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Cosmological observations and Neutrino physics ™ #&igHEE

e Impact of neutrinos in cosmological observables.

e Power of cosmology testing the ACDM and
Neutrino physics: Zm and N_..

° (Results:
1.- Sum of the neutrino masses

) 2.- Effective number of light relativistic particles

3.- Cosmological Tensions and beyond Standard
Model Scenarios

~
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NACDM: detailed description of our Universe

Mathematical model based on three
major features: The Standard Cosmological Model

r
1. Inflation: early accelerated expansion. « Universe
started with Big
Accelera\egaE’:pEa::;gx Ba n g

< 2. Dark matter: CIUStering Component, A"mgm‘gal;l.g:'r: [TarkAges Development of

Galaxies, Planets, etc. \ e Einstein
L ’ s s gravity
. . [ N). A FAErE IS e CDM, baryons,
3. Dark Energy: (Cosmological cte. A) drs Al

Free Hydrogen

e Cosmological

and Helium Heavy Flug:nllol \ X S g .' . )
Elements . 355 ; y e
sl wlazids Neutrinos. = l / Constant
23% 5 .30/ , I\ .
=A0)5) J‘Jf‘m ;:‘03:84'30 million yrs. i ° Inflat|on

Big Bang Expansion

Dark Ener Sturs e — e adiabatic,
0 :"J/, z
73%0 FoL/0 near-gaussian

fluctuations

Universe's energy budget

Image credit: The Conversation Image Credit: NASA/ LAMBDA Archive / WMAP Science Team
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ACDM consistent with enormous diverse, high-quality

observational data (LSS, anisotropy of the CMB,
light-element abundances ...)

ACDM characterized just 6 parameters:

1
. Matter density: wys

on

6.

Baryon density: wp

93112
2\ h?

Spectral index density perturbations: ng

4. Amplitude of density perturbations: Ag

Optical depth to the CMB due to re-ionization: 7
Sound horizon at recombination: @,

Impressive precision! excellent fit to
the CMB anisotropy data




NACDM: detailed description of our Universe

Testable consequences

driven observational cosmology | ————
since the 1980s... « Univerce
. . started with Bi
Cosmic Neutrino Bang ’

Afterglow Light

Pattern evelopment o \ i =
400,000yrs. | Galaxies, - [ E|nste|n

Background (CvB) ] T oo

e CDM, baryons,

-Indirect evidence support its presence ™ Ty photons (++)
e 36 v e Cosmological
-BBN, CMB, LSS inconsistent without S ol 3] Constant

about 406 ition yrs. % e Inflation

Big Bang Expansion

137 billion years < ° adiabatic,

relativistic neutrino component.

-Cosmology attuned to neutrino
properties: mass and density
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Cosmological implications of va

1. v always relevant to Universe’s energy density

:> contribute to H(z). T o \/'5

2. wv_travel ultra relativistically speeds (until temp.
drops below m their masses) |:>
I:> v, do NOT cluster at small scales
:> suppress amount of structure small scales.

The suppression is energy density dependent. A8 e
RDES! in the dome of the Nicholas Uj
Q h2 . Zmyny o Z my Observatlons Of LSS . Mayall 4-meter Telescope at the
= R (DESI, Euclid....) excellent S
) eal ationa servatory.

Perit 2
931 3 h tO sea rCh forz mv Image credit: Wikipedia
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Cosmological imprints of v: 2M e
Vv Rl &

How is Planck CMB sensitive to 2m ?
1. CMB LENSING EFFECT (dependent A_& 2 ) T T
v_at relativistic speeds — SMALL SCALES (higher /) have
S . more constraining power

suppression matter power spectrum—
reduction lensing CMB y from the last " N
scattering surface until today — g
sharper peaks CMB power spectrum.

>.m, =0.50eV
> m,=0.75eV
> m, =1.00eV

2. va impacts angular diameter distance to '¢5°0.98
last-scattering surface + v_ contribute
H o< \/p. o096

I . . . .fix.inq ufcd.mios, As, Ns, T
H 2m, <\_[> H ‘Qm<':> ﬂ H, ‘ 107 10°
[ £

. . . Figure credit: 2407.13831
Late-time expansion history probes (SNe and
YSCMBS4  HEP Seminar UH | December 10th 2024 BAQO) to break geometrical degeneracy 7

x4




Summary: Cosmological imprints of 2m_

Key points to make inferences on Zm_ from
cosmological observations:

1. Understanding CMB lensing on small
angular scales,

2. Control over the amplitude of primordial
matter power spectrumA_and o_.

3. Accurate probe of expansion history at
late-times (include late-time probes to
constrain Q) ).

SCMB$4 HEP Seminar UH | December 10th 2024
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SMALL SCALES (higher /) have
more constraining power

> - m, =0.50eV
> m, =0.75eV
> m,=1.00eV

fixing wedm, Os, As, Ns, 7

ol " " "
10° 10°
é
Figure credit: 2407.13831



What is the value of the neutrino mass?

The KArlsruhe TRItium e The absolute neutrino mass scale
Neutrino (KATRIN)

experiment cost < €60 million probed using p-decay:

KATRIN best bound upper limit on
effective neutrino mass

va< 1.5 eV [95% CL] [arXiv:2406.13516]

| ‘ e Cosmology can constrain neutrino
Ga mass > 20 times better today

: e _____~_-~:" 8 i ALY %5 already!”* ACDM+2 m,
‘ : i [arxiv 2404.03002] DESI+CMB

IMAGE CREDIT: https://phys.org/news/2018-06-katrin-neutrino-mass.html

Y “m, <0.072eV [95% CL]

/—
LFCMBS4  HEP Seminar UH | December 10th 2024 *model dependent °



https://arxiv

What is the value of the neutrino mass?

April 2024 DESI DR1 cosmological results with key implications for 2m

[Z m, < 0.073 eV (95 %CL, CMB+BAO-DESIY1)]

1.0 2404.03002 i —— CMB (no CMB lensing)
N ' —— CMB
—— CMB + DESI BAO
0.8 1 |
10
206 —
& VS.
R
04
0.2
0.0 — : :
0.00 0.05 0.10 0.15 0.20

2 my [eV]
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Latest lab. Limit KATRIN:

[2406.13516]:
D m,<15eV @s%cy

& bound from Planck + SDSS

Planck+SDSS [1807.06209]
D m, <0.12eVes%cL)

10



Sum of the neutrino masses and Cosmology

From experimental point, cosmology can NOT be described by ym =0,
ym at least 58 meV from oscillation experiments, i.c.: Super-kamiokande, SNO, KamLAND).

NO 0.58eV 10 0.1eV
m3 m2
A NO -V, IO A
| Vu
Normal |mm v, Inverted

__m2
solar~7x10-5eV?2 5

atmospheric
~2x1073eV?

atmospheric
2 ~2x1073eV?2
solar~7x10"5e V2
o L m:,,2
2
0 0

Image credit: J. Ling
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e We found employing most robust data sets,
statistical validations, theory accuracy :

P18+CMB lensing+DESI(BAO) o)
Preference 3} m =0 over NO 1.36
Preference NO over |10 1.47

H.Garcia Escudero and K. Abazajian Dec. 2024 (2412.05451)
-Other CMB analysis don’t significantly change results

(arxiv: 1610.02743)

Upcoming cosmological surveys expected 2-3 o
sensitive to ym_ in the minimal mass scenario. |



https://urldefense.com/v3/__https://arxiv.org/abs/2412.05451__;!!CzAuKJ42GuquVTTmVmPViYEvSg!IijSH69WNtUSIJ1RXxB7iJ1E8vBmBTEdDIBKH0BSWnnhG5axTmR0_Z-d5jLcvjSRynsmhAFW6xw6mGJd58PL$

Upper limits 2m_inferred from cosmology

Using broad suite of 9 combinations of datasets:

-3 separate CMB analysis

-3 three separate SNe survey data
+CMB Lensing (PR4 + ACT DR6)
+DESI BAO DR1

|:> derive constraints on the va |::>

Datasets
CMB Planck CMB Lensing BAO SNe g%:;;izfl)i:g:dero H. and Abazajian. K Dec. 2024,
Big Lensing PR4 + P ' ' ' j : ;
CamSpec R@roge DESIDR1 U3 0.00 0.02 0.04 0.06 0.08 0.10 0.12
P20 DES Y5 ¥m,, [eV]

YSCMBS4  HEP Seminar UH | December 10th 2024 2


https://arxiv.org/abs/2412.05451

Negative neutrino mass anomaly

va< 76.9 meV to Likelihoods:
CMBs+CMB Lensing
xm, <108 meV (95%CL) PR4+DESI BAO +SNes

3 clusters:

-Stringent Xm_bound (4 curves)
-Moderate >m_bound (4 curves)
-Relaxed m_bound (1 curve)

Garcia Escudero H. and Abazajian. K Dec. 2024,

We find P20 PR4 with DES Y5
provide the most relaxed e . . . .
) 0.000  0.025 0050 0075 0100  0.125
bound on neutrino mass only Sm, [V]
at the =1.1 ¢ vs. NO (58 meV)

YACMBS4  HEP Seminar UH | December 10th 2024 13
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https://arxiv.org/abs/2412.05451

Negative neutrino mass anomaly

va< 76.9 meV to Likelihoods:
CMBs+CMB Lensing
xm, <108 meV (95%CL) PR4+DESI BAO +SNes

3 clusters:
-Most stringent Zm_bound /
P18/CamSpec and U3/PP combinations /

Garcia Escudero H. and Abazajian. K Dec. 2024,
2412.05451

0.000 0025 0050  0.075  0.100 0.125
¥m,, [eV]

YSCMBS4  HEP Seminar UH | December 10th 2024 14

rd


https://arxiv.org/abs/2412.05451

Negative neutrino mass anomaly

va< 76.9 meV to Likelihoods:
CMBs+CMB Lensing
xm, <108 meV (95%CL) PR4+DESI BAO +SNes

3 clusters:
-Moderate va bound

P18/CamSpec + DES Y5
&

P20 + U3/PP

Garcia Escudero H. and Abazajian. K Dec. 2024,
2412.05451

0.000 0025 0050  0.075  0.100 0.125
¥m,, [eV]
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https://arxiv.org/abs/2412.05451

Negative neutrino mass anomaly

va< 76.9 meV to Likelihoods:
CMBs+CMB Lensing
xm, <108 meV (95%CL) PR4+DESI BAO +SNes

3 clusters:
-Relaxed va bound

We find P20 PR4 with DES Y5
provide the most relaxed
bound on neutrino mass only Garcia Escudero H. and Abazajian. K Dec. 2024
at the =1.1¢ vs. NO (58 meV)

0.000 0025 0050  0.075  0.100 0.125
¥m,, [eV]
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https://arxiv.org/abs/2412.05451

Negative neutrino mass anomaly

Sm,, (P18, DESL, & PP) < 82.1meV,
¥m, (P18, DESI, & U3) < 82.1meV,
¥m, (P18, DESI, & DESY5) < 98.0meV

¥m, (CamSpec, DESI, & PP) < 76.9meV
Ym,, (CamSpec, DESI, & U3) < 77.0meV
¥m,, (CamSpec, DESI, & DES Y5) < 86.6 meV ,
Sm,, (P20, DESL, & PP ) < 94.1meV,
¥m, (P20, DESI, & U3 ) < 93.8meV,
S, (P20, DESI, & DESY5 ) < 108 meV,

We find P20 PR4 with DES Y5
provide the most relaxed

bound on neutrino mass only
at the =1.1 o vs. NO (58 meV)

Likelihoods:

Garcia Escudero H. and Abazajian. K Dec. 2024,
2412.05451

CMBs+CMB Lensing
PR4+DESI BAO +SNes

0.050  0.075
¥m,, [eV]

0.000  0.025

0.100

0.125

SCMB4 HEP Seminar UH | December 10th 2024
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https://arxiv.org/abs/2412.05451

Relaxation upper limits 2m_

CMB:P20 least lensing anomaly
(A, closertol)

- More statistical power.

- Better handle systematic effects.

) Alens anomaly: Alens,LCDM: Lvs. Alens>1

2.8 0 (P18) vs. 0.750 (P20)

SNe survey data: DESY5 highest 2
(different Q_: Pantheon+, Union 3 &

D ESYS) Garcia Escudero H. and Abazajian. K Dec. 2024, &

2412.05451
[sm, w [Q - | H,

000 0.02 004 006 008 010  0.12
Xm,, [eV]
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Negative neutrino mass anomaly

-~ i —— Planck

ST — Panccr e Where is the stringency
Vs } —— Planck + BAO + RSD .
7 A s Lo i preference of negative
20, ' - 2m coming from?

—0.05 0.0)) 0.05 0.10 0.15 0.20

& va [eV]

.
Alam et al., arXiv:2007.08991 [eBOSS]

YSCMBS4  HEP Seminar UH | December 10th 2024 19
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Negative neutrino mass anomaly

»

esevp®Neasencede

> ,.a‘ta&twu:t.wquvr.
ce 90909 o

X esessee er®
Ve ..53“3.“1',“.«‘:“:'.{?»3_3
.. . n

> \\g —— Planck
l/,— s —— Planck + BAO
W/ 5\ —— Planck + BAO + RSD

s’l i\, — Planck + BAO + RSD +

J : :
2f,
3P~
Q
=
o
\ —0‘.05 O.b 0.‘05 O.;I.O 0.'15

2m, [eV]

Alam et al., arXiv:2007.08991 [eBOSS]

/<

L rCMB 34

P/ Prax

—— ACDM+Ym,
—— ACDM+(Y 7, > 0)
—— ACDM+Y 7,

Posterior of 3 m_
(eV) inferred from
Planck + ACT
Lensing + DESI

—0.400

https://arxiv.org/pdf/2405.00836

HEP Seminar UH | December 10th 2024

—0.200

2 my [eV]

0.000 0.058 0.200

> m, = —160 ¢ (68%)

20



NEGATIVE NEUTRINO MASS ANOMALY

Fit of Gaussian functions to the posterior Mini |
distributions to recover the g & o for each Inima
combination: Mass
NO
Datasets O . O 5 8
CMB Planck CMB Lensing BAO SNe eV
P18 R PP
CamSpec FSTERIET st DR T3
ACT DR6
P20 DES Y5
All range below 20 level vs.

0.00 0.05
Ym, [eV]

Garcia Escudero H. and Abazajian. K Dec. 2024,

1< . 2412.05451
YACMBS4  HEP Seminar UH | December 10th 2024 21
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~0.15 —0.10 —0.05

NO 0.058 eV


https://arxiv.org/abs/2412.05451

<0 ¢ &
960809
OV P44

Negative neutrino mass anomaly e
e Possible origin of “negative” neutrino mass bounds:

- CMB lenSing excess arxiV: HGE in prep., 2407.07878, 2407.13831

- Late time expansion history (€ ) ww reenoer. sssoor

[sm, w [0, = [H
e Unphysical negative masses weak tension at <~ 20 y S , K
. ).15 —0.10  —0.05 0.00 0.05 0.10 0.15

but worth exploring,. / Sm,, [eV]

e Future CMB, BAO data study this discrepancy. Black dashed curves
represent the Gaussian fits

Garcia Escudero H. and Abazajian. K Dec. 2024,

Y3CMBS4  HEP Seminar UH | December 10th 2024 2412.05451 -

S|


https://arxiv.org/abs/2412.05451

Effective Number of Neutrino Species, Neff

4

e Total cosmological number density of neutrinos (3) ( 4 )
Ny = N T Ny

e N_.=3 ) neutrinosinstantaneously decoupled from the primordial plasma.

+H,

e Neutrino properties early universe >\ N _.=3.044

arxiv 2005.07047

Upcoming cosmological survey 2-3 o sensitivity N . can find;//'

2, 3.0 3.5
Neﬁ

N  consistent with 3.044 |»> ® Confirmation of standard cosmology v 1807.06209
eff e Precise understanding thermal conditions universe.

Garcia Escudero H. and Abazajian. K Dec. 2024,
YSCMBS4  HEP Seminar UH | December 10th 2024 2412.05451 23

rd


https://arxiv.org/abs/2412.05451

Signature of new physics?!

The Standard Cosmological Model

e Universe
started with Big
Bang

¢ Einstein
gravity

e CDM, baryons,

photons (++)

e Cosmological
Constant

¢ Inflation

¢ adiabatic,
near-gaussian
fluctuations

mage Credit: NASA/ LAMBDA Archive / WMAP Science)
Team|

YSCMB 4 HEP Seminar UH | December 10th 2024

ACDM provides
a great fit to most
cosmological
data, but ...

a few significant
statistically
tensions arise

24



e r4

Cosmological Tensions: Hubble or H tension ™ %%5gE

CME

(model- Aegcnd.mﬂ

We include last
HO value from

SHOES
collaboration:

Image credit: Nikki Aradnese HO — 73.04 + 1.04 km S—l MpC_l.

\LﬁT\CMBS4 HEP Seminar UH | December 10th 2024 2112.04510
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Cosmological Tensions: S,

88 tension:

e 0, measures the amplitude or rate of growth of
structure.
e Mismatch between:

-} S, CMB+ACDM ( S, =0.832+0.013)

8

4 S, low redshift probes:

o Weak gravitational lensing (DES)
o X-Ray Clusters
o SZ Clusters

\'_;T\CMBS4 HEP Seminar UH | December 10th 2024

*CMB Planck TT.TE,EE+lowE

*CMB Planck TT.TE,EE+lowE+lensing

*CMB ACT+WMAP —o—
0.759

*WL KiDS-1000 6—#\?

* WL KiDS+VIKING+DES-Y1 %

*WL KiDS+VIKING+ DES-Y1 o
*WL KiDS+VIKING-450
* WL KiDS+VIKING-450

0,251
* WL KiDS—-450

* WL KiDS-450

Aghanim et al. (2020d)
Aghanim et al. (2020d)
Aiola etal. (2020)

Early Universe

Late Universe

Asgari etal. (2021)
Asgan et al. (2020)
Joudaki et al. (2020)
Wright et al. (2020)
Hildebrandt et al. (2020)
Kohlinger et al. (2017)
Hildebrandt et al. (2017)

SSEOJ! 9,,7/7 0.3

759
*WL DES-Y3 I8 Amon et al. and Secco et al. (2021)
*WL DES-Y i % Troxel etal. (2018)
*WL HSC-TPCF 078 Hamana et al. (2020)
* WL HSC-pseudo—( 0fs Hikage et al. (2019)
*WL CFHTLenS —— Joudaki et al. (2017)
0.795

* WL+GC HSC+BOSS 57 Miyatake et al. (2022)
* WL4+GC+CMBL KiDS+DES+eBOSS+Planck 0766 Garcia~Garcia et al. (2021)
* WL4+GC KiDS-1000 074 Heymans et al. (2021)
*WL+GC KiDS—450 3 e Joudaki et al. (2018)
*WL+GC DES-Y3 ‘m Abbott et al. 2021)
*WL+GC DES-Y1 3x2pt ond Abbott et al. (2018d)
* WL+GC KiDS+VIKING—450+BOSS 08 Troster et al. (2020)
* WL+GC KiDS+GAMA 3x2pt & van Uitert et al, (2018)

0.751
* GC BOSS DRI12 bispectrum 0»;0—¢ Philcox et al. (2021)
+ GC BOSS+¢BOSS ;m Ivanov et al. (2021)
* GC BOSS power spectra 7% Chen etal (2021)
*GC BOSS DR12 b Troster et al. (2020)
* GC BOSS galaxy power spectrum —= Ivanov et al. (2020)
* GC+CMBL DELS +Planck T White et al. (2022)
* GC+CMBL unWISE+Planck o Krolewski et al. (2021)
CC AMICO KiDS-DR3 U Lesai etal. (2021)
. DS~ X £sa et al (202

nsﬁ

*CC DES-Y1 079 Abbott et al. (2020d)
*CC SDSS~-DRS '—0-—! Rl Costanzi ct al. (2019)
*CC XMM-XXI 077 L = Pacaud et al. (2018)
*CC ROSAT (WtG) L o] Mantz et al. (2015)

0.749
*CCSPTISZ —ts Bocgquet et al. (2019)
*CC Planck tSZ e Salvati et al. (2018)
*CC Planck tSZ —— Ade et al. (2016d)

07
*RSD -—0—01”7 Benisty (2021)
*RSD —o— Kazantzidis and Perivolaropoulos (2018)
. M M " N "
0.2 0.4 0.6 0.8 Lo 1.2
hittps://arxiv.0rg/abs/1909.11006

26



Cosmological Tensions: S,

PP .,o-oo WE O
v

LEd 4 09!

PP ODHODECOS SO 4

04834
*CMB Planck TT.TE,EE+lowE ¢ Aghanim et al. (2020d)
*CMB Planck TT.TE,EE+lowE+lensing m Aghanim et al. (2020d)
*CMB ACT+WMAP —— Aiola et al. (2020)
Early Universe

88 tension: 0

e 0, measures the amplitude or rate of growth of
structure.
e Mismatch between:

=0.832 +0.013)

8

-4S, CMB+ACDM ( S

' S, low redshift probes:

o Weak gravitational lensing (DES)
o X-Ray Clusters
o SZ Clusters

\'-;T CMB$4 HEP Seminar UH | December 10th 2024

Late Universe

0.759
b 5 Asgari etal. (2021)
Y1 ‘DQW:" Asgari et al. (2020)
ES-Y1 ond Joudaki et al. (2020)
— Wright et al. (2020)
0651 Hildebrandt et al. (2020)
< 0.745 Kohlinger et al. (2017)
7'(0 Hildebrandt et al. (2017)
% Amon et al. and Secco et al. (2021)
VL DI i it Troxel et al. (2018)
VLH 1 o Hamana et al. (2020)
VL HSC-pseudc odi o Hikage et al. (2019)
*WL CFHTLenS —— Joudaki et al. (2017)

We include 88 value from
Dark Energy Survey Year 3

+0.025 =
SS — O 199 5 .023 &)

*CC AMICO KiDS-DR3 ——
*CC DES-Y1 '—"8‘—'
*CC SDSS~-DRS

*CC XMM-XXI

*CC ROSAT (WIG)

Lesa etal. (2021)
Abbott et al. (2020d)
Costanzi ct al. (2019)

55l
-.‘,—$—‘ Pacaud et al. (2018)
bt

Mantz et al. (2015)

0749
*CCSPTISZ — Bocquet et al. (2019)
+CC Planck tSZ ] Salvati et al. (2018)
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AAIC =
Exploration alleviation
cosmological tensions 20
-4 “winners”: EDE, O 157
wCDM,PMF & N . <
<|1 10
-N_ is a preferred model .
comparable with other 75
exiting candidates 6.91 Strong
Threshold (!
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AAIC = —2(In L4

Exploration alleviation

cosmological tensions 20
-Extra N __ reducesr
eff S 15_
Q
1 / Cs () dt /trec =
T Hee Joo [p(t)/pltrec)] 4 10!
I
-Smaller r_increases H
S 0 /V
-5
7~
cdt/tg
f sae [p(t)/t,f;]lﬂ -6.91 Strong

HO - Hrec

ft rec Cg (t) dt/trec
0 [p(t)/p(trec)]*’?

SCMBS4 _
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B PI8+R21
B PI8+BAO16+R21
Bl PI8+BAO16+SN+R21

Threshold ()

N _.=3.45+0.12
eff

Ny | ¥m, €, PMF SIv EDE

- Models

arxiv 2208.14435

—InLacoMm) + 2(Nm — Nacowm) )

29



o) 4

i T TUTH T T b T
N« significantly different from 3.044 = signature of new physics™gE

N =345 (CMB+BAO+SN PP +H0)

Updating the calculations
with DESI BAO DR1 and
Pantheon + SNe sample

N . is a preferred model:
AAIC =-10.9

| Neff

SCMB4 HEP Seminar UH | December 10th 2024 %0



Short baseline anomalies and Sterile neutrinos :a;;;@g.ﬁ,,;,“f

e N_. higherthan 3.044 = new physics =?? hidden neutrino sector!

e Short baseline neutrino oscillations results ( Super-Kamiokande, LSND,
MiniBooNE) and Gallium anomaly (i,e.: SAGE, GALLEX, BEST), hint richer
neutrino sector.

e More than 3 active neutrinos with one (or more ) sterile flavors.

TOTALLY THERMALIZED STERILE NEUTRINOS N . = 4.044; m = free

v,ster

eff

=1
77T ]. s h’2 Is)h
ANeg = [8 15T4] ﬁ/dp p° fs(p), ws = Qsh* = gzznlev wZ;c /dpp2 fulp),

= SCMBS4 HEP Seminar UH | December 10th 2024 Garcia Escudero H. and Abazajian. K Dec. 2024, 2412.05451 31
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https://arxiv.org/abs/2412.05451

Totally thermalized Sterile Neutrinos

Strongly disfavored using
P18+ CMB Lensing +DESI
BAO +PP vs. ACDM.

AAIC > 20

When +H_ = AAIC =4.5

A fully thermalized eV scale
short baseline sterile
neutrino is as consistent
with Hotension as A\CDM

SCMB4 HEP Seminar UH | December 10th 2024

Likelihoods:
P18+ CMB Lensing
+DESI BAO +PP+ H

0.0 0.1 0.2 0.3
my, [eV]

Garcia Escudero H. and Abazajian. K Dec. 2024, 2412.05451
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Partially THERMALIZED STERILE NEUTRINOS

3 thermalization cases for 0.1eV and 1 eV

1.- Neﬁc = 3.49; M, cer = 0.1eVand1eV

ste

2.- Neff = 3.12; M ter = 0.1eVand1eV

ste

3.- Neff = 3.05; M, ger = 0.1eVand1eV

ste

Results adding H,
-0.1eV: AAIC=-11.0, -3.7, -2.1
-1eV: AAIC=25.9, 0.8, 1.1

YSCMBS4  HEP Seminar UH | December 10th 2024

Ty (sec™)

10 100
11 200313302
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T
>
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Short baseline anomalies and Sterile neutrinos
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Partially THERMALIZED STERILE NEUTRINOS :

e 0.1eV partially thermalized sterile neutrinos
studied are preferentially fit to data alleviating
Hubble tension better than ACDM.

e Model with 0.1 eV part. Therm. ster. neutrino
with N_.. 3.39 is strongly preferred over ACDM
by its AIC as well as A1%>30.

e Preference due to correlation N_.-Zm in BAO;
both can increase without altering BAO

SCMB4 HEP Seminar UH | December 10th 2024

Ly (sec™)

10 100

2003.13302

Ty = 4MeV

1 10
TRH (MGV)

Garcia Escudero H. and Abazajian. K
Dec. 2024, 2412.05451
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11-parameter model: ACDM

toy/o, +Q +Zm +N_

Garcia Escudero H. and Abazajian. K Dec. 2024, 2412.05451

e Simple parameterizations don't often work.
e Test a significantly relaxed model
e Consistency with ACDM except:

-W,more
positive
than A
over 30
-less
than 20
away
from flat

/<

5CMB S4

N

Parameters Benchmark
Quh? 0.02236 + 0.00022
O.n? 0.1184 + 0.0028
log(10° As) 3.053 £ 0.016
Ns 0.9639 =4 0.0084
Tesio 0.058612:0092
1000mc 1.04107 4 0.00043
Em, (95% CL) < 97.0meV
Neg 2 .18
k 0.0029 =+ 0.001

o —0.9611+9:012
Wa B=0T5 " 0.066

A4
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Benchmark := P18+ CMB
lensing + DESI BAO + PP
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11-parameter model: ACDM +

o /o, + 0 +Xm +N

Garcia Escudero H. and Abazajian. K Dec. 2024, 2412.05451

Simple parameterizations don't often work.
Test a significantly relaxed model
Consistency with ACDM except:

Benchmark
nN99%2R/ - N nnnoz

No preference for b
nontrivial w_due to
shifts in other
cosmological
parameters

Parameters
0. h2

||

E

Q. 0.0029 + 0.0019
B

- 0.012
e 0.01875533
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/<

5CMB S4

N

Benchmark := P18+ CMB
lensing + DESI BAO + PP

—0.003

“ \
a 0.1 \
¥ \\\\ B benchmark
o N +H,
0.009 - 4
0.006 \'\\\\ L ///A\ ] - + »5'8
= o) | @ - B H, & S
0.000 \ > Fol 7 |
_— =

0.25

0.20

0.15

>my

0.10

0.05

Negt
w
B

—0.1 00 01 02

—0.98 —0.90 0.000 0.006

O

36

Wo,pE Wa,DE


https://arxiv.org/abs/2412.05451

11-parameter model: ACDM + o /o_+ 2 +Zm +N_.

Garcia Escudero H. and Abazajian. K Dec. 2024, 2412.05451
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Adding tension datasets:

Benchmark := P18+CMB lensing + DESI BAO + PP

Parameters Benchmark + Ho Post. + Ss Post. + Ho & Ss Post.
Quh? 0.02247 4 0.00013 0.02274+9:00017 | 02237 +0.00022 | 0.02273+9:90018
Qch? 0.1185 + 0.0083 0:1251%47:202% 0.11756 + 0.0027 0.12417900%2 | _Increase N
log(10'° As) 3.049 4+ 0.013 3.073 +0.018 3.049 +0.016 3.072 £ 0.015 eff
ne 0.9683 + 0.0036 0.9808+9-9076 0.9636 + 0.0084 0.980415:0068 | _ Relaxation
Treio 0.0586 + 0.0071 0.0616 + 0.0089 0.0581 4 0.0074 0.061910-007¢
1006nc 1.04108 £ 0.00029 | | 1.04044 +0.00036 | 1.041190.00043 | 1.04048*+0-00%% | z mv bound
Ym, (95% CL) < 82.1meV < 125 meV < 112meV < 130 meV
Negt 3.43+0.15 2.94+0.18 2
Qi 0.0023 + 0.0017 0.00290.30:% 0.0027 = 0.0017
wo —0.97510-012 —0.96219.912 —0.97815:918
Wq 0.016+3:937 0.01519:9%2 0/018£3:0%3
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No model does better than ACDM solving H_+ S_ simultaneoustifHsiEa
0 ~8 R
Which Model Provides the Best Solution to H, + o, Problem?
Bl PI18+R21+V09 Same for other low Ofl
data sets... But recall o
EEE PI8+BAOI16+R21+V09 Ty not be & lasting °
Bl PI8+BAO164+SN+R214+V09 | problem... but worth
keeping an eye on it!
________________________________________________________________ —_
"~ _ 6.91 (Strong
threshold)
H Ir e No model above the
strong threshold!!
(w) (Ng) = Q @ SI @
w eff my k v
Models
SCMBS4 2208.14435 38

7 HEP Seminar UH | December 10th 2024


https://arxiv.org/abs/2208.14435

Conclusions and future work

e No model does better than ACDM in fitting cosmological data while solving
cosmological tensions but...

e Include new cosmological data and reevaluate promising candidate models.

e Study and develop new candidate models further developing winner models:
1.- New dynamical dark energy models

2.- Primordial magnetic fields (include full magnetohydrodynamics (MHD)
simulations)

3.-Models providing extra N _.: LRTs, exotic neutrino sector, ...

YSCMBS4  HEP Seminar UH | December 10th 2024 39
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Conclusions and future work

e (Cosmological observations are a very powerful tool for high precision
determination neutrino cosmological parameters.

e Combined cosmological probes (CMB-S4 + BAO) revolutionize understanding
of neutrino physics:

1.- Test standard cosmological model predictions.
2.- Shred light to existing cosmological anomalies.
3.- Test new physics.

e Upcoming observational results next decade critical understanding Universe!
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Thank you for attention!
Questions?

Helena Garcia Escudero

. 2
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garciaeh@uci.edu)
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