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COSMOLOGY AND NEUTRINO MASSES

"Rest mass of muonic neutrino and cosmology”
Gershtein & Zel'dovich 1966

Q h° ~ (am\o ‘ E m, < 94h? eV
c
\

> m, =mq+my+mg

Fast forward to 2007:

> “m, < 1.8eV* from WMAP 3yr (Spergel, 2007)

(many independent papers before that, using the 1yr data)

Saturates the hard limit from primary anisotropies (0.6 eV neutrino has
m~3T at recombination)

* All one-sided limits in the following are 95% CL
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EUTRINO MASSES AFTER PLANCK
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Relative difference in the variance of

density fluctuations

NEUTRINOS AND STRUCTURE FORMATION

Structure formation below the (effective)
Jeans scale is suppressed in a
Universe with massive neutrinos
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Probes of density fluctuations below the
Jeans scale:

» Gravitational weak lensing of the CMB

« Clustering and weak lensing of galaxies
* Number density of galaxy clusters

* (+ their cross-correlation)

can be used to measure neutrino masses
from cosmology.

2 4 (DM
Q,hc =6.2 x 10 (58eV)
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NEUTRINO MASSES FROM THE LAB

Evidence of neutrino oscillations from Super-
Kamiokande (1998) and SNO (2001).

Neutrinos have a mass!
Nobel prize to Kajita & McDonald in 2015

va>o.oeev va>0.10eV

m? m?
A LY A

Nowadays, oscillation parameters (including mass differences) -,
are very well measured. X !

We still don’'t know:
« absolute mass scale
* mass ordering m |
« Dirac of Majorana?

solar~8x109eV?2
8 e

atmospheric
~3x107%eV?2

atmospheric
~3x1073eV?2
solar~8x10-9¢V?

?

Normal Inverted
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NEUTRINO MASSES FROM THE LAB
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v MASSES IN ACDM: PRESENT STATUS
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Credit: M. Gerbino
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v MASSES IN ACDM EXTENSIONS

It is by now well known that neutrino mass
constraints are degraded in:

- Dynamical DE models (but only for
phantom DE!, see e.g. Vagnozzi et al.
2019)

- Non-flat models

- Models with varying lensing amplitude
(which is however not a physical
parameter — basically a way to eliminate
the information from CMB lensing)

Data: Planck 2018
(TTTEEE+lowE+lensing) + BAO

Plot based on the results of S. Roy
Choudhury & S. Hannestad (2020)
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v MASSES IN ACDM EXTENSIONS

Constraints can be further loosened

In alternative models, e.g.

* Neutrino decays

« Late-time phase transitions
(mass-varying neutrinos)

 Low-reheating scenarios

« Long-range v interactions

« Conversion to lighter states

In some cases, this would reopen
the window for a detection in
KATRIN
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FUTURE PROSPECTS

To increase sensitivity to neutrino masses AND reduce model dependency, we
need:

« Precise measurement of the CMB lensing signal (both from 2- and 4-point correlation
functions)

« Cosmic variance limited measurement of the reionization optical depth
« other CMB probes of structure formation, e.qg. SZ galaxy clusters

+ non-CMB information
 BAO information to reduce geometrical degeneracies

* Full shape of the matter power spectrum (including control of at least mildly nonlinear
scales. EFT of LSS?) possibly up to relatively high redshifts (intensity mapping?)

e CMBJ/LSS cross correlations
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S/N OF FUTURE OBSERVATIONS
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Plot by D. Green & J. Meyers
From the Snowmass white paper

“Synergy between cosmological
and laboratory searches in
neutrino physics: a white paper”
(arXiv 2203.07377)
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FORECASTS FOR FUTURE CMB+LSS

c(Zm,) = 0.04 eV from SO (primary+lensing)
+ DESI BAO
(SO Collaboration 2018)

o(Xm,) = 0.042 eV from LiteBIRD + CMB-S4
=0.012 eV + Euclid

(0.063 and 0.068 eV in DDE models)
Brinckmann, Hooper,+, JCAP 2019

CMB+LSS will provide a statistically
significant detection of neutrino masses in
ACDM (remember ¥m,> 0.06 eV).

Guaranteed result: either we measure
neutrino masses, or we find that the LCDM
model has to be amended
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Brinckmann, Hooper,+, JCAP 2019
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SINERGY BETWEEN COSMO AND LAB

Excluded by KamLand-ZEN
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Gerbino et al., arXiv 2203.07377
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Concordance 1: Signal in both On2B and
cosmology. Neutrinos are Majorana. No
reason to go beyond LCDM. Standard
Neff. Ordering is undetermined, but can
be determined through oscillation
experiments.

- Signal in cosmology
(with “low” mass), but not in On2b. Two
possibilities: 1) Neutrinos are Dirac,or 2)
Neutrinos are Majorana and ordering is
normal. Oscillations can break the
degeneracy.

In both cases, no need to go beyond
LCDM or beyond the mass mechanism
for Onu2b

M. LATTANZI FROM PLANCK TO THE FUTURE OF THE CMB FERRARA, MAY 24TH 2022



SINERGY BETWEEN COSMO AND LAB
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Excluded by KamLand-ZEN Non concordant scenarios are of

course possible (and probably
more interesting!), e.g. signal in
Onu2b and not in cosmology, or

T
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Gerbino et al., arXiv 2203.07377
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EFFECTIVE NUMBER OF RELATIVISTIC SPECIES

7 4/3 Theoretical expectation for the
Pr= |14+ Neg X 3 X Py three SM neutrinos* :
0.84
75 -
Riess et al. (2018) 0.83 Planck 2018: Neff=2.89+/-0.19
! . — 0.82
8 70 - 5 . :
= % o In agreement with the theoretical
g SZC | o0 expectation
X~ 65 -
= 0.79 . .
T Excludes a fourth, very light, thermalized
60 - 0.78 neutrino at more than 5c
0.77
20 275 370 375 4?0 * Dolgov; Mangano+ 2005; ....;
N Akita&Yamaguchi 2020; Bennett+,2020;
Planck collaboration, V1 2018 "¢ Froustey+ 2020
M. LATTANZI FROM PLANCK TO THE FUTURE OF THE CMB FERRARA, MAY 24T 2022



EFFECTIVE NUMBER OF RELATIVISTIC SPECIES
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A deviation from the standard value might be
due to:

« Additional light species (e.g. sterile
neutrinos, thermal axions)

« Nonstandard expansion history (e.g. low-
reheating temperature scenarios)

* New physics affecting neutrino decoupling
(as due e.g. to nonstandard v-electron
Interactions)

« Large lepton asymmetry

In general, the observed N4 puts tight constraints
on theories beyond the SM
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Neee AND THE DECOUPLING OF SPECIES

For a species that was in thermal equilibrium in the early Universe, AN is directly related to the
decoupling temperature:

v | | | 1 B ! B
10 = : : : oson (g=1)
] I I I Boson (g=2)
:% : : Fermion (g=2)
1 | | .
1 - " 1 == Fermion (g=4)
| | . '

s 1 _x I : T 1
S i l I 0-57
<4 I ; I |

: | ' -
0.1 3 | ! | I 0.095
3 . o —————
] ! | ! : | 0.047
I l l l o 0.027
1 1 1 1 |
! I I |1
1 LI Illlll L] LI |||||| 1 LI Illlll 1 LI ||l| L) LI |Il||| ] LILIL) ||||I L] LI |||||| ] LI | Illlll T
102 10! 100 10t 102 103 10* 10° 10°
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Planck collaboration, VI 2018
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Ne-r AND STERILE NEUTRINOS

Ovpp

Neff is a powerful probe of particle interactions e wiiai

E.g. sterile neutrinos: production from oscillation from
active states, final abundance depends on both active-
sterile mixing angle and mass difference

Cosmo
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10810 |Ueq|?

log(6m?/eV?)

Cosmology robustly exclude region of large sterile mass and mixing
params larger than 107-3 in LCDM extensions

I I 32 - ol Light sterile solution to short-baseline oscillation anomalies hard to
log(sin’(26)) accommodate!
Hannestad et al. 2015 See Hagstotz+ (incl ML) 2021
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Ne-r AND THERMAL AXIONS

Axions can be produced thermally in the early Universe through their coupling to
photons or gluons
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Ne-r AND THERMAL AXIONS

Axions can be produced thermally in the early Universe through their coupling to
photons or gluons
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V NONSTANDARD INTERACTIONS

CMB is also sensitive to the collisional properties of light 20x10°
relics (Bashinsky & Seljak 2004) 5100
E.g. in models of neutrino nonstandard interactions: T
= 1.0x10°
éT 1.0x 10
. L ; — ACDM
I . 5 5.0x 108 -=- geff i :2)) i }8::
Ling = 59@PViV"Vi 1
T 15x100
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V NONSTANDARD INTERACTIONS

Forastieri, ML, Natoli, PRD 2019
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FERRARA, MAY 24TH 2022
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Neee FROM SO

foky=0.4

SO collaboration, 2018
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DARK MATTER

Observations of CMB anisotropies provide a precise determination of the dark matter density

Planck TTTEEE + lowE
+ lensing

Q.h? = 0.1200 + 0.0012

This measurement already puts constraints on possible models.

However we are still far from characterizing the DM properties, and in particular its
(nongravitational) interactions.

Open guestions:

* Is DM a single species?

e is it cold/warm?

e iS it stable?

 how does it interact with the SM?
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DM DECAYS AND ANNIHILATIONS

g _ 1= e
Dark matter decays and/or annihilations can inject 2 10 T :
. . . . . 0 = 1 e
energy at different times in the cosmic history S 10 Fermi/HESS ee* |
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. . : : g 7 I —————_Thermal crosssection ___________.F
* Prerecombination (CMB spectral distortions) = 5 107 ] e
« ~recombination (CMB anisotropies) E e ——
10 10? 10% 10
« ~dark ages (21cm) m, [GeV]
« ~ reionization (CMB anisotropies) OM mass Planck 2018 VI
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the radio sky) 5§ g \/ V4
(&] 5 \ /
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ERe \ g
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36-10* DM Polarization [Kcus) 3.0-10! 1077 ____ On-the-spot with fug ~ f(z(I)) J-FIRAS
Synchrotron emission at 30 GHz due to DM annihilation e W e
to e+e- (Manconi et al. arXiv 2204.04232) DM lifetime Poulin et al. 2017
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DM LATE INVISIBLE DECAYS
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A DARK CRYSTAL?
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The "Heavenly Lab” has gifted us with many information on the properties of
elementary particles....

... and will keep on giving in the future!

We will have a detection of neutrino masses OR an indication from new physics
(on the cosmo or particle side, or both)

Future cosmological observations will further constrain the properties of light
relics and dark matter, and particle physics models in general.

THANKS!
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