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Why neutrino cosmology

Standard Model of particle physics ACDM model of cosmology
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Neutrinos from the lab

Neutrino oscillations
Neutrino Mass Hierarchy

Min. 2m, (NH) = 0.058 eV; Min.Xm, (IH)=0.100 eV

The absolute neutrino mass scale is not yet
determined by neutrino oscillation data
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Neutrinos from the lab

Invisible decay width of the Z-boson

N, = 2.9840 + 0.0082
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A short history of cosmic neutrino background
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Early times: neutrinos as radiation Prad = P~ [1 T Neff% (%) / ]

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

(energy density of one neutrino species)

N™ = 3.044 + 0.001 [Mangano et al. 2002, Froustey et al. 2020, Drewes et al. 2024] 7



A short history of cosmic neutrino background

Neutrino non-relativistic transition:
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Late times: neutrinos as matter

. . 2 Zm,,,i
Neutrino mass th = 93 190V [Mangano et al. 2005, Froustey et al. 2020]

not individual masses [Archidiacono et al. 2020]
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Late Universe

LSS (z<~2-3)
Galaxy positions and
weak lensing

Early Universe

CMB (z=1080)
Temperature,
polarization, (lensing)
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Plan

e Neutrino mass

* Neutrino number and new light particles
Nefr = Neg™V(=3.044)+A Negy
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Neutrino mass probes: CMB
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Neutrino mass constraints: CMB

Planck
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Neutrino mass probes: structure formation
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Neutrino mass probes: P(k)
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Neutrino mass constraints: recent history
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Stage IV Large Scale Surveys

2019 2021 2023 2025 2027 2029 2031 2033

Spectroscopy
Imaging




EFuclid in a nutshell

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

* Launch July 1st 2023. Duration > 6 years

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

* Wide survey (14.000 deg?) and deep survey (40 deg?
in 3 different fields)

* Measurements of over 1 billion images and more
than 20 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)




Neutrino mass probes: P(k)
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Known unknowns (systematics, etc.)

I NISDB correction
I No NISDB correction

1. Galaxy bias Pgyayy = b2 P ater [Castorina et

al. (2014); Vagnozzi, Brinckmann, Archidiacono,

Freese, Gerbino, Lesgourgues, Sprenger, JCAP

(2018) |
0.966 |
2. Non-linearities [Euclid Collaboration: Adamek 0.960|-
et al., A&A (2023)]
0.12} ]
E 0.08} g
. . R 0.041 i
3. Baryonic feedback [Spurio Mancini et al. =
0.00} 1 ]
(2023)] 0.15.97 O.léll 0.‘_560 0.5;66 O.E)O 0.64 0.6\8 0.12
Wedm N My (eV)

Vagnozzi, Brinckmann, Archidiacono, Freese, Gerbino, Lesgourgues,
Sprenger, JCAP (2018) 20



Modelling the unknowns
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Larger scales start behaving non-linearly later
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Euclid weak lensing only, improvement wrt Planck

kmax 100wy, Wedm 0s  In(10°4y)  ng  Tweio M, [eV]
0.5 h/Mpc | 077 0.27 0.97 0.94 0.72 0.96 0.50
1.0 h/Mpc | 0.76  0.27 0.94 0.95 0.70 0.98 0.41
2.0 h/Mpc | 076 0.25 0.97 0.94 0.65 0.97 0.36
Imax = 5000 | 0.74 0.24 0.94 0.94 0.58 0.96 0.30
Planck only | 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Neutrino mass constraints: the future

Euclid preparation: Sensitivity to neutrino parameters.
Lead authors: Archidiacono & Lesgourgues
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Neutrino mass constraints: the future
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Neutrino mass constraints: the future
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time varying equation of state
parameter increases the error by a
factor 2.
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Neutrino mass ordering

Constraints derived under the assumption m;=m,=m; (degenerate hierarchy, DH)

Neutrino Mass Hierarchy
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Neutrino mass ordering

Prn(k)/Prm (k)P
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Neutrino mass: conclusions

e Euclid in combination with upcoming CMB surveys can achieve a 4o
detection of Zm, even if Xm, = 0.058 eV (i.e., min. NH)

* Cosmology is not directly sensitive to the neutrino mass ordering, like
DUNE, however if Zm, = 0.058 eV, then future cosmological constraints can
exclude IH at about 2o

* Cosmology is more sensitive than current and planned [3-decay
experiments. Caveat: cosmology is model dependent, and it requires that
systematic effects are under control. Complementarity: cosmology is not
sensitive to the Dirac/Majorana nature, mixing angles.
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Plan

e Neutrino mass

* Neutrino number and new light particles
Nefr = Nesr™V(=3.044)+A Negy
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N+ probes: CMB
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N .« probes: P(k)

Baumann et al. (2018)
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CMB (Planck + ACT)
Nes = 2.98 + 0.20 (95% CL)

CMB + DESI BAO [DESI Collaboration (2024)]
N =3.10 + 0.17(95% CL)

Consistent with N#°M = 3.044



Bounds on new light particles (A N )

Euclid preparation: Sensitivity to neutrino parameters.
Lead authors: Archidiacono & Lesgourgues
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Bounds on new light particles (A Nog M)

The case of light sterile neutrinos
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Light sterile neutrinos with self-interations

Archidiacono & Gariazzo, Universe (2022) Archidiacono, Gariazzo, Giunti, Hannestad, Tram, JCAP (2021)
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Sterile neutrinos with self-interactions provide:

e agood fit to Planck CMB data

e asolution to the Hubble constant problem
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Outlook: constraining vSI with Euclid

Camarena et al. (2023)
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Mild preference for non-vanishing vSlI

Euclid will extend the range where we can test vSI
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Outlook: constraining vSI with Euclid

Camarena et al. (2023)
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Mild preference for non-vanishing vSI

Euclid will extend the range where we can test vSI

SN 1987A
Shalgar et al.

SN 1987A
Shalgar et al.

IceCube HESE
6 years
(this work)

Mediator coupling log;(gua)

____________________

BBN (AN = 1)

—6
-5 -4 -3 -2 -1 0 1 2 3
Mediator mass log;,(M/MeV)

4

5

Astrophysical and [aboratory limits
might already exclude this model.

} Bustamante et al. (2020)
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Neutrino number and new light particles:
conclusions

* Euclid in combination with future CMB surveys can exclude the existence of new
light particles decoupling after the onset of QCD phase transition for any spin.

* Light sterile neutrinos, as hinted at by neutrino oscillation anomalies, are already
excluded by Planck with high statistical significance. New neutrino self-
interactions provide an elegant way to accommodate light sterile neutrinos in
cosmology and to solve the

. constraints from the lab and from
astrophysics might exclude their existence



