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Why neutrino cosmology
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A short cosmic history
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The duality of the CvB

N eff

" CMB (<*1 eV)

— m;j=0.02 eV
---- m;j=0.05eV

— m;=0.20eV
------- m; =0.60 eV

| Early times: neutrinos as radiation

4/3
Prad — P~ {1+Neff% (%) }
N.¢ = (energy density of neutrinos + BSM light particles)

(energy density of one neutrino species)

| For the 3 neutrino families of the SM: N.M = 3.044

CMB + DESI BAO [DESI Collaboration: Adame et al. (2024)]

] Negs =3.10 £ 0.17(95% CL) -> thermalised sterile v excluded



The duality of the CvB

s | Early times: neutrinos as radiation
' 4 4/3
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time oof T T 4 N = 3.10 + 0.17(95% CL) -> thermalised sterile v excluded
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Late times (after CMB formation): neutrinos as matter (contributing to dark matter as hot dark matter)

Z my . 4
93.12eV

* Hot dark matter energy density = Sum of neutrino mass Ql/hQ — [Mangano et al. (2005), Froustey et

al. (2020)], but not individual masses [Archidiacono et al. (2020)].
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Detecting the neutrino mass in the CvB
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Neutrino mass probes: CMB
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Neutrino mass constraints: CMB

Planck

\ 4

In ACDM!

(TT, TE,EE+lensing)
CMB-S0 1

CMB-54 1

HEl Current data, 95% CL
Future CMB, 1o

50

100 150 200 250 300
> my (meV)

B-decay experiment KATRIN

current constraint:

>m,<~15eV

Fiducial value:

CMB alone will not be able
to detect the neutrino mass

—> Large Scale Structures

4

14



A short cosmic history

10* seconds

1 second

Beginning
of the
Universe
Cosmic
Neutrino
Background
(T~1MeV)
1018: T T T T T T T T T T T T T T l- -l |. T T T T T T T T E
o 3 Vitigliano et al. (2019);
R E Solar (thermal) Solar (nuclear) 3
o 10°F 3
g 100; ity __—Reactors é
T> oF Geoneutrinosf _\ E
% 10 £ DSNB =~ E
x 1077 ~. Atmospheric E
= E 3
29t Teyp ~ 19K N E
5 1024 E N IceCube data 7
) £ S (2017) 3
ie: 110cm ™ R
1w02E NCvB ™ cIm * E
E Cosmogenic—<">.
10—36' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I\
107 107 10° 10% 10° 102 10" 108

Energy E [eV]

Direct detection not in the near future

Footprints in cosmological observables

DJT [ukY]

AD]"

6000 [T
5000
4000
3000
2000

1000 F

o
600
300

-300
-600

100 seconds

380 000 years

Cosmic

Microwave
Background
(T~0.2eV)

3 | ‘. Al l“:l “1 hllul | l*l“u TSR APIOPUNIITN X JE P
T e e,
E 3-60
o 30 500 7000 500 2000 2500
14

300-500 million years

Billions of years

e

13.8 billion years
I - .' ,/
A ~—n

r? &(r)

BAO
120 ‘

100f x
80
60f
40r
20f

ot

-20

—-40

| a=1.016+0.017
x? =30.53/39 dof

X X CMASS
- Best-fit|]

45

log,o P(k) / h™Mpc?

35

0 50

200

150

100
r(h™" Mpc)

Structure
formation
(LSS)

T
Standard
- CMASS DR9
——best—fit model
x*=81.5 / 59

0.05

logy Pk} / P(K)yoqey
0

-0.05

L
—0.5




Neutrino mass probes:

eV

my,/i

* Free-Streaming drs; ~ 1Gpc

CDM

LSS

m, =0.5 eV

Villaescusa Navarro et al. (2013)
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Neutrino mass probes: LSS
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Neutrino mass probes: LSS
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Neutrino mass constraints: CMB+LSS

Planck

In ACDM!
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Neutrino mass constraints: CMB+DES]
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Neutrino mass constraints: CMB+DES]
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Neutrino mass constraints: CMB+DES]
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Neutrino mass constraints: CMB+DES]

wow,CDM
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Neutrino mass constraints: CMB+LSS

Planck

In ACDM!
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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: LSS
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Neutrino mass probes: LSS
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Known unknowns (systematics, etc.)

1. Non-linearities [Euclid Collaboration: Euclid Collaboration: Archidiacono et al. (2024)
—— HMcode -=== EuclidEmulator?2

Martinelli et al. (2020), Euclid Collaboration: HALOFIT —.—. BACCOemulator

Adamek et al. (2023)]
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Known unknowns (systematics, etc.)
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Neutrino mass constraints: the future
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Neutrino mass constraints: the future

In ACDM!
Planck IS
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Neutrino mass constraints: the future

Planck 5

In wOwaCDM!

(TT, TE,EE+lensing)
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Neutrino mass ordering

Neutrino Mass Hierarchy

| v, Qianetal. 2015
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Euclid Collaboration: Archidiacono et al. (2024)
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Neutrino mass ordering

Prn(k)/Prm (k)P
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- Archidiacono et al. (2020)
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The effect induced by the neutrino mass ordering on the
cosmological observables is below the sensitivity of current
and planned cosmological surveys.

The degenerate hierarchy (DH, m;=m,=mj3) approximation
will still be valid, and it is more efficient.

See also Gariazzo et al. (2022)
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Neutrino mass: conclusions

Euclid in combination with upcoming CMB surveys can achieve a 4c detection of Xm, even if Zm, = 0.058 eV

(i.e., min. NH)

Cosmology is not directly sensitive to the neutrino mass ordering, like DUNE or JUNO, however if Zm, =

0.058 eV, then future cosmological constraints can exclude IH at about 2

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.

What if there is a tension between the Cosmos and the Lab?
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The cosmological neutrino mass problem
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DESI Collaboration, Elbers et al., 2025



The cosmological neutrino mass problem
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The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?
What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?



The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?
What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?

Yes...

1. Beyond ACDM
2. Beyond GR

3. Beyond SM



The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?
What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?

Yes...
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The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?

What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?

Yes...

1. Beyond ACDM
2. Beyond GR

3. Beyond SM
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The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?
What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?

Yes...

1. Beyond ACDM

2. Beyond GR

3. Beyond SM

* Neutrino spectral distortions (from new interactions) [Alvey et al. (2022)] Xm, < 3 eV
*  Mass varying neutrinos (late time mass generation) [Lorenz et al. (2021)] Zm, < 1.5 eV

* Invisible neutrino decay into BSM particles [Barenboim et al. (2021)] Xm, < 0.2 eV



The cosmological neutrino mass problem

What if KATRIN (or Project 8) measures a neutrino mass in disagreement with cosmological bounds?
What if the cosmological bounds cross the minimum value allowed by oscillations?

=» How robust are the cosmological constraints on the neutrino mass? Can they be evaded?

Yes...
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Conclusions

* Neutrino mass: The scenario of no detection, or a tension with ground-based
experiments, would require to rethink the cosmological paradigm and/or
neutrino physics.
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Backup
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Bounds on new light particles (A N )

Neff = NeffSM(=3.O44)+A Neff

Thermalised
“sterile” neutrinos
already excluded
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| ~
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—

Already excluded
by current limits

Still possible...
Probed by future
CMB and LSS
surveys
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