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Plan

A short cosmic history
Early Universe: A tale of two backgrounds
* Cosmic Microwave Background (CMB)
* Cosmic Neutrino Background (CvB)
Late Universe:
e Large Scale Structure

Indirect detection of the CvB: “The number of neutrinos...and other light relics”
Detecting the neutrino mass in the CvB
Non-standard neutrinos

* The cosmological neutrino mass problem
* Sterile neutrinos and new interactions
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Cosmic Microwave Background (CMB)

Thermal photon background formed around 300000 years after the big bang (z ~ 1100), when the Universe had
a temperature of approximately 0.2 eV (~3000 K). The Universe becomes neutral and transparent to photons.

1978 Penzias and Wilson
Discovery of a ~2.7 K background

2006 Mather and Smooth (COBE)
Measurement of 10 fluctuations

2019 Peebles
For predicting these fluctuations in 1970
(among other things)
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Large scale structure (LSS)
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Large scale structure (LSS)
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Large scale structure (LSS)

DESI z<2

With imaging
Weak gravitational lensing

- Path of light
#& around dark matter

Distant
universe
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Different observables at different scales
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Different observables at different scales

] Non-linear scales:

| predictions of

| observables from N-
1 body simulations

Linear scales:
predictions of
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The cosmic neutrino background (CvB)
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The cosmic neutrino background (CvB)
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=» Direct detection of the CvB not in the near future
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=» Footprints of the CvB in CMB and LSS

The neutrino background formed 1 sec after the big
bang, at T~1 MeV, when the weak interactions

become inefficient.

Applying entropy density conservation
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Indirect detection of the CvB
The number of neutrinos
..and other light relics




The N & parameter

The expansion rate of the Universe depends on its ingredients

H?*(a(t)) = HE (Qaqa™* + Qma ™2 + Q)
Qi — Pi0

Pcrit

Prad = P~,CMB T+ Pv,CvB T PDR = P~,CMB {1 + Neff% (%

DR = Dark Radiation, BSM light relics

N.+ = (energy density of neutrinos + BSM light particles)

(energy density of one neutrino species)

For the 3 neutrino families of the SM

Dark
Matter
63%

Neutrinos
10%

Photons
15%

Atoms

(Universe 380,000 years old)

o
) 4/3 i| 12% 13.7 BILLION YEARS AGO

N M = 3.044 + 0.001 [Mangano et al. (2002), Froustey et al. (2020), Bennett et al. (2021), Drewes et al. (2024)]

23



N.¢ probes: BBN

Shortly after neutrino decoupling the weak interactions that kept neutrons and protons in statistical
equilibrium freeze out.
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N.¢ probes: BBN

Shortly after neutrino decoupling the weak interactions that kept neutrons and protons in statistical

equilibrium freeze out.

1/6
H . I1T=Tfreeze TfV€€Z€ = O'6g* Mev

n, ( (m, — mp)) 1
_n ~ exp — ~ —
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7
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4
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N.¢ = 2.78 + 0.28 (68% CL)

Neff

4.5t

4.0

3.5}

3.0¢

2.5}

2.0t

Pisanti et al. (2021)

0.020

0.021

0022 0023 0024

Q, h

0.025
25



N ¢ probes: CMB

Hou et al. (2012)
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N+ probes: CMB

Hou et al. (2012)

— 18F N, =200 * Increase of diffusion (Silk) damping al large /
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* The angular size of the sound horizon at CMB
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N ¢ probes: CMB

I ,e  Alarger (thermalised) N is not a solution to the
75 “« ”,
Riess et al. (2018) 0.83 Ho problem”™:
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=
; " %% 9 Hy=73.0 £ 1.0 km/s/Mpc (SHOES) [Riess et al. (2022)]
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N ¢ probes: CMB

I ,e  Alarger (thermalised) N is not a solution to the
75 7 ”,
Riess et al. (2018) 0.83 Ho problem”™:
7& . -0s2  H,=67.4 + 0.5 km/s/Mpc (Planck)
=
; " %% 9 Hy=73.0 £ 1.0 km/s/Mpc (SHOES) [Riess et al. (2022)]
e - o080 @ ——
=, 0517 15f - Planck 2018 bestfit (Nog = 3.046) {
T 0.79 ST Nug = 3.046 (£5) + 1 (£s)
60 - 078 ! #  Planck 2018
Planck 0.77 X
2.0 2.5 3.0 3.5 4.0 §
Nest 5
3

N+ = 4 provides a bad fit of Planck data =
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N ¢ probes: LSS

Fixed .Qm,(), vao, h
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* Phase shift of the BAO

CMB (Planck + ACT)
N =2.98 + 0.20 (95% CL)

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

N.¢ =3.10 + 0.17 (95% CL)

30



AN ¢: other light relics (if any)
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N.¢: conclusions

* Cosmology provides an indirect detection of the CvB

* Cosmology at different epochs and at different scales is consistent with Standard
Model prediction N >M = 3.044

* Future CMB and LSS surveys can exclude the existence of new light particles
decoupling before the onset of QCD phase transition for any spin.
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Detecting the neutrino mass in the CvB



Neutrinos from the lab

Neutrino oscillations
Neutrino Mass Hierarchy

v_  Qianetal. (2015)

T

$Am?

sol

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

Lectures by Di Lodovico, Lisi, Maricic, Petcov

Neutrino mass limit m, (eV)

10.0

U1
o
L 1

2.0 A
1.0 ]

0.5

0.2 A

Neutrino B-decay

(Neutrinoless B3-decay only if neutrinos are Majorana)

1 Mainz (93)

v
Troitsk (95)
Y Mainz (99)

4 Mainzv(°5) Troitsk (11)

Troitsk (99) v
KATRIN (19)
v KATRIN (21)
B KATRIN KATRIN (comb.)

Il MAC-E filter methods

1990 1995 2000 2005 2010 2015 2020 2025
Best fit m2 (eV?)
mp? =% |Uei|2m?< 0.8 eV (90% CL)
[Aker et al. (2022)]
Sensitivity: 200 meV (90% CL)
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The duality of the CvB

1.0} ——— {  Early times: neutrinos as radiation
4/3
= 1+ Nl (£
0.8} CMB (~1 eV)- Prad '07[ T Neff g (11)
0.6 Neutrino non-relativistic transition
i .
) = 2 x 107 (et
0.4} Znr,s = 2 X 10 (W)
— m;j=0.02 eV
02 ——— m, = 005 eV
m; =0.20 eV
time  0.0F™ mm0e0eY
' 0.001 0.01 0.1 1 10

Ty feV]

Late times (after CMB formation): neutrinos as matter (contributing to dark matter as hot dark matter)

> m
93.12

* Neutrino mass thQ — ;’\z/. [Mangano et al. 2005, Froustey et al. 2020]

not individual masses -



Neutrino mass probes: CMB
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Neutrino mass constraints: CMB

Planck

In ACDM!

\ 4

(TT,TE,EE+lensing)
CMB-50+

CMB-54 1

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

50

100 150 200 250
> - m, (meV)

300

KATRIN: Xm,, <~ 2.7 eV

Fiducial value:

Minimum from neutrino

oscillation experiments

CMB alone will not be able
to detect the neutrino mass

—> Large Scale Structures
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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

 Massive neutrinos do not cluster

1.00 == OcV * Massive neutrinos slow down the growth of CDM
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Neutrino mass probes: LSS
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Neutrino mass constraints: LSS

In ACDM!

Planck 9
(TT, TE,EE+lensing)

CMB-50

CMB-54 1

Planck+BAO

Planck+SDSS(BAO+RSD) §

+DES(3x2pt)+Pantheon-SNe

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

50

100 150 200 250 300
> - m,, (meV)
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Neutrino mass constraints: LSS

Planck 9

In ACDM!

(TT, TE,EE+lensing)
CMB-SO

CMB-54 1

Planck+BAO

Planck+SDSS(BAO+RSD) §

+DES(3x2pt)+Pantheon-SNe

» CMB (Planck+ACT)+DESI BAO

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

50

100 150 200 250
> - m,, (meV)

300
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Neutrino mass constraints: DESI

—— CMB (no CMB lensing)

CMB

—— CMB + DESI BAO

0.15

DESI Collaboration: Adame et al. (2024)
CMB (Planck+ACT) + DESI BAO: Xm, < 72 meV, 95% CL
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Neutrino mass constraints: DESI

—— CMB (no CMB lensing)

CMB

—— CMB + DESI BAO

0.15

DESI Collaboration: Adame et al. (2024)
CMB (Planck+ACT) + DESI BAO: Xm, < 72 meV, 95% CL

Prior: 2m, >0

Prior: Xm, >59 meV ->Xm, <113 meV, 95% CL
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Neutrino mass constraints: DESI

_— CMB (no CMB lensing) DESI Collaboration: Adame et al. (2024)

CMB CMB (Planck+ACT) + DESI BAO: £m, < 72 meV, 95% CL
—— CMB + DESI BAO

Prior: 2m, >0

Prior: Xm, >59 meV ->Xm, <113 meV, 95% CL

In ACDM! ACDM
W0='1
In wOwaCDM: w,=0
0.00 0.05 0.10 0.15 0.20 Em, <195 meV

Bl DESI BAO + CMB + PantheonPlus
DESI BAO + CMB + Union3
I DESI BAO + CMB + DESY5

~1.0 0.8 —0.6 —0.4
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Neutrino mass constraints: LSS

Planck 9

In ACDM!

(TT, TE,EE+lensing)
CMB-501

CMB-54 1

Planck+BAO

Planck+SDSS(BAO+RSD) §

+DES(3x2pt)+Pantheon-SNe

» CMB (Planck+ACT)+DESI BAO

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

Still no evidence/detection!
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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 30 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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Known unknowns (systematics, etc.)

1.

Galaxy bias Pg,ay, = b? Py [Castorina et al.

(2014); Vagnozzi et al. (2018) ]
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Known unknowns (systematics, etc.)

1.

Galaxy bias P

(2014); Vagnozzi et al. (2018) ]

galaxy —

b2 Py, [Castorina et al.
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Known unknowns (systematics, etc.)

1.

Galaxy bias P = b2 Py, [Castorina et al. —— HMcode ---- EuclidEmulator2

galaxy —
HALOFIT —-—- BA 1
(2014); Vagnozzi et al. (2018) | 0 CCOemulator

= 0.95 > my, = 0.16 ¢V
Non-linearities [Euclid Collaboration: §> 0.90 -
Martinelli et al. (2020), Euclid Collaboration: g 0.85 F
Adamek et al. (2023); Euclid Collaboration: QEEq 0.80 -
Archidiacono et al. (2024)] 0.75 L
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Known unknowns (systematics, etc.)

1.

Galaxy bias P = b2 Py, [Castorina et al. —— HMcode ---- EuclidEmulator2
HALOFIT —:—- BACCOemulator

galaxy —

(2014); Vagnozzi et al. (2018) ]

Non-linearities [Euclid Collaboration:

Martinelli et al. (2020), Euclid Collaboration:
Adamek et al. (2023); Euclid Collaboration:
—~ <@L
Archidiacono et al. (2024)] 0.75 L P
1 11 II %
_ E
1072 |
~— [es)
khz
p
Egnt
A,
Il
S
w el
Euclid Collaboration: Adamek et al. (2023)
=== GADGET-3 GADGET-4 == == CONCEPT = ANUBIS == == PINOCCHIO ===+ BACCOemulator )
— — L-GADGET3 — — NM-GADGET4 PKDGRAV3 gevolution  =+*- CLASS ReACT 0.01 0.1 514
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Known unknowns (systematics, etc.)

galaxy —
(2014); Vagnozzi et al. (2018) ]

2. Non-linearities [Euclid Collaboration:
Martinelli et al. (2020), Euclid Collaboration:
Adamek et al. (2023); Euclid Collaboration:
Archidiacono et al. (2024)]

3. Baryonic feedback [Chisari (2019); Euclid
Collaboration: Martinelli et al. (2020); Spurio
Mancini et al. (2023); Euclid Collaboration:
Archidiacono et al. (2024)]

Galaxy bias P = b2 Py, [Castorina et al.

Pdm —baryons / Ide —only

Chisari (2019)

OWLS
Cosmo-OWLS
Horizon-AGN
IHlustris-TNG

101

10° 10!
k [h/Mpc]
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Known unknowns (systematics, etc.)

1. Galaxy bias P, = b? Py, [Castorina et al.

(2014); Vagnozzi et al. (2018) ] = 1.0 Chisari (2019)
2 0.9
2. Non-linearities [Euclid Collaboration: ; 08 Cosmo-oWLS
Martinelli et al. (2020), Euclid Collaboration: ) 074 _ s T _ ]
Adamek et al. (2023); Euclid Collaboration: i K th/Mpc] | o DM T AN, WL GO X C

Bl With baryonic feedback
—— Without baryonic feedback

X | <1500

Archidiacono et al. (2024)]

ANeff Z my [eV]

Wo

3. Baryonic feedback [Chisari (2019); Euclid

Collaboration: Martinelli et al. (2020); Spurio

)
Mancini et al. (2023); Euclid Collaboration: I
0.30 0.33 0.7 0.9 0.90 0.98 0.798 0.825 0.1 0.3 1 2 —-1.1 —-0.9 0.0 0.5
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Neutrino mass constraints: the future

Euclid preparation: Sensitivity to neutrino parameters.
Euclid Collaboration: Archidiacono et al., arXiv:2405.13495

Note: MCMC forecast
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Neutrino mass constraints: the future

Planck IS
(TT, TE,EE+lensing)

CMB-50 1
CMB-54 1

Planck+BAO

Planck+SDSS(BAO+RSD) §
+DES(3x2pt)+Pantheon-SNe

Euclid (WL4+GC+XC) |

+Planck
alcC
Euclid+Planck: >2c evidence of a
Buclid (WL4+GC+XC) . Hl Current data, 95% CL
+CMB-S4+LiteBird Future CMB, 1o non-zero neutrino mass sum

Bl Euclid+CMB, lo

0 50 100 150 200 250 300 Euclid+CMB-S4+LiteBird: >3c
> m,, (meV) e



Neutrino mass constraints: the future

Planck )

(TT,TE,EE+lensing)
CMB-50+

CMB-54 1

Planck++BAO

Planck+SDSS(BAO+RSD)

\ 4

+DES(3x2pt)+Pantheon-SNe

Euclid (WL4+GC+XC) |
+Planck

Euclid (WL+GC+XC)
+CMB-S4+LiteBIRD

o—i— HEM Current data, 95% CL

Future CMB, 1o
Bl Euclid+CMB, lo

> - m, (meV)

e Euclid+CMB, 1
ucli , 1o,
] DE model
50 100 150 200 250 300

Replacing the cosmological
constant with dark energy with a
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 Euclid Collaboration: Archidiacono et al. (2024)
Ve VT Qian et al. 2015 Bl Inverted Ordering
- - EEl Normal Ordering
0.3r
Normal Inverte Planck (TT TE EE+lensing) 2
S D A
g
2 S
Amatm g Planck—+ext.
2 01
£
S
B
g
=
@8}
0.03+ Fuclid+CMB-54+LiteBIRD ]
Min. Zm, (NH) = 0.058 eV; Min. m, (IH)=0.100 eV Buclid+Planck
0.001 0.01 0.1 0.3

Lightest neutrino mass [eV]

Input fiducial value of the forecast Zm, = 60 meV
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Neutrino mass ordering

1.003— . . . : : .
— Hvs.DH, 0.1 eV The effect induced by the neutrino mass ordering on the

NH vs. DH. 0.06 eV | cosmological observab!es is below the sensitivity of current
—— IHvs.DH, 0.15 ev | and planned cosmological surveys.
—— NHvs. DH, 0.15 eV |

1.002

1.001
The DH assumption is valid, and it is more efficient.

1.000

— .
B — — —— — — —
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!
!
|
!
!
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!
I

0.999
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0.997 Archidiacono et al. (2020) ™ ————— 5ep als0 Gariazzo et al. (2022)
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Neutrino mass: conclusions

* Euclid in combination with upcoming CMB surveys can achieve a 5c detection of Xm,

even if Xm,, = 0.058 eV (i.e., min. NH)

* Cosmology is not directly sensitive to the neutrino mass ordering, like DUNE, however if

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

* 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.

e What if there is a tension between the Cosmos and the Lab?
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Non-standard neutrinos — part 1
The cosmological neutrino mass problem



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?
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1. Beyond ACDM (replacing A with wOwa dark energy)



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 (replacing A with wOwa dark energy)
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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 (replacing A with wOwa dark energy)
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...

1. Beyond ACDM (replacing A with wOwa dark energy)

2. Beyond GR 2.00

CMB + CMBL + BAO + SN — 68% CL

— 95% CL

== Non-relativistic transition
— = DE domination

—_— Im,(z)=const. (95% CL)
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3. Beyond SM
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Non-standard neutrinos — part 2
Sterile neutrinos and new interactions




Light sterile neutrinos

Dentler et al. (2018) Gariazzo et al. (2019)
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Sterile neutrinos in cosmology are facing two problems:
* They are too many: N~ 4, while current bounds are N+ =2.92 + 0.36 (95% CL)

* They are too massive: Xm, ~ 1 eV, while current bounds are Xm, <0.1-0.2 eV 20



Partial thermalization

Hannestad et al. (2012)
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New Interactions

Neutrino Self-Interaction Rates

Redshift z
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New Interactions: CMB

15F
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See also Kreisch et al. (2019)
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New Interactions: CMB
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New Interactions: CMB

Archidiacono et al. (2021)
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See also Kreisch et al. (2019)

Sterile neutrinos with self-interactions provide:

e agood fit to Planck CMB data

v’ Sterile neutrinos are not too many anymore

e asolution to the Hubble constant problem



New interactions: LSS

v ¢ Sterile neutrinos disappear

from the cosmic neutrino

A
. -,  background.
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v’ Sterile neutrinos are not too massive anymore



New interactions: LSS

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

Stage IV LSS surveys will extend the range where we can test vSI
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New interactions: LSS

Camarena et al. (2023)
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Astrophysical and [aboratory limits
might already exclude this model.

Lectures by Coloma, Mirizzi, Sala, Spurio

} Bustamante et al. (2020)
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Non-standard neutrinos: 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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Non-standard neutrinos: 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.

* 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 H, problem.

* Non-standard interactions can be extended to active neutrinos, but external
constraints might rule out their existence.
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Useful references

* Textbook
e J. Lesgourgues, G. Mangano, G. Miele and S. Pastor, Neutrino Cosmology

e Reviews

» A.D. Dolgov, Neutrinos in cosmology, Phys. Rept. 370 (2002) 333 [hep-ph/0202122]

* S. Bashinsky and U. Seljak, Neutrino perturbations in CMB anisotropy and matter

clustering, Phys. Rev. D 69 (2004) 083002 [astro-ph/0310198]

* J. Lesgourgues and S. Pastor, Massive neutrinos and cosmology, Phys. Rept. 429

(2006) 307 [astro-ph/0603494]
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Neutrino flavour evolution
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Partial thermalization
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Light sterile neutrinos with NSI

Early time phenomenology

The sterile neutrino is coupled to a new light pseudoscalar

(my << 1eV): 0.9/
0.8

Lint ~ 8s (I) V_ls Vs Vs |

0.6F

If the dimensionless coupling is larger than g, ~ 10, the 2 0

02rm =1¢eV

production of sterile neutrinos is delayed until the time of 04r

active neutrino decoupling. 03 1+1

One additional sterile neutrino is consistent with the 01" §in?26 =0.05
cosmological bounds on N 0 ‘

10

Sterile neutrinos are to%any and too massive for cosmology

BBN bounds
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Neutrino mass problem

Cosmological data are more and more pointing towards Xm, < 0.06 eV.
» Extended particle physics models (beyond SM)
o Invisible neutrino decay into BSM particles, e.g. lighter (sterile) neutrinos plus a massless

(pseudo)scalar particle [Barenboim et al. 2021, Escudero et al. 2020]
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KeV sterile neutrinos (WDM

Boyarsky et al. (2019)
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