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What cosmology can tell us about neutrinos

X v

* Mixing angles * Absolute neutrino mass scale
* Phases * Number of neutrinos

* Dirac vs Majorana

e Hierarchy (?)
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Cosmological observables

Early Universe

Late Universe

CMB | Talk by Martina Gerbino
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Cosmic neutrino background (CvB)
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Neutrino energy



Cosmic neutrino background (CvB)

* Neutrino number N = (energy density of neutrinos + BSM light particles)

(energy density of one neutrino species)

N.°M = 3.044 + 0.001 [Mangano et al. 2002, Froustey et al. 2020, Escudero 2020]

. my 4
* Neutrino mass thz — 923:.12(3’\/ ~ 0.5% [Mangano et al. 2005, Froustey et al. 2020]

not individual masses [Archidiacono et al. 2020]
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Indirect probes of CvB

° Impact on CMB [Bashinsky & Seljak 2004, Lesgourgues & Pastor 2006, Gerbino & Lattanzi 2018]
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Indirect probes of CvB
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* Impact on structure formation: Free-Streaming drs ; ~ 1 Gpc

CDM m, =0.5 eV
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Indirect probes of CvB

* Impact on power spectrum of matter density fluctuations
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Neutrino mass constraints: recent history
o zm,

Planck TTTEEE <0.26 eV (95% cl)t
Planck TTTEEE + lensing <0.24 eV (95% cl)?
Planck TTTEEE + lensing + BAO <0.12 eV (95% cl)?
Planck TTTEEE + lensing + BAO + Ly-a < 0.09 eV (95% cl)?

1 Planck Collaboration 2018
2 Palanque-Delabrouille et al. 2020
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Neutrino mass constraints: near future
. bata =m,

Planck TTTEEE <0.26 eV (95% cl)!
Planck TTTEEE + lensing <0.24 eV (95% cl)?
Planck TTTEEE + lensing + BAO <0.12 eV (95% cl)?
Planck TTTEEE + lensing + BAO + Ly-a <0.09 eV (95% cl)?

! Planck Collaboration 2018
2 Palanque-Delabrouille et al. 2020

. basta | oZm)
CMB-SO 90-110 meV3
3The Simons Observatory 2019
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Stage IV Large Scale Surveys
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Euclid in a nutshell

- ESA M2 space mission in the framework of the
Cosmic Vision program

* Launch scheduled for 2023. Duration > 6 years

* 1.2m telescope with two instruments: Visible
Imager (VIS) and Near Infrared Spectrometer
and Photometer (NISP)

- Wide surve%/f (15.000 deg?) and deep survey (40
deg? in 3 different fields)

* Measurements of over 1 billion images and
more than 10 millions spectra of galaxies out to
z>2

* Main scientific objectives: Dark Energy, Dark
Matter, and General Relativity

« Primary probes: Galaxy Clustering and Weak
Lensing (1% accuracy

Maria Archidiacono — University of Milan

See talks by Sylvain de la Torre, Chiara Sirignano, Louis
Pierre Marie Gabarra, Francesca Passalacqua, Bianca De
Caro, Giovanni Verza
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Indirect probes of CvB

* Impact on power spectrum of matter density fluctuations
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Known unknowns (systematics, etc.)

1 . Galaxy bias Pga'axy == b2 Pmatter + N : M>4-><1013 MC) _____ \/m
| z=05
[Castorina et al. 2014, Vagnozzi, Brinckmann, 4OZ  Pul Pe

MA et al. 2018]
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Known unknowns (systematics, etc.)

Change in A° (k) for M,=0.152=0 _

1.00
[Castorina et al. 2014, Vagnozzi, Brinckmann, 0.98¢ :
N Halofit
MA et al. 2018] .
_ - 0.96}
2. Non-linearities [Euclid Collaboration: Martinell, z
N0
Tutusaus, MA et al. 2020; Euclid Collaboration: <.0.94
Knabenhans et al. 2020] q
0.92;
0.90}
Bird et al. 2012
ogg— s
10 10 10 10
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Known unknowns (systematics, etc.)

1. Galaxy bias Pggaxy = 0% Pratier + N
[Castorina et al. 2014, Vagnozzi, Brinckmann,
MA et al. 2018]

2. Non-linearities [Euclid Collaboration: Martinelli,
Tutusaus, MA et al. 2020; Euclid Collaboration:
Knabenhans et al. 2020]

3. Baryonic feedback [Chisari 2019]
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Neutrino mass constraints: near future
. bata =m,

Planck TTTEEE <0.26 eV (95% cl)!
Planck TTTEEE + lensing <0.24 eV (95% cl)?
Planck TTTEEE + lensing + BAO <0.12 eV (95% cl)?
Planck TTTEEE + lensing + BAO + Ly-a <0.09 eV (95% cl)?

! Planck Collaboration 2018
2 Palanque-Delabrouille et al. 2020

I T

CMB-SO 90-110 meV?3
Planck + Euclid 20 meV*4
Planck + Euclid + SKA 15 meV4
LiteBIRD + CMB-S4 + Euclid 12 meV?

3The Simons Observatory 2019
4Sprenger, MA et al. 2019
> Brinckmann, Hooper, MA et al. 2019

Maria Archidiacono — University of Milan



Neutrino mass constraints: near future
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Neutrino mass constraints: near future
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Breaking degeneracies

Hahn et al. 2020

m PC(k) + P(k)
\ mm BM(ky, ko, k)
kmax = 0.5, 2 = 0.
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The bispectrum improves c(Xm,) over
a factor 5 wrt the power spectrum

[see also Chudaykin et al. 2019]
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The nightmare scenario

What if cosmology prefers ¥m, < 0.06 eV (= minimum of neutrino oscillations)?
« Extended cosmological models (beyond ACDM)
o Modified gravity [Starobinsky 1980, Hu & Sawicki 2007, Baldi et al. 2014]
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The nightmare scenario

What if cosmology prefers ¥m, < 0.06 eV (= minimum of neutrino oscillations)?
« Extended particle physics models (beyond SM)

o Time varying neutrino masses [Lorenz et al. 2021, Huang et al. 2022]

2.00

CMB + CMBL + BAO + SN —_— 68% CL
I — 95% CL
1.75 4 == Non-relativistic transition
== DE domination
= [
1.50 — Xm,(z)=const. (95% CL)

Lorenz et al. 202,’i

1.25 + 1

1.00 A

m, (eV)

0.75 4

107! 10° 10! 102 103
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The nightmare scenario

What if cosmology prefers ¥m, < 0.06 eV (= minimum of neutrino oscillations)?
« Extended particle physics models (beyond SM)
o Invisible neutrino decay into BSM patrticles, e.g. lighter (sterile) neutrinos plus a massless

(pseudo)scalar particle [Barenboim et al. 2021, Escudero et al. 2020]
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The nightmare scenario

What if cosmology prefers ¥m, < 0.06 eV (= minimum of neutrino oscillations)?
« Extended particle physics models (beyond SM)

o Neutrino self-interactions and annihilation [“Neutrinoless Universe” Beacom et al. 2004, Esteban et
al. 2021, Blinov et al. 2020, Kreisch et al. 2020, Archidiacono et al. 2020]

0.2
0.01 0.1 1

k (h Mpc?)
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Hierarchy?
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The debate over the hierarchy

Degenerate hierarchy (DH) approximation: m; = my; = my
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The debate over the hierarchy

Degenerate hierarchy (DH) approximation: m; = my; = my

«Decisive evidence for the normal hierarchy» Jimenez et al. 2022

Neutrino oscillation data + Cosmological bound on Zm,

m[eV] 0.050

0.100

0.500 9-001
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The debate over the hierarchy

Degenerate hierarchy (DH) approximation: m; = my; = my

«Moderate evidence, mostly driven by neutrino oscillation data» Gariazzo et al. 2022 (see also Hergt et al. 2021)
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For a different approach, Long et al. 2018,
and Heavens & Sellentin 2018



The debate over the hierarchy

Inverted Ordering Future (current?) cosmological data can
—— Normal Ordering potentially disfavour IH
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Conclusions

« Current cosmological bounds m,< 0.12 - 0.09 eV (95%:cl)
» Future LSS and CMB surveys can provide a 2 to 4c evidence for a non-

Zero neutrino mass sum

« Caveat:
o Systematic effects
o Model dependence
* A «Neutrinoless Universe» (or a mismatch with direct experiments) will

require to rethink the ACDM paradigm
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Degeneracies and model dependence

Planck + Euclid C5+GC Current bounds and future constraints are model
| —— Planck + SKA1 IM1
I\ — Planck & SKA2 CS+GC dependent, i.e. they can be relaxed in extended

Higher order statistics can break degeneracies in

extended models [Chudaykin et al. 2019, Hahn et al.
/ \\ 2020, Ajani et al. 2020]

e m
21 A% W

-1.04 j

0.119 0.12 0.121 66.2 66.9 67.60 0.0669 0.134-1.04 -1 -0.969

Wedm H() [km/s/Mpc] MV [eV] wo
Sprenger, MA et al. 2018
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Degeneracies and model dependence

68.8

‘— Fufure CMB

' Archidiacono et al. 2017
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Joint analysis of independent observables

can break parameter degeneracy
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The ability of parameter A to mimic the effect of

parameter B leading to the same observables

== Future CMB

67.2 mm DESI

64.8]
Archidiacono et al. 2017
0.0 0.1 0.2 0.3 0.4 0.5
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Degeneracies and model dependence

Current bounds and future constraints are model dependent, i.e. they can be relaxed in extended

models (beyond ACDM)

[Q ACDM + M, B ... +M,+ Neg ¢ .+ M +uwo Y ...—I—M,/—l—wo—i—wa]
4 z* * - 0.030
S </ ]
(@} -
! u % o IQ* 0.025
— O - 0.020
% 3 o¥
& o5 O - 0.015
O Sprenger, MA et al. 2018
T T T T 0.010
SKA2 CS+GC Euclid CS+GC Euclid CS+GC + SKA1 IM1
SKA1 IM2

Higher order statistics can break degeneracies in extended models [Chudaykin et al. 2019, Hahn et al.
2020, Ajani et al. 2020]
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