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Abstract: Ghostly neutrino particles continue to bring surprises to fundamental physics, from their existence to the phenomenon of ne
oscillation which implies that their masses are nonzero. Their exact masses, among the most curious unknowns beyond the Standard N
particle physics, can soon be probed by the joint analysis of upcoming cosmological surveys including LSST, Euclid, WFIRST, Si
Observatory, and CMB-S4. In this talk, | will first discuss ongoing work studying the effects of massive neutrinos. | will then turn the focus ft
major efforts of modeling the challenging nonlinear regime of cosmic structures (&It;10 Mpc) where neutrino effects are the strongest. Fin
will draw a roadmap to pin down the neutrino mass over the next decade.
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Imarge credit: Tom Abel & Ralf Kaehler (KIPAC, SLAC)
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Neutrino Oscillation Implies
Neutrinos Must Have Mass
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Neutrino Mass from Oscillation Experiments
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Mass generation
mechanism?
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Do RH neutrinos exist?
— can they be dark matter?
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CP Violation &
Matter-antimatter asymmetry?

Pirsa: 19100093 Page 10/54




Particle Experiments: Tritium Beta Decay
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Particle Experiments: Tritium Beta Decay
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Current Constraints
Minimom mass: 0.06 el/ (Normat), 0.1 el/ (Tnverted)

Particle experiment
KAIRIN (09/2011)
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Current Constraints
Minimom mags: 0.06 elf (Normal), 0.1 el (Tnverted)

Particle experiment sSmolog
KATRIN (09/2019) CMB, CMB (ensing, BAO (Planck 2018)

m “<1.1eV(90%) Im <0.12eV (95%)
KATRIN projection: 0.2 eV LSST+DESI+CMB-S4 forecast: 0.03 eV

2018-2023

T,

\ Pidooso¥ld

, ""ﬁ?.‘l

‘l'llllll'll

: muu ‘
& s : q‘ !

Pirsa: 19100093 Page 14/54



Massive Cosmic Neutrinos

Supprecs the Growth of Structure
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Massive Cosmic Neutrinos
Supprecs the Growth of Structure

STANDARD MODEL OF COSMOLOGY MASSIVE NEUTRINOS

Credit: Katrin Heitmann
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Two Point Correlation Function
Fourier gpace: Power gpecfrum

Meacuvres c/ucten‘mg a¢ a function of distance

Image: SDSS galaxies
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Matter Power Spectrum
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Matter Power Spectrum: Current Models

Xm = 0.1eV
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Matter Power Spectrum: Current Models

T

Zm = 0.1eV
Highly Nonlinear: )
0.00 g = = = = = - Numerical — Linear Theory
Simulations — Nonlinear (Takahashi)
— Nonlinear (Bird)
-0.02
Q,
Q‘ -0.04
<
Mildly Nonlinear: ) - m QrTors
Perturbation Theory ‘\ in cu_”'ent
-0.08 - nonlinear
Linear Regime: > NG models
Analytical Linear Theory
(we need <1%!)
-0.10 L -
10% 10 107 10°

k(hMpc 1)

Pirsa: 19100093 Page 20/54



M-A:S-S-I-V-EEN-U-S
Cosmological Massive Neutrino Simulations

JL et al 2018
2078 data available at
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Matter Power Spectrum: Current Models
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We are still missing something...
beyond the (accurate, nonlinear) power spectrum
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Matter Power Spectrum: Current Models
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Including Scales Down to 50 Mpc

Gaussian random field vs. Simulation
Both have the same power spectrum
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Including Scales Down to 20 Mpc

Gaussian random field vs. Simulation
Both have the same power spectrum
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Including Scales Down to 1 Mpc

Neutrino effects strongest at this scale
Power spectrum cannot tell these two images apart!
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Two Point Correlation Function
(Fourier Space: Power Spectrum,)

Meaguvres c/acterfhg a¢ a function of distance

Image: SDSS galaxies
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Weak Lensing Bispectrum with Massive Neutrinos
Coulton, JL+2018
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(Fourier fpace: Trispectrom )

Image: SDSS galaxies
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(Too many possible chapes, computationally prohibitive to model..)

We uce instead compact gummary ctafictics.
Image: SDSS galaxies
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-
Weak Lensing Peaks

Chieh-An Lin

Pirsa: 19100093 Page 38/54



Weak Lensing Peaks

Chieh-An Lin
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Probe the highly nonlinear objects where
massive neutrinos have the largest impact
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Non-Gaussian Lensing Peaks: First Measurement

3500

3000¢

2500¢

peaks

[

1000}

500¢

2000¢

<, 1500

N JL+2015 |
z s, JL,Haiman 2016
II \‘\ ;
4 « ]
4 \
/ \
/ \ J
/ \
/
if
/| e CFHTLensS Data »
- -, Gaussian Random Field h ._
~
®
3
--1--+--+-------%--+ ----- o e
0.00 0.05 0.10

K (projected density)

CFHTLenS

(first large lensing survey)
Projected density map
Van Waerbeke+2013




Pirsa: 19100093 Page 42/54



Pirsa: 19100093 Page 43/54



Pirsa: 19100093 Page 44/54



Pirsa: 19100093 Page 45/54



Pirsa: 19100093 Page 46/54



Pirsa: 19100093 Page 47/54



Pirsa: 19100093 Page 48/54



Pirsa: 19100093 Page 49/54



Pirsa: 19100093 Page 50/54



Pirsa: 19100093 Page 51/54



Pirsa: 19100093 Page 52/54



Pirsa: 19100093 Page 53/54



Pirsa: 19100093 Page 54/54



