRAgPUI+0NOVIr3WTyVcjmNdKB3ZDoYsrOFF/TyQokHIY+LozQKovZ72x+J/XilX33E0oj2JFOJ4u6sYMqhCOI4IdKghWbKgJwoLqWyHuI4Gw0kFmdQj27MvzpF4u2VbJvjvJVa7TODJgHxyAArDBGaiAG1AFNYDBI3gGr+DNeDJejHfjY9q6YKQze+APjM8fbfubLA==</latexit>



Summary



Summary

Cosmic neutrinos background exists 

• CMB detects change to expansion rate at 

• CMB detects phase shift at  

• Galaxy clustering sees phase shift at 99.5% 

• Detection of neutrino expected in 2020s 

All detections are gravitational 

Provides a very sensitive window into new particles

30�
<latexit sha1_base64="a5moDjC0/b5EDq1IBIgrlMGF8bM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DKghWUEEyPJEfY2e8mS3b1jd04IIb/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KJXCou9/e4WV1bX1jeJmaWt7Z3evvH/QtElmGG+wRCamFVHLpdC8gQIlb6WGUxVJ/hANr6f+wxM3ViT6HkcpDxXtaxELRtFJj+c+6VjRV7RbrvhVfwayTIKcVCBHvVv+6vQSlimukUlqbTvwUwzH1KBgkk9KnczylLIh7fO2o5oqbsPx7OAJOXFKj8SJcaWRzNTfE2OqrB2pyHUqigO76E3F/7x2hvFVOBY6zZBrNl8UZ5JgQqbfk54wnKEcOUKZEe5WwgbUUIYuo5ILIVh8eZk0z6qBXw3uLiq1mzyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz/WDI/G</latexit><latexit sha1_base64="a5moDjC0/b5EDq1IBIgrlMGF8bM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DKghWUEEyPJEfY2e8mS3b1jd04IIb/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KJXCou9/e4WV1bX1jeJmaWt7Z3evvH/QtElmGG+wRCamFVHLpdC8gQIlb6WGUxVJ/hANr6f+wxM3ViT6HkcpDxXtaxELRtFJj+c+6VjRV7RbrvhVfwayTIKcVCBHvVv+6vQSlimukUlqbTvwUwzH1KBgkk9KnczylLIh7fO2o5oqbsPx7OAJOXFKj8SJcaWRzNTfE2OqrB2pyHUqigO76E3F/7x2hvFVOBY6zZBrNl8UZ5JgQqbfk54wnKEcOUKZEe5WwgbUUIYuo5ILIVh8eZk0z6qBXw3uLiq1mzyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz/WDI/G</latexit><latexit sha1_base64="a5moDjC0/b5EDq1IBIgrlMGF8bM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DKghWUEEyPJEfY2e8mS3b1jd04IIb/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KJXCou9/e4WV1bX1jeJmaWt7Z3evvH/QtElmGG+wRCamFVHLpdC8gQIlb6WGUxVJ/hANr6f+wxM3ViT6HkcpDxXtaxELRtFJj+c+6VjRV7RbrvhVfwayTIKcVCBHvVv+6vQSlimukUlqbTvwUwzH1KBgkk9KnczylLIh7fO2o5oqbsPx7OAJOXFKj8SJcaWRzNTfE2OqrB2pyHUqigO76E3F/7x2hvFVOBY6zZBrNl8UZ5JgQqbfk54wnKEcOUKZEe5WwgbUUIYuo5ILIVh8eZk0z6qBXw3uLiq1mzyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz/WDI/G</latexit><latexit sha1_base64="a5moDjC0/b5EDq1IBIgrlMGF8bM=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5U0DKghWUEEyPJEfY2e8mS3b1jd04IIb/CxkIRW3+Onf/GTXKFJj4YeLw3w8y8KJXCou9/e4WV1bX1jeJmaWt7Z3evvH/QtElmGG+wRCamFVHLpdC8gQIlb6WGUxVJ/hANr6f+wxM3ViT6HkcpDxXtaxELRtFJj+c+6VjRV7RbrvhVfwayTIKcVCBHvVv+6vQSlimukUlqbTvwUwzH1KBgkk9KnczylLIh7fO2o5oqbsPx7OAJOXFKj8SJcaWRzNTfE2OqrB2pyHUqigO76E3F/7x2hvFVOBY6zZBrNl8UZ5JgQqbfk54wnKEcOUKZEe5WwgbUUIYuo5ILIVh8eZk0z6qBXw3uLiq1mzyOIhzBMZxCAJdQg1uoQwMYKHiGV3jzjPfivXsf89aCl88cwh94nz/WDI/G</latexit>

10�
<latexit sha1_base64="T4lYZE479hEjr7v4UKvsoVwq/S0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9JljA76U2GzMwuM7NCCPkKLx4U8ernePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9HoZua3nlAbnqgHO04xlHSgeMwZtU56DHzSNXwgaa9c8av+HGSVBDmpQI56r/zV7Scsk6gsE9SYTuCnNpxQbTkTOC11M4MpZSM6wI6jiko04WR+8JScOaVP4kS7UpbM1d8TEyqNGcvIdUpqh2bZm4n/eZ3MxtfhhKs0s6jYYlGcCWITMvue9LlGZsXYEco0d7cSNqSaMusyKrkQguWXV0nzohr41eD+slK7zeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/IH3+QPS9I/E</latexit><latexit sha1_base64="T4lYZE479hEjr7v4UKvsoVwq/S0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9JljA76U2GzMwuM7NCCPkKLx4U8ernePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9HoZua3nlAbnqgHO04xlHSgeMwZtU56DHzSNXwgaa9c8av+HGSVBDmpQI56r/zV7Scsk6gsE9SYTuCnNpxQbTkTOC11M4MpZSM6wI6jiko04WR+8JScOaVP4kS7UpbM1d8TEyqNGcvIdUpqh2bZm4n/eZ3MxtfhhKs0s6jYYlGcCWITMvue9LlGZsXYEco0d7cSNqSaMusyKrkQguWXV0nzohr41eD+slK7zeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/IH3+QPS9I/E</latexit><latexit sha1_base64="T4lYZE479hEjr7v4UKvsoVwq/S0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9JljA76U2GzMwuM7NCCPkKLx4U8ernePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9HoZua3nlAbnqgHO04xlHSgeMwZtU56DHzSNXwgaa9c8av+HGSVBDmpQI56r/zV7Scsk6gsE9SYTuCnNpxQbTkTOC11M4MpZSM6wI6jiko04WR+8JScOaVP4kS7UpbM1d8TEyqNGcvIdUpqh2bZm4n/eZ3MxtfhhKs0s6jYYlGcCWITMvue9LlGZsXYEco0d7cSNqSaMusyKrkQguWXV0nzohr41eD+slK7zeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/IH3+QPS9I/E</latexit><latexit sha1_base64="T4lYZE479hEjr7v4UKvsoVwq/S0=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMeAHjxGMA9JljA76U2GzMwuM7NCCPkKLx4U8ernePNvnCR70MSChqKqm+6uKBXcWN//9gpr6xubW8Xt0s7u3v5B+fCoaZJMM2ywRCS6HVGDgitsWG4FtlONVEYCW9HoZua3nlAbnqgHO04xlHSgeMwZtU56DHzSNXwgaa9c8av+HGSVBDmpQI56r/zV7Scsk6gsE9SYTuCnNpxQbTkTOC11M4MpZSM6wI6jiko04WR+8JScOaVP4kS7UpbM1d8TEyqNGcvIdUpqh2bZm4n/eZ3MxtfhhKs0s6jYYlGcCWITMvue9LlGZsXYEco0d7cSNqSaMusyKrkQguWXV0nzohr41eD+slK7zeMowgmcwjkEcAU1uIM6NICBhGd4hTdPey/eu/exaC14+cwx/IH3+QPS9I/E</latexit>
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Image from DG et al. 2019
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