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Long history of fruitful
iInterplay between
cosmological/astrophysical
observations and particle

physics!
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VWHERE DO WE STAND?

 Most cosmological observations can be coherently interpreted in terms
of the standard (ACDM) cosmological model

« Parameters of the model are measured at the ~1% level or better (with
one exception)

« Still, tensions have surfaced between early- and late-time observations

« Origin of late accelerated expansion is still unknown (dark energy?
modified gravity?)...

« ... as well as the precise nature of dark matter.

« Slow-roll inflation is still the preferred scenario for the early Universe,
but the details of the model are still unknown

* No evidence for BSM physics in the light relics sector
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WINDOWS ON THE UNIVERSE

Observations of the cosmic

Large-scale microwave background
structures from

cosmic surveys

Cosmological gravitational
wave background
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CMB OBSERVATIONS

Temperature anisotropies

Polarization anisotropies (two modes: E
and B)

Lensing anisotropies

Planck 2018
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CMB OBSERVATIONS

Planck 2018

-300

-0.0016

300 K

0.0016

160 pK

Temperature anisotropies
Measured by Planck down to the
cosmic variance limit

Polarization anisotropies

(two modes: E and B)

Complete characterization is the main
target of next-gen experiments
Primordial B-modes are a smoking gun
for inflation

Lensing anisotropies

CMB window to structure formation
and the late Universe

Also a target for next-gen experiments
Relevant for e.qg. neutrino masses
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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
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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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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
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LiteBIR

D Qverview

Light satellite for B-modes from Inflation CMB Radiation Observation
Selected (May 2019) as the next JAXA's L-class mission
Expected launch ~2030 with JAXA H3 rocket

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

LiteBIRD is the only CMB space mission that can be realized in 2020s

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

three telescopes: LFT, MFT, HFT.

4508 TES detectors cooled down to 100 mK read by SQUIDs
Final combined sensitivity: 2.2 pK arcmin, after component separation

FE modes
I/—\ N/

B modes

B

abeys sa14

Buntey g\ NIHHIE

PN

abejs puodey

4, J_ ‘

ENERNEEY]

T

R
RN R A

FRRREKRIVT

f Second Stage
ﬁ LHz Tank

| ArTrormE
Gas Jet System
BRBRGBMRI VD

Second Stage
Lox Tank

L WRRTYYY
| LE-5B-3

| Second Stage
Enaine LE-5B-3

- B BRGERI VY
First Stage Lox Tank

-
i

.

k-

- T BIRBREKESIVD
B First Stage LH2 Tank
s

s

£

|

8
| Y

*>2 Slide courtesy: G. Signorelli



CMB STAGE-4

- Definitive ground-bases CMB experiment

- Observing from Atacama Desert and South Pole

- Joint NSF and DOE project

- [-years obs campaign

- Ultra-deep survey (3% of the sky): 18 SATs + 1
LAT at the South Pole

- Deep and wide survey (60% of the sky): 2 LATs in
Chile

- 8 frequency bands between 20 and 280 GHz

- ~ 550K detectors

See Snowmass 2021 CMB-S4 White Paper
arXiv:2203.08024

CMB-S4 Science Book (arXiv: 1610:02743)

M. LATTANZI TAUP 2023

VIENNA, AUG. 28T 2023



Improved polarization measurements and lensing reconstruction will yield

 Inflationary science from B-modes (possibly a detection of tensor modes)
* Inflationary science from nongaussianities (see next talk)

» Better determination of the optical depth from large-scale E-modes (and possibly
from the small scale kinetic Sunyaev-Zel'dovich effect)

« Constraints on late-time structure formation from lensing (useful for neutrino
masses) (also useful information from SZ clusters)

« Constraints on light relics (neutrinos, both active and sterile, thermal axions, etc)
from the small scales (damping tail)
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PROBES OF STRUCTURE FORMATION

Different means of reconstructing a 3D map of the matter distribution:
» Galaxy clustering
« Cosmic shear (aka galaxy weak lensing)
« Galaxy clusters
* Lyman-alpha forest
* 21cm emission
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Galaxy clsutering as
measured by the Sloan Digital

Weak lensing convergence
map from the Dark Energy

i Survey (DES)
&)
a
R§dshift z e
Image Credit: M. Blanton and the Sloan Digital Sky Survey. 60
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BARYON ACOUSTIC OSCILLATIONS (BAOS)

BAOs are the imprint left by the finite sound
speed of the baryon-photon fluid in the
distribution of galaxies.

BAOs constrain the expansion history
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Euclid Satellite
Launched July 15t 2023,
currently in performance
verification phase

Vera Rubin Observatory
Ground-based

Under construction, expected
completion in 2024

Nancy Roman Space
Telescope
Launch in mid 2020s
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THE EucCLID MISSION

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

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

Euclid lift-off on July 1st, 2023!

Currently in performance verification
phase
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EARLY COMMISSIONING TEST IMAGE, NISP INSTRUMENT
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By probing structure formation and the late-time expansion history, observations of
large scale structure will allow to

 Investigate the origin of the accelerated expansion (dark energy/modified
gravity?)

« Constrain dark energy and modified gravity models

* Probe inflation physics through the spectrum of primordial density perturbations

« Constrain the mass of neutrinos and other light relics

 Investigate the properties of dark matter (e.g. is it cold or warm? self-interacting?)
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SCIENTIFIC POTENTIAL FOR NEUTRINO PHYSICS

In the last part of the talk, | will summarize the scientific potential of next-generation
cosmological observations for the physics of neutrinos and light relics.

Sum of neutrino masses: 2m, = Z m;
I
. N I 4/37
Effective number of relativistic _1.N 14 4
species Ny Pr= 1T+ Net X g x| 73 Py
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SCIENTIFIC POTENTIAL FOR NEUTRINO PHYSICS

TL;DR (see the next slides for more details!)

Different combinations of next-generation CMB and LSS measurements will provide a
sensitivity for Zm, in the 15 — 50 meV range. The lower-end sensitivities rely on a
cosmic-variance limited measurement of the reionization optical depth from LiteBIRD.

This is enough for a up to 4sigma measurement of the minimum mass in NO allowed
by oscillation experiments (~60 meV).

Will also allow to determine the mass ordering if the sum of the masses is close
enough to 60 meV.

Neff can be measured with 0.03 sensitivity

This can probe the physics of neutrino decoupling (see P. Martinez Miravé’s talk), the
thermal history of the Universe (see S. Pastor’s talk), neutrino interactions, the
presence of additional light relics like sterile neutrinos, axions, as well as their
decoupling temperature...
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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
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CMB-S4 - LITEBIRD
2m, w/ improved T

&

LiteBird Collaboration,

L¥teBIRD':

—_ 0.070 ; . : : : .
* G(va) - 15 meV Region to exclude for

> 30 detection of minimum mass

arXiv:2202.02773

> 30 detection of
minimum mass for
normal hierarchy

T
o
o
D
(&

0.010

0.009

0.060 |

0.008

0.007

e > 50 detection of
0.055 |

Optical depth to reionization,

minimum mass for Ol
. . b )
inverted hierarchy 0:009
0.050 0.004
, 0.003
Caveat: - < _Planck+CMB-S4+DESI
° . 0.045 B © ' Planck+ CMB-S4LSST | 0.002
No systematic error et B +LiteBIRD
included yet. B +LiteBIRD 0.001
0.040 - ' ‘ ' - - . .
0 20 40 60 80 100 120 14 Temp Noise (pK—arcmin)
Y m, [meV] CMB-S4 Collaboration, 2019
N —
2019/1/21 Nicola Vittorio’s 65th birthday 10
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NEUTRINO PARAMETERS FROM CMB-S4

Sensitivity o(r) o(NeJ o(Em.) Ilark Energy

(UK?) F.O.M
o Ll '—%;z:ﬁo %fo:.ﬁgsz
2016 ceteciors =105 0035  0.14]  0.15eV ~180
2017
2018
201 9 Boss BAO DES + DESI
‘ prior ‘SZ Clusters
2020 106 0.006 0.06 0.06eV ~300-600
2021
2022
2023 ‘ DESI BAO ‘DESI +LS8T
+Te prior S4 Clusters
Target 108 0.0005 0.021 0.015eV 1250

CMB-S4 Science Book (arXiv: 1610:02743)
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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]
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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
S i T o CMB -
o(2m,) = 0.042 eV from LiteBIRD + CMB-S4 5 -’* e
=0.012 eV +Eucd V00N L]
. 10-2 :_IIIZIIIIZIZIIIZZIZIZZIIZZIIIIZZIIIZIIZZIZIZZIIIIIIIZII_;
(0.063 and 0.068 eV in DDE models) : :
Brinckmann, Hooper,+, JCAP 2019 007 | | | | | |
107t CMB + Euclid -
0.05 ; w ;
CMB+LSS Wi” prOVide a Statistica”y 0.040 0.03 006]\40.09 0.12 0.04 0.05 0.06 0.07 0.08 -j.‘* ----------- ‘* ----- * e ’* ce ‘* E
Significant detection Of neutrino masses in v Treio 10-2 :_IZIZIZII..ZIZZIIZZZZIIZ‘I.ZZZJ‘.ZIZJ.ZZZ" _
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

fuy=0.4
T [ T~ 1 ' 0.080 - - . .
| — T ~J_ 1 L . i )
0.16 ﬁ" ——1 | T | #I‘\j L$ - 0 Basellplfr = No priors
| +—T T~
oe t ‘T M I — TE 0.075 f| = o(ACT)
| o 0.8 — EE l — o(ACT)/3
0.12 | — Al 0.070 || = o(ACT)/10
—~ 010 +— T 1 . Goal = Fixed
o081 ~ 06 R —~ 0.065 |
@) | ©
0.06 EE £
© 0.060 |
004 -1 04 I
0.02 1 0.055 |
0.00 - 0.2}
105 \ 0.050 | -
LN -
O, ~ 1
/o% g 9 10 00 0.045 ' : : : '
7 2 4 5 6 i 3.6 4.0 45 5.0 55 6.0
%, 1 1 2 3 se | K,arcm\n\ . .
O’/}y Temperature Noise ¥ Temperature Noise [pK-arcmin]

SO collaboration, 2018
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0.027

10~510—410-30.01 0

1 1 10 100 10° 10
TF [GGV]

4 10° 106

CMB-S4 Forecasts for o(N)

3k

Beam (arcmin)
N

[

0.035  0.041  0.045 -

. 0.032  0.038  0.042 -

. 0.030  0.035  0.040 -
1 2 3

Temp Noise (uK—arcmin)

CMB-S4 Science Book
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NEUTRINO MAGNETIC MOMENT

Measurements of Neff can be used to constrain the neutrino magnetic moment

3.0F L B L | T T L B | T T L B L
. ]
/
[ _ . /
o5 i — NRH — 3 NRH — 3 Tln — 1 O O MeV // /
[ RH— — — Ngrg=1 o ;!
301) . Tin=100 MeV Planck+BAO
2 | Tin=100 GeV
O m.-300 Gev
0.5F
Planck+BAO
0.0k
10713

K/ s
(95% CL bounds)

Carenza+ (incl ML, arXiv:2211.0432)
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NEFF AS A PROBE OF NEW PHYSICS

/ 4
Py 1—|—Neﬁ‘><—><<—

4/3
) e

0.84
75 7
Riess et al. (2018) 0.83
o - 0.82
o 70 -+
HE — 0.81
Im 0.80
£ 65 1 '
iy 0.79
60 - 0.78
0.77
| | | |
2.0 2.5 3.0 3.5 4.0

N,
Planck collaboration, VI 2018 "

80

Theoretical expectation for the three SM
neutrinos™ :

In general, the observed N_¢ puts tight constraints
on theories beyond the SM and beyond ACDM

* Dolgov; Mangano+ 2005; ....; Akita&Yamaguchi
2020; Bennett+,2020; Froustey+ 2020
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NEFF AS A PROBE OF NEW PHYSICS

/ 4 43 A deviation from the standard value of N
p— — - eff
Pr = 1+Neﬁx8x<11> Py might be due to:
I e « Additional light species (e.g. sterile
75 | neutrinos, thermal axions)
_ Riess et al. (2018) 0.83 « Nonstandard expansion history (e.g. low-
T L 0.8 reheating temperature scenarios)
< 70 . « New physics affecting neutrino decoupling
T 9 (as due e.g. to nonstandard v-electron
;@ 65 - - 0.80 interactions)
§ 0.79 « Large lepton asymmetry
60 ] 0.78 ¢ ...
| | | | 077 In general, the observed N4 puts tight constraints
2.0 2.5 3.0 3.5 4.0 on theories beyond the SM and beyond ACDM

N,
Planck collaboration, VI 2018 "
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NEFF AS A PROBE OF NEW PHYSICS

/ 4\*" Both a blessing and a curse!
D, = 1-|-Neﬂ-‘><§><<ﬁ> o, oth a blessing and a curse!
We can use AN_4 =N.+-3.044to probe a wide range
I o of models of new physics...
75
_ Riess et al. (2018) 0.83 ....however, if AN_¢# 0 is measured, how should we
T - | 080 interpret it?
= — 0.81 . .
T S * Look for other cosmological signatures
E 65 - - 080 (concurring signal in the sum of the masses,
o 0.79 effects on cosmological perturbations....)
T
« Search for confirmation in the lab
60 - 0.78
0.7 (not really much different from the present situation
20 25 30 35 a0 with dark matter and dark energy, if you think of it!)

N,
Planck collaboration, VI 2018 "
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SUMMARY

« Coming years will bring a wealth of new, high-precision cosmological data.

« Cosmological surveys like Euclid, Vera Rubin Observatory, Nancy Roman
Space Telescope and SKA will provide observations of cosmic large-scale
structures (LSS).

* Next-generation cosmic microwave background (CMB) experiments like
Simons Observatory, LiteBIRD, CMB-S4, will precisely characterize the CMB
polarization anisotropies.

« Scientific targets include:
 Inflationary science (tensor modes, non gaussianities, primordial features...)
« dark energy and modified gravity
« neutrino properties (masses, interactions...)
 light relics
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THANKS!
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