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Standard Model neutrinos
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Neutrino masses and mass ordering

Mass?

2.5 x 107 eV? <

\
7.6 X 10° eV? <

7

)3

(3

Normal

Inverted

https://globalfit.astroparticles.es
20,

-Normal
‘Inverted

x2(I0) — x*(NO) = 6.4

(~2.50)

20, -

15k

0.2 03 0.4 03
Sin2612

04 05 06 0.7 0016
5in2623

/

0.020 _ 0.024  0.028
sin2613

65 7.0 7.5
Am%, [107° eV?]

Upcoming experiments to settle mass ordering - ORCA, JUNOQO, lceCube,

8.0 8523

|Am3,] [1073 ev?]

24 25 26 2700 05

1.0 15 2.0
o/n

vperK, DUNE...



Neutrino masses and mass ordering
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Absolute mass scale: KATRIN
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- Cosmology mos

Tritium, neutrinoless double beta decay (DBD), and cosmology

Yache 2017 1 Lattanzi & Gerbino 2017
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Cosmological neutrinos (CvB)

Very abundant cosmic fluid, well-known (in principle)
Thermal relic (decoupling @ T~MeV)

Transition to non-relativistic regime (at least 2/3): 1+ z,, = 189 ( T )

Hot dark matter (HDM) 0-1eV
. - N >y, 0.14
Relic energy density: fv = Q. = 0.023 <O.3eV> ( o )
S. White 1986
Sack to the 80s... :

DM = neutrinos ? 7 ,
Needed HDM, m, ~ 15 eV HDM Observed Galaxy Distribution CDM




Neutrino free-streaming

Relativistic fluid (not coupled to baryons): Non-relativistic regime:
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K >> knr 1 6, highly damped 4

(C) Yoshikawa et al. 2021
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Massive neutrinos: impact on matter P(k)

1) Do not contribute to total P(k): P, =Plc+b+v)={(62) k< kn
= (1= £,)%(62) k> kn

1.2 ! | | |
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Non-linear evolution / simulations

See Julian Adamek's talk

Velocity dispersion
= Need more particles than for CDM

Many strategies proposed

- eg. map with-v simulations with no-v simulations,

varying cosmo parameters to mimick
("spoon effect” is not specific to v)

- eg. linear response approximation
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Current CMB + BAO mass bounds
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Probes of 2m, with matter distribution

Many probes in the market \ Large scales -1 Small scales
All with sensitivity to Im, A

Degeneracies with other cosmo pars y g

Mitigate impacts of systematics =

- NL effects (optimal k / ell range) -

- paryons, bias, |A, others ...
CM.B Lyman-X Forest
CMB lensing Lensing

Full-shape P(k) from
clustering (incl. RSD) Photometric
Galaxy WL statistics o Galaxies
Void properties §
L yman-alpha forest 8 | | [Spectroscopic] |
Cross-correlations ot l Galaxies ||

1 100
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2 Redshift
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Probes of 2m, with matter distribution
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Probes of 2m, with matter distribution

Many probes in the market . x=00 000 z=05 @ 2=10
All with sensitivity to 2m,, = 115
Degeneracies with other cosmo pars| 2 1
Mitigate impacts of systematics = 105
- NL effects (optimal k / ell range) £ 1.00
- paryons, bias, |A, others ... 0.95
ol = o
CMB lensing 2 110|| — 010V | ]
Full-shape P(k) from = o
clustering (incl. RSD) 7 100 i
Galaxy WL statistics 0.95

Void properties
Lyman-alpha forest
Cross-correlations subtleties about bias...

Villaescusa-Navarro+ 2017
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Probes of 2m, with matter distribution

Many probes in the market
All with sensitivity to 2m,,

Degeneracies with other cosmo pars
Mitigate impacts of systematics

- NL effects (optimal k / ell range)

- paryons, bias, |A, others ...

CMB lensing
Full-shape P(k) from
clustering (incl. RSD)
Galaxy WL statistics
Void properties
Lyman-alpha forest
Cross-correlations
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Probes of 2m, with matter distribution

Many probes in the market
All with sensitivity to 2m,,

Degeneracies with other cosmo pars
Mitigate impacts of systematics

- NL effects (optimal k / ell range)

- paryons, bias, |A, others ...

CMB lensing
Full-shape P(k) from
clustering (incl. RSD)
Galaxy WL statistics
Void properties
Lyman-alpha forest
Cross-correlations

Kreisch+ 2019
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Forecast ...

Data
Planck
Setup o(Zm.) oc(Em,) () o(wo) o(wa)
Planck + BAO eV] | [meV] [x 10_3]
Gal (kmax = 0.1h Mpc ™) 54 73 111 0.79 1.14 246
Gal (kmax = 0.2h Mpc™1) (+DESIBAO) (29 ) 7 048 0.3 041
I . LSST-clustering of¢ 91 3.33 0.42 1.22
y-& torest 1.SST-shear 41 120 299 0.19 057
Ly-« forest + Gal (kma.x — 02) [LSST-shear+clust 2 72 2.06 0.11 0.33
C M B_S4 S4+LSST 28 0.49 0.10 0.26
Next Generaton CVB Expariment _ 24 0.49 _ _
Modified Initial
Gravity Conditions Dork Enevgy
P te . FoM , ,
i ’ fu " " ’ Setup o(Zmy)|o(XZm,) o(Q) o(wy) o(we)
Fuclid Primary 0.010 55 0015 | 0.150 430) (+CV-7) meV] | [meV] [x107]
Cuclid All 0.009 2.0 0013 | 0.048 | 1540 LS5T-clustering 69 91 3.3 042 1.20
LSST-shear 31 117 2.82 0.18 0.35
Euclid+Planck 0.007 2.0 0.007 0.035 4020 LSST-shear-+clust 24 72 1.99 0.11 0.31
Current 0.200 100 0.100 | 1500 [ ~10 54+LSST @ ?é 8;13 0.-10 O._26
Improvement Factor 30 50 >10 >50 >300

From C. Yeche, ADE 2019
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The example of Lyman-a forest

-Background

quasar

Intervening
gas .

+ Hydrogen emission
M from quasar Measure exp(-7)

. Hydrogen |
ey absorption ]

L D r ~ 1 for mild density

fluctuations In the

AN IGM

4000 5000 6000
Observed Wavelength [Angstroems]
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Measured small-scale correlations in Ly-a forest: P1D

Currently, separation between lines-of-sight >> Mpc
==> measure 1D power spectrum of absorption fluctuations ~ correlations within individual lines-of-sight

Chabanier+ 2019 Walther+ 2018
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"Full-shape” modelling P1D

Hydro simulations

Gadget (SPH for baryons) with "QUICKLYA" ~ do not model galaxies

Draw skewers through snapshots, compute (P1D)model
Box size ~ 100 Mpc
Start simulation @ z=30 (massive neutrinos) !

Grid of cosmology + IGM parameters
"Taylor" interpolation between simulation points

Palanque+ 2015 ' ' Parameter Central value Range
7 | _ T PRLA . Mgoounn.. 0.96 +0.05
s LSS, o8 .vinn. 0.83 +0.05
Qu...... 0.31 +0.05
Hy...... 67.5 + 5
To(z=3) 14000 + 7000
y(z=3).. 1.3 +0.3
AT ... 0.0025 + 0.0020
a

— 1024

012 256

128

LOS distance (Mpc/h)

loglO Pb/ Py,

log,, T/K
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2m, from P1D

Main "cosmo” information in P1D:
Plinear @ (Zp, kp) = (3, 0.009 s/km)
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T e o
. (z<3) ... Logarithmic slope of z-dependence of T}, for z < 3
parameters . " (z>3) ...l Logarithmic slope of z-dependence of T for z > 3
s L Logarithmic slope of z-dependence of ~
AT e Amplitude of the effective optical depth of Lyea absorption 7.
L Logarithmic slope of redshift dependence of 7.4
I T Fraction of SiIII absorption relative to Ly« absorption
fs1m oo Fraction of SiIl absorption relative to Lyea absorption
Zeeio s e s aaanaan Redshift of reionization
Aselice L, Amplitude of splicing correction
gpplice L Small-scale slope of splicing correction
AN Amplitude of supernova feedback correction
ARCH e rrserns Amplitude of AGN feedback correction
AVviuct L. Amplitude of UV fluctuation correction
At Amplitude of noise power correction for redshift bin i
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Lyman-a ongoing improvements: modelling

- Quantify feedlback, inhomogeneous + Optimize hydro grid : choice of
UV background ... parameter space, emulator

.-
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=

— 4.0

S

S O n'hh D

; E
] i 4 ] ’
| ] d
] 4
1 |
4 ! 4 |
| ?
<

!«.) !.\.)

h

|
b2
n

Pcrcent error
S
=

[
A

T [K]

Hy = 67.6413'3 48

)

|
Sl
< hin D

]:

L

1
Rt

oL, 107! 100 10 107
- ko [1/Mpc] ky [1/Mpe|

I
)
A

Pedersen+ 2021
Walther+ 2020

0.00; — s S L

—0.08] 7

—0.10

_0.12 Chabanier+ 2020 — 20 | -+ See also LyAl-Net (Chotipan yesterday), LyMAS (Peirani 2022), ...

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
k[s/km] 22




Lyman-a ongoing improvements: data

DESI & WEAVE-QSO : more statistics, higher resolution —eavie

Large lines-of-sight density = measure P3D (improve IGM thermal params) ?

First analysis of DESI-SV ongoing !

0 DESI
10 : P3D from simulations _
) . 10-
High resolution 1 (C. Ravoux)
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Conclusions

- Measuring 2m, would be an achievement for "precision cosmology"
. Short-term ~2025 7 o(2m,) ~ 20-30 meV, ~3¢ detection ?
. Later ? Improved r measurement = ~4-5¢ 7

- Several probes in the market for small-scale P(k)
+ Have to demonstrate control of their own systematics

-+ Other "beyond standard model" neutrino physics with cosmology:
- Sterile neutrinos: Neff, P(k) cut-off @ high k
 New interactions (connection to dark sector): P(k), reionization...
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