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COSMOLOGY AND NEUTRINO PROPERTIES

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

Q,h? ~ (gzlm\‘;) —> va < 94h% eV
e l

> my=mq+mp+ms

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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NEUTRINOS AND STRUCTURE FORMATION

Structure formation below the (effective)
Jeans scale is suppressed in a
Universe with massive neutrinos

Probes of density fluctuations below the
Jeans scale:

« Gravitational weak lensing of the CMB
« Clustering and weak lensing of galaxies

G
(@]
(]
8 0.00 A — 60 meV )
© —— 100 mev * Number density of galaxy clusters
S ~0.02 ——\ —ome * (+ their cross-correlation)
()
s g Q,h?
c X —0.04 4 .
S, . can be used to measure neutrino masses
g £ = increases
£ 2 §-o0 from cosmology.
o ©
?!qq_j’ '§ -0.08
T =
Lz o Q,h?> =6.2 x 1074 (va>
+—~ ‘A . r . r
% § 1074 103 1072 1071 100 10! 58 eV
o © k [h/Mpc]
mmmmmm = \Vavenumber EEEE——)
Larger scales Smaller scales
M. LATTANZI NOW 2022 RosA MARINA, SEPT 10™H, 2022



NEUTRINO MASSES AFTER P
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v MASSES IN ACDM EXTENSIONS

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

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

o255
- Dynamical DE models (but only for = l
phantom DE!, see e.g. Vagnozzi et al. E <020} T ]
2019) o O [ ]
- Non-flat models o) E> o4t & *
- Models with varying lensing amplitude > N i ]
(which is however not a physical (-2 S i ]
parameter — basically a way to eliminate % 0.10p l ************************************ ]
the information from CMB lensing) o I
oo0%¢t T n
based on S. Roy Choudhury & S. - i
Hannestad (2020) arXiv 1907.12598 0.00! . X . .
6\4 4)( &4 6\4 6\4 \e‘b Q‘(*
See also Di Valentino et al. [arXiv:1908.01391] O@’ﬁ/ ;V‘Q O@;V OQ;V @’ﬁ/\o@ QXV 4‘/@3(
Xm, <0.52 eV in a 12-parameters NS OO® O $QS) &O&@Q Qf" Q@"
cosmological model v O NS O
N Q \(\o VO v
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v MASSES IN ACDM EXTENSIONS

5.5
Constraints can be further loosened
in alternative models, e.g. T | T
1 —— DE domination 2,
1.50 : —— Im,(z)=const. (95% CL) } E
! ! - 4.5
* Neutrino decays s Lorenz etal. 2021 £
« Late-time phase transitions g i : 2 40
(mass-varying neutrinos) | © Abellan et al. 2022
. . ! —H 35 P15 + BAO/ fos + Pan
» Low-reheating scenarios - P15 + BAO/fos + Pan-+ mp1s
« Long-range v interactions u : : ey g e
« Conversion to lighter states z 02 0'4Zm (/’GV 0810
1.0 FT T T
. 0.8 - L
In some cases, this would reopen CMB+BAO | o
. . . - 87 Try decreases from
the window for a detection in _ o Earzan & ': . I15 to 5 MeV
KATRIN (see e.g. Alvey et al, 2021) ey Hannestad 2016 £ |
€ 04} ]
0.2 0 ! de Salas et al. 2015 |
0.0 o.o:— ----- .
’ 6o 05 10 1.5 20 25 30 00 02 04 06 08 10 12 14
Nnassive m, [eV]
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MASS ORDERING FROM COSMOLOGY

@® osc ¢ +M,<0.12eV B caseA B caseC B caseE
Odds for NO vs 10 from X  +KATRIN * +M,<0.09 eV B caseB B caseD
oscillation measurements of the o Ltz a0}
mass differences + constraints #ogsm T
@ (3:690)
on the absolute mass scale from 81 )
Q B=1418.8 ’ gg 9135;/26.0
beta decay or cosmology. 2 5L o0 i otion
| 9.9%
(@] (3i250)
=
N 6F B=296 B=273.6
Shows results for different priors oporate VEE & Xea B=145.4 B=1532
: “ 5F B=110.1 99.7% % (2:700) *(2720) ]
on neutrino masses. Jo ®  %99.1% (2.920) . $5-986
Case E is more conservative: 12, e ¥ o e
. [a) | 99.1% 480 (2.570)
. £ *[eéo s B=29.5 555
moderate evidence (2.6G) for NO . X o X%T% o X62%
. . 3F 5030 ey : (2:080)
from cosmo-+oscillations. =210 Somk B=221
5% 2.090 )
weak ?25 g’g/a) (2.090) ?25.32/3)
Cosmo alone (not shown): 1.2c 2 [(=20) |

Results are consistent with previous findings by Jimenez et al. 2022

Gariazzo et al (incl ML), arXiv:2205.0219
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EFFECTIVE NUMBER OF RELATIVISTIC SPECIES

7 4\ 4/3 Theoretical expectation for the
Pr= |1+ Neg X 3 X 1 Py three SM neutrinos* :
0.84
75 -
Riess et al. (2018) 0.83 Planck 2018: Neff = 2.89+/-0.19
H'U - 0.82
2 70 - . .
= - 081 In agreement with the theoretical
| o0 .
o oo expectation
X 65
= o7 Excludes a fourth, light, thermalized
60 - 0.78 neutrino at more than 5o
0.77
2.0 2?5 370 3?5 470 * Dolgov; Mangano+ 2005; ....;
Noge Akita&Yamaguchi 2020; Bennett+,2020;
Planck collaboration, V1 2018 ¢ Froustey+ 2020
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EFFECTIVE NUMBER OF RELATIVISTIC SPECIES

4/3
/ 4 A deviation from the standard value might be
T4 Neg x o % due to:

o neutrinos, thermal axions)
0.83 « Nonstandard expansion history (e.g. low-
| 0.82 reheating temperature scenarios)
* New physics affecting neutrino decoupling
(as due e.g. to nonstandard v-electron
- 0.80 interactions)
0.7 « Large lepton asymmetry

75 7

I « Additional light species (e.g. sterile

Riess et al. (2018)

— 0.81

80

60 - 0.78

0.77 In general, the observed N_¢ puts tight constraints

2.0 2.5 3.0 3.5 4.0 on theories beyond the SM
Nest

Planck collaboration, VI 2018

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022



EFFECTIVE NUMBER OF NEUTRINOS AND BIG BANG

6 1 Q- The synthesis of light elements is essentially a
- ] 3\_(79})9\,6\ competition between the nuclear reactions and
@ & X 16\'\’\ expansion.
4 ] (;I\?*‘O)CO e‘a\- As such, it is pretty sensitive to N .
] Q i
] =—No®
3 Aver et al. (2015) @N"e Constraints on the energy density of light species
2”5 f ; ~ from the abundance of light elements and from
5 . CMB observations are in excellent agreement
] N_ = 2.86 +/- 0.28 [Yp + D/H]
0 - WSS Planck TT,TE,EE+lowE Combining BBN and CMB data:
1 B8 Planck TT,TE,EE+lowE+BAO+lensing
L N, = 2.88 +/- 0.15 [BBN + CMB]
0.018 0.020 0.022 0.024 0.026
Wh
Planck collaboration VI, 2018 Pisanti et al, JCAP 2021

Yeh et al., JCAP 2021
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EFFECTIVE NUMBER OF NEUTRINOS AMW s BANG

NUCLEOSYNTHES/¥

@\“‘\

6 1 -
Q\’%\._ 3 .ntlaIIy a
5 - A T o) () sactions and
- (,oo\(‘e e‘.\ &> 0“
g R ot
3 1 Aver et al. (2015) > w e energy density of light species
2% f - ( G‘o gundance of light elements and from
2 - QQ\ gservations are in excellent agreement
*
| 6\0 N, = 2.86 +/- 0.28 [Yp + D/H]
o { B Planc 63 Combining BBN and CMB data:
1 B Planck
| ' ! N, = 2.88 +/- 0.15 [BBN + CMB]
0.018 0.020 \/0_024 0.026
Planck collaboration VI, 2018 Pisanti et al, JCAP 2021
Yeh et al., JCAP 2021
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CURRENT LIMITS ON NEFF (68% CL)
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Nee- AND STERILE NEUTRINOS

Neff is a powerful probe of particle interactions .
E.g. sterile neutrinos: production from oscillation from
active states, final abundance depends on both active- os N

sterile mixing angle and mass difference

ANeﬁ’ fuu(O. 1MeV)

log(6m?/eV?)

0.0

_4—6 s ] 3 ) ]
log(sin®(26))

Hannestad et al. 2015

Oovpp
KATRIN

Cosmo

reactors

080 (Am,3/eV?)
©

=iL(®

-6 -4 -2
0810 |Ues|?

Cosmology robustly exclude region of large sterile mass and mixing
params larger than 10”*-3 in LCDM extensions

Light sterile solution to short-baseline oscillation anomalies hard to
accommodate!

See Hagstotz+ (incl ML) 2021

M. LATTANZI
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v NSI| IN COSMOLOGY

CMB is also sensitive to the collisional properties of light relics 1.0
(Bashinsky & Seljak 2004)

Neutrino free streaming can be tested!
E.g. a probe of nonstandard interactions

i
Ling = §Q¢Viy5 Vi

o
oe)

PlanckTT(TEEE) +lowP
g<23(20)x 107 |

o
o

— P18+lens v,

—— P18+lens v,

—  P18+lens+BAO v«
P18+lens+BAO v,
P18+lens+BAO+R19 v,

Prob.density

©
I

goul 0.2

0()1?? e A . . .

- Observations are consistent with 0.0
a4 free-streaming neutrinos ' 5 6

4 27

R , e X 10

“ AU 0 Forastieri, ML, Natoli,, 2019
i b 4 4 \ See also Cyr-Racine & Sigurdson 2013, Archidiacono &

ey Al @l s n‘ -\ Hannestad 2013, Forastieri, ML, Natoli 2015, Oldengott et al

Lo e 2017, Kreisch et al. 2207.03164, Choudhury, Hannestad, Tram

Brinckmann, Chang, LoVerde, 2021 2207.07142
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v NSI| IN COSMOLOGY

Preference for delayed onset of neutrino free streaming in the ACT data?

Planck - ACT = ACT + Planck - ACT + WMAP |
Driven by the ell range 700-1000 in the EE data
fé ol | et /'_\H\ \__lr'/—r \UH ———’——L{
T LT AR
= |
-3 I— Planck ACDM (Sm, = 0.06eV) —— ACTEEonly, Sy @ ACT $ Planck 2018 $ SPT—BCI
500 mzm 1500 2000
40 -32 24 16 08
logo(GegMeV?)

Kreisch et al. 2207.03164
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NEUTRINO DECAY

Scenario Al, B

].0() I I I | L] I I I l,l’l’l
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= S .
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45’ 102== B2,m, =0
(<) E ==+ [ceCube 8 yr
= 10 === Combined v telescopes
0 Al IeeCube hint
SN1987A
I( 2015
— | I I I | 1 1 | L1111
10 1072 10-1
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Chen et al. 2016

6
T
O
S
~ D
'n
S
=~
~
A
= 4
S
(=70)
Q
—
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Abellan et al. 2021
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NEUTRINO DECAY

Scenario Al, B
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talk on Monday
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101

Planck 2015 + BAO/ fog + Pantheon

Planck 2018 + BAO/ fog + Pantheon

1.0 1.2

Abellan et al. 2021
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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.g. 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

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022



SIMONS OBSERVATORY

Simons Observatory Simons Observatory
small aperture survey large aperture survey
Y oo . DEsI N

- Ground-based CMB experiment sited in Cerro
Toco in the Atacama Desert in Chile

- 5-yr obs campaing starting in 2023
- 3 Small Aperture (0.4m) Telescopes (SATs) for °r
science’

- 1 Large Aperture (6m) Telescope (LAT) for small-
scale (arcmin) science

- > 60k TES detectors
- 10x sensitivity and 5x resolution wrt Planck
- 6 freq. bands from 27 to 280 GHz

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022



SIMONS OBSERVATORY

Table 1: Summary of SO-Nominal key science goals®

Current” | SO-Nominal (2022-27) | Method?
4.0 - : . Baseline Goal
~ " SO-Nominal+Planck+LSS Primordial
B SO-Enhanced+LiteBIRD+LSS perturbations (§2.1)
36} i r (AL = 0.5) 0.03 0.003 0.002¢ BB + external delensing
Planck+BAO n, 0.004 | 0.002 0002 | TT/TE/EE
6_2TP(k = 0.2/Mpc) 3% 0.5% 0.4% TT/TE/EE
fieee 5 3 1 #x LSST-LSS
32 ¢ 1 b 1 kSZ + LSST-LSS
2“5 @ Relativistic species (§2.2)
Neg 0.2 0.07 0.05 TT/TE/EE + kk
28 - Neutrino mass (§2.3)
Ymy, (eV, o(7) = 0.01) 0.1 0.04 0.03 rk + DESI-BAO
0.04 0.03 tSZ-N x LSST-WL
24 Ym,y, eV, o(7) = 0.002) 0.03f 0.02 kK + DESI-BAO + LB
0.03 0.02 tSZ-N x LSST-WL + LB
2.0 1 . - -
0.00 0.04 0.08 0.12 0.16 0.20
rm, [eV]

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022



SIMONS OBSERVATORY - MNU

*CMB lensing from SO combined with DESI BAO
o(Xm,) = 0.04¢eV [0.03 eV]

*Sunyaev-Zeldovich cluster counts from SO calibrated with
LSST weak lensing

o(Em)) = 0.04eV [0.03eV]

*thermal SZ distortion maps from SO combined with DESI
BAO

o(Xm,) = 0.05eV [0.04eV]

*legacy SO dataset combined with cosmic-variance-limited
measurement of reionization optical depth from LiteBIRD

o(Xm,) = 0.02eV SO Collaboration, 2018

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022







LiteBl

q

D Qverview

e Light satellite for B-modes from Inflation CMB Radiation Observation

e Selected (May 2019) as the next JAXA's L-class mission
e Expected launch in 2029 with JAXA H3 rocket
LiteBIRD is the only CMB space mission that can be realized in 2020s

e QObservations for 3 years (baseline) around Sun-Earth Lagrangian point L2

e Millimeter-wave all sky surveys (40-402 GHz, 15 bands) at 70-18 arcmin

three telescopes: LFT, MFT, HFT.

e 4508 TES detectors cooled down to 100 mK read by SQUIDs
e Final combined sensitivity: 2.2 uK arcmin, after component separation
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\_/ / | \

B modes

|/_

_\l

| \—

B

abeys 3suy

Buntey \Q\ASNIHHIE

POV

abejs puoday

BRRREKRIVT
{“ Second Stage
ﬁ LHz Tank

]

ARIrohEE

fa Gas Jet System
- mommamER Vs
Second Stage
Lox Tank

= W2BRIVIY
LE-5B-3
Second Stage
Enaine LE-5B-3

- B BRGERI VY
First Stage Lox Tank

ikl

e sl e

o BIRBREKET VD
First Stage LHz2 Tank

He== Slide courtesy: G. Signorelli



CMB-S4 - LITEBIRD
2m, w/ improved T

&

LiteBird Collaboration,

BIRD'; [
arXiv:2202.02773

Lite

— 0.070 ; : : : . .
* G(va) - 15 meV Region to exclude for
> 30 detection of minimum mass
e > 30 detection of - 0.065 | b0t
minimum mass for S 0000
. -H ’
normal hierarchy N 0.060 | 0.008
N .
.0
e > 50c detection of 2 0007
.o 9 0.055 ¢ ___ 0.006
minimum mass for = S
. : = 5 o
inverted hierarchy o] oo
©0.050 0.004
3
B S A = ~'Planck+CMB-S4+DES| vor
. | B 4 R4 = _IPlanck+ -S4+
Caveat: , O 0.045 . - © ' Planck-CMB-S4+LSST | 0.002
No systematic error et B +LiteBIRD
. . 0.001
included yet. 0,040 B +LiteBIRD
0 20 40 60 80 100 120 14 Temp Noise (uK—arcmin)
Xm, [meV] CMB-54 Collaboration, 2019
— I —
2019/1/21 Nicola Vittorio’s 65th birthday 10
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CMB STAGE-4

Ser(l:li(ti\)l ity o(r) O(Netr) o(Zm,) Dar:- g"h: ray
- Definitive ground-bases CMB experiment P * ‘* i
- Observing from Atacama Desert and South Pole e 10T 008014 0dseV 180
- Joint NSF and DOE project o
- 7-years obs campaign Sl Stage 3
- Ultra-deep survey (3% of the sky): 18 SATs + 1 2010 ‘— ‘7
LAT at the South Pole 2020 106 0.006 0.06 0.06eV ~300-600
- Deep and wide survey (60% of the sky): 2 LATs in 2021
Chile 2022
- 8 frequency bands between 20 and 280 GHz 2023 }— b%i‘“"—“s’
- ~ 550K detectors Target 10¢  0.0005 0.027 0.015eV 1250

See Snowmass 2021 CMB-S4 White Paper

arXiv:2203.08024 CMB-54 Science Book (arXiv: 1610:02743)

M. LATTANZI NOW 2022 RosA MARINA, SEPT 10TH, 2022



NEUTRINO PARAMETERS FROM CMB-S4

Sensitivi J Ilark Ener
(pK?)lty o)  oNe o(zm,) FOM
S Siece { '— %
2016 ceteciors =105 0035  0.14]  0.15eV ~180
2017
2018
201 9 Boss BAO DES + DESI
‘ prior ‘SZ Clusters
2020 10-6 0.006 0.06 0.06eV ~300-600
2021
2022
2023 bw ‘M
+Te prior S4 Clusters
Target 108 0.0005 0.021 0.015eV 1250
CMB-S4 Science Book (arXiv: 1610:02743)
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TIMELINE OF CMB EXPERIMENTS

2021 - 2022 :© 2023 - 2024 - 2025 - 2026 - 2027 - 2028 - 2029 - 2030 - 2031 - 2032 - 2033 - 2034 - 2035 : 2036 - 2037 - 2038 - 2039

ADV-ACT |
1
: SIMONS ARRAY
1

SIMONS OBS
CMB-sa
|
— SOUTH POLE OBS

|
i BICEP ARRAY
1

BICEP3 :

SPI*R-Z
TAIIUS

PICO

PIXIE

2021 | 2022 - 2023 | 2024 - 2025 - 2026 - 2027 - 2028 & 2029 - 2030 . 2031 | 2032 . 2033 - 2034 - 2035 . 2036 . 2037 . 2038 . 2039

Snowmass2021 Cosmic Frontier: CMB Measurements White Paper
arXiV: 2203.07638
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THE EucCLID MISSION

Euclid is an ESA M-class space mission devoted to studying :

e the origin of the accelerated expansion of the Universe

* Dark energy, dark matter and the behaviour of gravity at large scales
* + neutrino masses, the initial conditions of cosmological evolution, ...

Euclid will measure weak lensing and galaxy clustering observing
15.000 deg? (>1/3 of the sky) down to z=2 (lookback time 10 Gyrs) +

3 deep fields (40 deg?)

This will allow to reconstruct the expansion history and the growth

of cosmological structuree

o(2m,) = 0.020 eV from Euclid + Planck

(Sprenger et al. 2019)

M. LATTANZI

NOW 2022
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FORECASTS FOR FUTURE CMB+LSS

Brinckmann, Hooper,+, JCAP 2019
c(2m,) = 0.04 eV from SO (primary+lensing)

+ DES| BAO e NCDM+M, m ..+Nett & ...+Wo *x ...+Wo+Ww,

(SO Collaboration 2018) — - o
~ T L 107 et e CMB
c(Xm,) = 0.042 eV from LiteBIRD + CMB-S4 5 -’* R o
=0.012 eV +Eucld /0N ]
. 10-2 :_IIIZIIIIZIIIIIZIIZIZZIIZZZIIIZZZIIZIIZZIZIZZZIZIIIIZII_;
(0.063 and 0.068 eV in DDE models) : :
Brinckmann, Hooper,+, JCAP 2019 007 | | | | | |
107t CMB + Euclid -
0.05 ; w ;
CMB+LSS will provide a statistically e o o e o o o v oo .I“ ..0* ........... ‘* ..... * ’*_....‘*..
Significant deteCtion Of neutrino masses in v Treio 10-2 :_ZZIZIZIZ..ZZZZZZIZZZIZI‘I.ZZZJ‘.ZIZJ.ZIZ" _
ACDM (remember ¥m,,> 0.06 eV). o o
See also Allison et al F O XX 0 © & o
Guaranteed result: either we measure 2015; Boyle & Komatsu Q\‘§ g§_ g)go §§ Q/,@ §'® Q\O
neutrino masses, or we find that the LCDM 2018; Archidiacono et al S O x\",\‘ 052' O
model has to be amended 2017.
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Neee FROM SO

1.0 | . Baseline 1 0.080 : X : I I '
T == No priors
— TE 0.075 | = o(ACT)
0.8 | - EE _ — o(ACT)/3
= All 0.070 | = o(ACT)/10
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SUMMARY

Current cosmological data provide strong constraints on neutrino properties

* In LCDM, upper bounds are getting close to the minimum value allowed for 10....
e ..butlimits are somehow relaxed in extended models

* Mild preference for NO

e Strong constraints on BSM neutrino properties (e.g. decay, NSI)

* No convincing evidence for deviations from the standard picture (e.g., non standard Neff, sterile
neutrino, NSI.....)

 Combined information from next-generation experiments (CMB from both ground and space,
galaxy surveys) will provide a robust, statistically significant measurements of neutrino masses
(at least in the framework of the LCDM model)...

.... Or they will point to the need to revise the standard cosmological model
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THANKS!

C. Trillo & E. Breccia, El Peregrino
de las estrellas
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vNSI| AND SBL ANOMALIES

Excluded region from Forastieri+ (incl ML) 2017 vae>vs Recoupling (T ini=T))
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WHICH ORDERING?

® o0sC ¢ +M,<0.12eV B caseA B caseC B caseE
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Gariazzo et al, arXiv:2205.0219
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COSMOLOGICAL CONSTRAINTS ON NEUTRINO MASSES

Table 25.2: Summary of > 'm, constraints.

Model 95% CL (eV)  Ref.
CMB alone
P118[TT+lowE] ACDM+> "m,, < 0.54 [34]
PI18[TT, TE,EE+]lowE] ACDM+> "m,, < 0.26 [34]
CMB + probes of background evolution
P118[TT+lowE] + BAO ACDM+> m,, < 0.16 [34]
PI18[TT, TE,EE+lowE] + BAO ACDM+> "m,, < 0.13 [34]
PI18[TT, TE,EE+lowE|+BAO ACDM+> "m,+5 params. < 0.515 38]
CMB + LSS
P118[TT+lowE-+lensing] ACDM+>"m,, <0.44 34]
P118[TT,TE,EE+lowE+lensing] ACDM+> "m,, < 0.24 [34]
CMB + probes of background evolution + LSS
P118[TT+lowE+lensing] + BAO ACDM+>"m, < 0.13 [34]
P118[TT, TE,EE+lowE+lensing] + BAO ACDM+> m,, < 0.12 [34]
PI18[TT, TE,EE+lowE+lensing] + BAO+Pantheon ACDM+>"m, < 0.11 [34]

Table from Lesgourgues & Verde

See also Gerbino & Lattanzi [34] Planck 2018 Parameters paper

[38] Di Valentino et al., 2015
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STERILE NEUTRINOS
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Lines of constant m (thermal sterile nu’s) Planck collaboration, V1 2018
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COSMOLOGICAL CONSTRAINTS ON NEUTRINO MASSES

Inclusion of information on the growth of structures pushes the bounds
below the maximum value allowed for inverted ordering, m, = 0.1 eV.

See e.g.

— 2m, < 0.09 eV from Planck + SNla + RSD from SDSS-IV eBOSS (Di
Valentino, Gariazzo, Mena 2021)

— Zm, <0.09 eV from Planck + BAO + Lya from BOSS and eBOSS
(Palanque-Delabrouille et al., 2020)
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MASS CONSTRAINTS IN EXTENDED MODELS

TABLE 3 | Constraints on £m,, from different extensions to the ACDM model for
the indicated datasets.

Extension to ACDM Xm,[meV] Dataset
ACDM + £m,, <254 Planck TT+lowP+lensing+BAO?
ACDM+ Em,, + Qk <368 Planck TT+lowP-+lensing+BAO?
ACDM+ Em,, +w <372 Planck
TT+lowP+lensing+BAO?2
ACDM + my + Ngf <323 Planck
TT+lowP+lensing+BAO?
ACDM+ Em, + AL <413 Planck
TT+lowP+lensing+BAO?2
ACDM+ m, 62 +16 CORE TT,TE,EE,PP+BAO [132]
ACDM + £m, + Qx 63 + 21 CORE TT,TE,EE,PP+BAO [132]
ACDM + £my, +w 48122 CORE TT,TE,EE,PP+BAO [132]
ACDM + Emy, + Negg 68t]> CORE TT,TE,EE,PP+BAO [132]
ACDM + £my + Yige 62 + 16 CORE TT,TE,EE,PP+BAO [132]
ACDM+ £my, +r 60t13 CORE TT,TE,EE,PP+BAO [132]

Gerbino & Lattanzi 2018
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NEUTRINO PARAMETERS FROM CMB-S4

Sensitivi J Ilark Ener
(pK?)lty o)  oNe o(zm,) FOM
S Siece { '— %
2016 ceteciors =105 0035  0.14]  0.15eV ~180
2017
2018
201 9 Boss BAO DES + DESI
‘ prior ‘SZ Clusters
2020 10-6 0.006 0.06 0.06eV ~300-600
2021
2022
2023 bw ‘M
+Te prior S4 Clusters
Target 108 0.0005 0.021 0.015eV 1250
CMB-S4 Science Book (arXiv: 1610:02743)
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Sensitivity to the hierarchy
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NEUTRINO MASS BOUNDS: FUTURE PROSPECTS
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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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RELIC NEUTRINOS — PRESENT ENERGY DENSITY
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NEFF — PHASE SHIFT

Bashinsky&Seljak, 2004
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NEUTRINO MASSES FROM THE LAB
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MASSIVE NEUTRINOS AND COSMOLOGICAL OBSERVABLES
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Ner- AND THE DECOUPLING OF SPECIES

For a species that was in thermal equilibrium in the early Universe, AN s directly related to the
decoupling temperature:
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Neer AND THERMAL AXIONS

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

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