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Neutrinos are always a relevant species in the Universe’s evolution
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Neutrino Evolution

Neutrinos are always a relevant species in the Universe’s evolution
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Global Perspective

Current knowledge:
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Global Perspective

In the next 5-6 years:

(DESI/Euclid + Planck)
N = 3.04i +0.06 (Simons Observatory) )" m, = 0.06 +0.02¢V
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1) Understand what is the role played by neutrinos in Cosmology

2) Understand the evidence that we have for the Cosmic Neutrino
Background and have a flavor of the types of BSM physics that
can be tested with neutrinos in cosmology

3) Understand why can one derive neutrino mass bounds using
cosmological data and what are the assumptions behind these
constraints

4) What are we going to learn in the upcoming years?
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Unlike neutrinos, | do like to interact &
The plan is to learn and therefore:

Questions and Comments
are most welcome, at any
time!lll
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The Cosmic Neutrino Background
Neff and its implications

Neutrino masses in Cosmology
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The Early Universe

t =1 [1000 times hotter than
= 1S the core of the sun!] —



The Cosmic Neutrino Background

['=n,(ov)

‘ Neutrinos

‘ Electrons & Positrons

‘ Photons
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The Cosmic Neutrino Background

['=n,(ov) Cc G%s

(ov) ~ GET?

‘ Neutrinos

‘ Electrons & Positrons

‘ Photons
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The Cosmic Neutrino Background

['=n,(ov) Cc GI%S

[~ G27° (ov) = G¢T*

‘ Neutrinos

H = 1.66, /g, T*/ My,

‘ Electrons & Positrons

‘ Photons
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The Cosmic Neutrino Background

['=n,(ov) Cc G%s

[~ G2 (ov) = G¢T*

‘ Neutrinos

H = 1.66,/g, T/ My,

‘ Electrons & Positrons

‘ Photons

The formation of the Cosmic Neutrino Background

['~H [T: ZMGV]
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Neutrino Decoupling

t ~ 0.1 s Evolution in the Standard Model ¢ ~ 3 min
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Neutrino Decoupling

Evolution in the Standard Model
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© How do we measure the energy density in relativistic neutrino species?
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Neutrino Decoupling

Evolution in the Standard Model
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© How do we measure the energy density in relativistic neutrino species?

4/3
3 (11 —
@ The key parameter is: N . = - < y > Prad ~ Py
Py
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Neutrino Decoupling

Evolution in the Standard Model
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© How do we measure the energy density in relativistic neutrino species?

4/3
3 (11 —
@ The key parameter is: N . = - ( y > Prad ~ Py
Py A

@ when only neutrinos and photons are present: N, 4 =3
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Evolution in the Standard Model
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How do we measure the energy density in relativistic neutrino species?

4/3
3 (11 —
The key parameter is: N . = - < y > Prad = Py
Py A
1.4T,

I

when only neutrinos and photons are present: N 4 =3

Bennett, Buldgen, Drewes & Wong 1911.04504
S M Escudero Abenza 2001.04466
P — Akita & Yamaguchi 2005.07047
The Sta n da rd MOdeI Val u e |S . N ff — 3 . 044 Froustey, Pitrou & Volpe 2008.01074
C Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948

Miguel Escudero Abenza (CERN)



Why N:M is not exactly 3?
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hence, some heating from e*e- annihilation
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Why N:M is not exactly 3?

1) Neutrino Decoupling is not instantaneous o~ GrE?

2) Weak Interactlons_ freezeoutat T =_2:3 I\_IIeV - (av) ~ G% T5 ~ [
hence, some heating from e*e- annihilation

3) Finite Temperature QED corrections omZ(T), 6m>(T)

4) Neutrino oscillations are active at T <10 MeV

o8 127 ; B 1 m pj tscat 1
v Am? “P2H  3.444/10.75T2 v G2 T"
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1) Neutrino Decoupling is not instantaneous o ~ G%Eg

2) Weak Interactlons_ freezeoutat T =_2?3 I\_IIeV " <av> ~ G% T5 ~ ]
hence, some heating from e*e- annihilation

3) Finite Temperature QED corrections omZ(T), 6m2(T)

4) Neutrino oscillations are active at T <10 MeV

o8 127 ; B 1 ™ pj tscat 1
Y Am? P 2H  3.444/10.75T72 g G2 T>

5) QED corrections to the interaction rates

o X me
€ 4 Z e v \p
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1) Neutrino Decoupling is not instantaneous o ~ G%Eg

2) Weak Interactlons_ freezeoutat T =_2?3 I\_IIeV - <av> ~ G% T5 ~ ]
hence, some heating from e*e- annihilation

Kolb et al. ’82
ANeff ~ 4 0.03 Dglgoev Zt al. ‘97

3) Finite Temperature QED corrections omZ(T), 6m2(T)

4) Neutrino oscillations are active at T <10 MeV

o8 127 ; B 1 m pj tscat 1
v Am? P 2H  3.444/10.75T2 Y G2 T>

5) QED corrections to the interaction rates

e
LO >< NLO
€ / % € ¢ Y
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Bennet et al. ‘21
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1) Neutrino Decoupling is not instantaneous o ~ G%Eg

2) Weak Interactlons_ freezeoutat T =_2?3 I\_IIeV - <av> ~ G% T5 ~ ]
hence, some heating from e*e- annihilation

Kolb et al. ’82
ANeff =~ + 003 Dglg:v Zt al. ‘97

3) Finite Temperature QED corrections omZ(T), 6m2(T)
ANeff ~ + 001 Heckler 94

Bennet et al. ‘21

4) Neutrino oscillations are active at T <10 MeV AN =~ + 0.0007 &s2es pastor s

0S 127 / _ 1 mpi tscat 1
Y Am? “P2H  3.444/10.75172 g G2 T5
5) QED corrections to the interaction rates | AN | < 0.0001 Jackson & Laine ‘23-24
+ 1 €+ v
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2) Weak Interactlons_ freezeoutat T =_2?3 I\_IIeV - <av> ~ G% T5 ~ ]
hence, some heating from e*e- annihilation

Kolb et al. ’82
ANeff =~ + 003 Dglg:v Zt al. ‘97

3) Finite Temperature QED corrections omZ(T), 6m2(T)
ANeff ~ + 001 Heckler 94

Bennet et al. ‘21

4) Neutrino oscillations are active at T <10 MeV AN =~ + 0.0007 &s2es pastor s
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Global Perspective

Current knowledge:
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Global Perspective
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Global Perspective

Current knowledge:

Neff — 3.0+ (.3 (Planck/BBN)

(Planck+BAO) Z m, <0.2eV

V
_ 0
__Pholons___________ SN L
,\-
Pt Neutrinos Iy
- \\ _ ‘ _—t ]
e ™10~
T @ Y
! - O
// ll Q
/ II ZE
\ / F _-1 _
2 S, 10
m| | / / ) -
M / / K ‘ : G
| o
- R L,/ / :
B nep+e +r,) ,(('),’ (0,’ ° B
10 35-n+e+(—>p+i‘|‘ é;b}'l OQ// \\\ -10 3
n+y, < pter 1@ \&', (,9’ O
" eTe”T o ub 1D ‘&l/ /, v
. Q7 ’ ! v
vet & ve® | 4 / m, \
10—4 AR B . .4,.....| 1’. TN N T B Q) :
10~ 109 108 10~/ 10° 105 10% 103 1072 10"

Miguel Escudero Abenza (CERN)

Scale Factor a/ay = (1 + 2)~

Neutrino Cosmology

Vietnam 24-07-25



Miguel Escudero Abenza (CERN)

Global Perspective

Current knowledge:

Neff — 3.0+ (.3 (Planck/BBN)

(Planck+BAO) Z m, <0.2eV

__Photons___________
Bt Neutrinos
N G
W S
/
/
/
\ /
=\ S,
CD||| / //’
- '| Q}// /
B nep+e +0, ) x) &,
10 er o pra, ! & S
- g /
En-:y_eep_+e ‘:c:;_ Qb/, (b\,,
ete™ o b 1D Q;'/ ,/
10_4-1/61‘_)”?1 ||| 4,,| //I el vl
10-10 109 108 107 10° 105 10% 10-

Scale Factor a/ay = (1 + 2)~

Neutrino Cosmology

Vietnam 24-07-25



Evidence for Cosmic Neutrinos

Big Bang Nucleosynthesis
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Evidence for Cosmic Neutrinos

Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture

® H~75% @ ‘He ~25% @® D -~0.005%
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Evidence for Cosmic Neutrinos

Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture
® H~75% @ ‘He~25% @ D~0.005%

This implies that neutrinos should have been present:
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Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture
® H-~75% @ ‘He~25% @ D~0.005%

This implies that neutrinos should have been present:

1) It is impossible to have successful BBN without neutrinos. "~7*¢ "%

n+etop+r,

They participate in p < n conversionsupto7 2> 0.7MeV .., <,
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Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture
® H~75% @ ‘He~25% @ D~0.005%

This implies that neutrinos should have been present:

1) It is impossible to have successful BBN without neutrinos. "~7*¢ "%

n+etop+r,

They participate in p < n conversionsupto7 2> 0.7MeV .., <,

2) Neutrinos contribute to the expansion rate H \/_ a
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Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture
® H~75% @' ‘He~25% @ D~0.005%

This implies that neutrinos should have been present:

1) It is impossible to have successful BBN without neutrinos. "~7*¢ "%

n+etop+r,

They participate in p < n conversionsupto7 2> 0.7MeV .., <,

2) Neutrinos contribute to the expansion rate H \/,5 w

By comparing predictions against observations, we know:

NBBN — 2 86 + 0.28] see e.g. Pisanti et al. 2011.11537

eff
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Big Bang Nucleosynthesis and Neff

Pospelov & Pradler 1011.1054
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Predictions that expand 10 orders of magnitude!!!
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Big Bang Nucleosynthesis and Neff
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Big Bang Nucleosynthesis and Neff
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Big Bang Nucleosynthesis and Neff

\ Neutron decay
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Big Bang Nucleosynthesis and Neff
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Big Bang Nucleosynthesis and Neff
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Big Bang Nucleosynthesis and Neff

2408.14531 Giovanetti et al.
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Why?
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
Why? ) :
energy density of the Universe, H \/,5

V
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
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energy density of the Universe, H \/,5
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Why? Ultra-relativistic neutrinos represent a large fraction of the

energy density of the Universe, H \/,5
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
Why? . .
energy density of the Universe, H \/,5
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
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energy density of the Universe, H \//_)
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
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energy density of the Universe, H \//_)
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Evidence for Cosmic Neutrinos

Cosmic Microwave Background

Ultra-relativistic neutrinos represent a large fraction of the
Why? ) :
energy density of the Universe, H \/,5
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Photon Diffusion Perturbations on scales are A < A are erased:

— / — -1 —1
A< j“D - AMean—Free—Path N, steps (neO-T) \/neGTH

*\/neUTH

Effectively, the energy density of neutrinos
controls the physical length scale over which
photons diffuse.

The larger Neff the smaller this distance is.
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Evidence for Cosmic Neutrinos

@ Current constraints

BBN NEﬂPN = 2.86 £0.28 Pisanti et al. 2011.11537
CMB _ ACT+SPT+Planck
CMB Neff Il 2'81 T O°12 2506.20707
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Current constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537
CMB ACT+SPT+Planck
ChB N =281 2012 5eh0m0r

Standard Model prediction: NesflfvI = 3.044

Data is in good agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the
Cosmic Neutrino Background.
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Current constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537
CMB ACT+SPT+Planck
ChB N =281 2012 5eh0m0r

Standard Model prediction: Nesfltyl = 3.044

Data is in good agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the
Cosmic Neutrino Background.

Implications:
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Current constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

CMB ACT+SPT+Planck
CMB NMB =281 £0.12  SHSpT+Planc

Standard Model prediction: NesflfvI = 3.044

Data is in good agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the
Cosmic Neutrino Background.

Implications:

1) Stringent constraint on many BSM settings
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Current constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

CMB ACT+SPT+Planck
CMB NMB =281 £0.12  SHSpT+Planc

Standard Model prediction: Ngflfw = 3.044

Data is in good agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the
Cosmic Neutrino Background.

Implications:

1) Stringent constraint on many BSM settings

2) We can use cosmological data to test neutrino properties
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Current constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

CMB ACT+SPT+Planck
CMB NMB =281 £0.12  SHSpT+Planc

Standard Model prediction: NesflfvI = 3.044

Data is in good agreement with the Standard Model prediction

This provides strong (albeit indirect) evidence for the
Cosmic Neutrino Background.

Implications:

[1) Stringent constraint on many BSM settings ]

2) We can use cosmological data to test neutrino properties
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Constraints from Nes

Netrt measurements constrain very light particles that decoupled
while relativistic after the Big Bang (very much like neutrinos).
Their energy density is parametrized by

| ANy = Ny — 3.044 |

We have thousands of BSM models where AN+ > 0
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Netrt measurements constrain very light particles that decoupled
while relativistic after the Big Bang (very much like neutrinos).
Their energy density is parametrized by

| AN, = Ny — 3.044 |

We have thousands of BSM models where AN+ > 0

Some examples:

Sterile Neutrino my ~ eV ANeff — ]  (e.g. Gariazzo, de Salas & Pastor 1905.11290)
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Netrt measurements constrain very light particles that decoupled
while relativistic after the Big Bang (very much like neutrinos).
Their energy density is parametrized by

| AN, = Ny — 3.044 |

We have thousands of BSM models where AN+ > 0

Some examples:

Sterile Neutrino my ~ eV ANeff — ]  (e.g. Gariazzo, de Salas & Pastor 1905.11290)

Goldstone Bosons Goldstone Bosons as Fractional Cosmic Neutrinos

Steven Weinberg
Phys. Rev. Lett. 110, 241301 — Published 10 June 2013
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Netrt measurements constrain very light particles that decoupled
while relativistic after the Big Bang (very much like neutrinos).
Their energy density is parametrized by

| AN, = Ny — 3.044 |

We have thousands of BSM models where AN+ > 0

Some examples:

Sterile Neutrino my ~ eV ANeff — ]  (e.g. Gariazzo, de Salas & Pastor 1905.11290)

Goldstone Bosons Goldstone Bosons as Fractional Cosmic Neutrinos

Steven Weinberg
Phys. Rev. Lett. 110, 241301 — Published 10 June 2013

Other sterile long-lived particles Gravitino, hidden sector particles ...
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Constraints from Nes

Contribution to AN, from a massless particles that decoupled at 7 4.

2 ' L ! ! """lgrnu ! L L | ! ! "Erp'b"l ! ! ""mw En'vt' L
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0.6 — -
. Disfavoured by CMB & BBN data
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Contribution to AN, from a massless particles that decoupled at 7 4.

2 my mp VAL
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Take Away: Any new massless state in thermal equilibrium with the
ake RWay: | sM plasma should have decoupled at 7., > 100 MeV

Miguel Escudero Abenza (CERN)



Sterile Neutrinos and Neff

Production of sterile neutrinos in the early Universe
proceeds via collisions/neutrino oscillations
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Sterile Neutrinos and Neff

Production of sterile neutrinos in the early Universe
proceeds via collisions/neutrino oscillations

Va Vg
1 _ 2
Typical production rate: I' ~ T, x sin2(20).) ['oo = Am“/T
Abazajian astro-ph/0511630 1+ (100I", /T .)? o~ GI%TS
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Sterile Neutrinos and Neff

Production of sterile neutrinos in the early Universe
proceeds via collisions/neutrino oscillations

Va Vg
1 _ 2
Typical production rate: I' ~ T, x sin2(20).) ['oo = Am“/T
Abazajian astro-ph/0511630 1+ (100I", /T .)? I~ G}%TS

Production can be amplified in the presence of large lepton asymmetries
Shi & Fuller [astro-ph/9810076] Abazajian [astro-ph/0511630]
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Production of sterile neutrinos In the early Universe
proceeds via collisions/neutrino oscillations

Vg Vs
1 = 2
Typical productionrate: [' ~ " X $in*(26,) Voo = Am-/T
Abazajian astro-ph/0511630 1 + (1OOFV/ Fosc)z I , = GI%TS

Production can be amplified in the presence of large lepton asymmetries
Shi & Fuller [astro-ph/9810076] Abazajian [astro-ph/0511630]

Production can be suppressed in the presence of self-interactions

Dasgupta & Kopp [1310.6337], Chu, Dasgupta & Kopp [1505.02795], Hannestad. Hansen & Tram
[1310.5926]
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Production of sterile neutrinos In the early Universe
proceeds via collisions/neutrino oscillations

Vg Vs
_ 2
Typical productionrate: [' ~ " : X $in*(26,) Voo = Am-/T
Abazajian astro-ph/0511630 1 + (1OOFV/ Fosc)z I , = GI%TS

Production can be amplified in the presence of large lepton asymmetries
Shi & Fuller [astro-ph/9810076] Abazajian [astro-ph/0511630]

Production can be suppressed in the presence of self-interactions
Dasgupta & Kopp [1310.6337], Chu, Dasgupta & Kopp [1505.02795], Hannestad. Hansen & Tram

[1310.5926]

Production can be suppressed in the presence of a low-reheating
temperature see e.g. Hasegawa et al. [2003.13302]
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Standard case for sterile neutrinos

<400 | >
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Figure 9. Final N.g in the 341 case for different values of Am3; and |U.4|? when considering normal
ordering for the active neutrinos. The other two active-sterile components of the mixing matrix take
the values as labelled. The black closed contours represent the 3o preferred regions and the green
star the best-fit point from [44].
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Number of effective neutrino species
NEPN =286 +0.28 NGB =2.81+0.12

N =3.044

Agreement between measurements of V ., and the SM
prediction implies:
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Number of effective neutrino species

NEPN =286 +0.28 NGB =2.81+0.12

N =3.044

Agreement between measurements of V ., and the SM
prediction implies:

Strong evidence that the CNB should be there as
expected in the SM
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Number of effective neutrino species

NEPN =286 +0.28 NGB =2.81+0.12

N =3.044

Agreement between measurements of V ., and the SM
prediction implies:

Strong evidence that the CNB should be there as
expected in the SM

This represents an important constraint on many
BSM settings

e.g.: 02<107 eV/\/ (m? — m?)

v
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Atacama Cosmology Telescope South Pole Telescope
The current generation of
CMB experiments have
already improved Planck’s
sensitivity by a factor of
~2.

Simons Observatory

The next generation is
expected to improve it
another factor of two!

o(N,¢) = 0.06 ~2029
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Planck’s Temperature Map
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Neutrino Evolution

Neutrinos are always a relevant species in the Universe’s evolution
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Neutrino Evolution

Neutrinos are always.a relevant species in the Universe’s evolution
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Global Perspective

Current knowledge:

(Planck+BAO)
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Global Perspective

Current knowledge:
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Neutrino Properties

Figure from de Salas et al. 1806.11051

B v

2T

I

s 3 o I [Am?., ~ 0.01 eV
il S

V1

Am?

atm

YVl | V ATt 005V
2 0

Am?

sol

Normal Inverted

Miguel Escudero Abenza (CERN) Neutrino Cosmology Vietnam 24-07-25



Neutrino Properties

Figure from de Salas et al. 1806.11051
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Neutrino Properties

Figure from de Salas et al. 1806.11051

B v, Vr
21

+ 3 : I\/Amgolz().()lev
o’TA

atm

vIZ- 2m JAmMZ,  ~0.05eV

2m 2
1 " Ty

Normal Inverted
Zm,,ZOOGeV Zm,,ZOlOeV

© Mass differences and mixings measured with high precision
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Neutrino Properties

Figure from de Salas et al. 1806.11051
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© Mass differences and mixings measured with high precision
© What is o-p and what is the mass ordering?  Neutrino Oscillations
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Neutrino Properties

Figure from de Salas et al. 1806.11051
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© Mass differences and mixings measured with high precision
© What is o-p and what is the mass ordering?  Neutrino Oscillations
© Are Neutrinos Dirac or Majorana particles? 0Ov2B Experiments
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Figure from de Salas et al. 1806.11051
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Mass differences and mixings measured with high precision
What is Oc-p and what is the mass ordering?  Neutrino Oscillations
Are Neutrinos Dirac or Majorana particles?  0v2p Experiments

What is the neutrino mass scale? i.e. Zm,? i.e. Miightest?

Miguel Escudero Abenza (CERN)



Figure from de Salas et al. 1806.11051
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Mass differences and mixings measured with high precision
What is Oc-p and what is the mass ordering?  Neutrino Oscillations

Are Neutrinos Dirac or Majorana particles?  0v2p Experiments
KATRIN &

Cosmology

( What is the neutrino mass scale? i.e. Zm,? 1.e. Miightest? )
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Neutrino Masses in Cosmology

© 1) Massive neutrinos enhance the expansion history H \/,E
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2) Massive neutrinos suppress the growth of structure
Taken from a talk by Steen Hannestad Link.

Z=0.00 Same total DM energy density in the two boxes!

This happens because neutrinos travel very fast and therefore cannot fall in gravitational
potentials. The effect of this smoothing is proportional to €2

Miguel Escudero Abenza (CERN)


https://www.youtube.com/watch?v=19crVz1HdGI

Neutrino Masses in Cosmology

Cosmic Microwave Background Anisotropies

Neutrinos of 1, < 0.5 ¢V become non-relativistic after recombination.
That means that their effect on the anisotropies is somewhat small!
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Cosmic Microwave Background Anisotropies

Neutrinos of 1, < 0.5 ¢V become non-relativistic after recombination.
That means that their effect on the anisotropies is somewhat small!

The most relevant impact is through the effect of gravitational lensing:

Image Credit ESA

The larger the neutrino mass the less is the CMB light lensed!
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Neutrino Masses in Cosmology

Cosmic Microwave Background Anisotropies

The effect of neutrino masses in the CMB:

1.04

Miguel Escudero Abenza (CERN)

Scales with largest constraining power

> m,=0.25eV
> m, =0.50eV
> m, =0.75eV
> m,=1.00eV

Neutrino Cosmology

Zm,, < 0.54¢eV

(95 % CL, TT+lowE)
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Neutrino Masses in Cosmology

Galaxy Surveys

Suppression from thz

Figure taken from the PDG, Lesgourgues & Verde
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Neutrino Masses in Cosmology
On the Standard Model of Cosmology:

ACDM = Universe currently dominated by a Cosmological Constant
and with Cold Dark Matter
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Neutrino Masses in Cosmology
On the Standard Model of Cosmology:

ACDM = Universe currently dominated by a Cosmological Constant
and with Cold Dark Matter

Model parametrized by 6 parameters: Q7% Q4. h° A, Ny Trio 0O,
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Neutrino Masses in Cosmology
On the Standard Model of Cosmology:

ACDM = Universe currently dominated by a Cosmological Constant
and with Cold Dark Matter

Model parametrized by 6 parameters: Q7% Q4. h° A, Ny Trio 0O,

Parameter degeneracies with the neutrino mass:

see e.g. Archidiacono et al. [1610.09852]

Z m, is strongly correlated with H, and €2
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On the Standard Model of Cosmology:

ACDM = Universe currently dominated by a Cosmological Constant
and with Cold Dark Matter

Model parametrized by 6 parameters: Q> Q..h° A n, Teio O

\)

Parameter degeneracies with the neutrino mass:

see e.g. Archidiacono et al. [1610.09852]

2 m, is strongly correlated with H, and €2

because:

1) The amount of lensing is strongly correlated with the dark matter abundance too

2) The angular diameter distance to recombination is also constrained by these two
parameters
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On the Standard Model of Cosmology:

ACDM = Universe currently dominated by a Cosmological Constant
and with Cold Dark Matter

Model parametrized by 6 parameters: Q> Q..h° A n, Teio O

\)

Parameter degeneracies with the neutrino mass:

see e.g. Archidiacono et al. [1610.09852]

2 m, is strongly correlated with H, and €2

because:

1) The amount of lensing is strongly correlated with the dark matter abundance too

2) The angular diameter distance to recombination is also constrained by these two
parameters

BAO data can break precisely these degeneracies!
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Neutrino Masses from Cosmology

Planck 2018 for ACDM (1807.06209)
Z m, < 0.54eV (95 % CL, TT+lowE)

Z m, < 0.26eV (95 % CL, TTTEEE+lowE)
> m, <0.24eV (95 % CL, TTTEEE+lowE+lensing)

Z m, < 0.12eV (95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)
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Neutrino Masses from Cosmology

Planck 2018 for ACDM (1807.06209)
Z m, < 0.54eV (95 % CL, TT+lowE)

Z m, < 0.26eV (95 % CL, TTTEEE+lowE)
> m, <0.24eV (95 % CL, TTTEEE+lowE+lensing)

Z m, < 0.12eV (95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

DESI (2404.03002)
[ Z my < 0.073eV (95 % CL, CMB+BAO-DESIY1) ]
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Neutrino Masses from Cosmology
Planck 2018 for ACDM (1807.06209)

Z m, < 0.54eV (95 % CL, TT+lowE)

Z m, < 0.26eV (95 % CL, TTTEEE+lowE)
Y m, <0.24eV (95 % CL, TTTEEE+owE+lensing)

Z m, < 0.12eV (95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

DESI (2404.03002)
[ Z my < 0.073eV (95 % CL, CMB+BAO-DESIY1) ]

SPT (2506.20707)
[ Z m, < 0.048 eV (95 % CL, PIanck+ACT+SPT+DESIDR2]
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Neutrino Masses from Cosmology
Planck 2018 for ACDM (1807.06209)

Z m, < 0.54eV (95 % CL, TT+lowE)

Z m, < 0.26eV (95 % CL, TTTEEE+lowE)
Z m, < 0.24eV (95 % CL, TTTEEE+lowE+lensing)

Z m, < 0.12eV (95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

DESI (2404.03002)
[ Z m, < 0.073 eV (95 % CL, CMB+BAO-DESIY1) ]

SPT (2506.20707)
[ Z m, < 0.048 eV (95 % CL, PIanck+ACT+SPT+DESIDR2]

To be compared to the KATRIN bound:
Z m,< 15eV
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Planck 2018 for ACDM (1807.06209)
Z m, < 0.54eV (95 % CL, TT+lowE)

Z m, < 0.26eV (95 % CL, TTTEEE+lowE)
Z m, < 0.24eV (95 % CL, TTTEEE+lowE+lensing)

Z m, < 0.12eV (95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

DESI (2404.03002)
[ 2 m, < 0.073 eV (95 % CL, CMB+BAO-DESIY1) ]

SPT (2506.20707)
[ Z m, < 0.048 eV (95 % CL, PIanck+ACT+SPT+DESIDR2]

To be compared to the KATRIN bound: But also with the minimal possible value!

Y m, < 15eV Y m, 20.06eV > m, 20.10eV

Miguel Escudero Abenza (CERN)



Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?

What about possible systematics in the Planck CMB and BAO data?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
What about possible systematics in the Planck CMB and BAO data?

What is the dependence upon the assumed statistical procedure?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
What about possible systematics in the Planck CMB and BAO data?
What is the dependence upon the assumed statistical procedure?

And, all cosmological bounds are cosmological model dependent
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
What about possible systematics in the Planck CMB and BAO data?
What is the dependence upon the assumed statistical procedure?

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
Not yet as competitive
What about possible systematics in the Planck CMB and BAO data?

What is the dependence upon the assumed statistical procedure?

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
Not yet as competitive
What about possible systematics in the Planck CMB and BAO data?
Changes in Planck’s likelihoods don’t change the effects strongly
What is the dependence upon the assumed statistical procedure?

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
Not yet as competitive

What about possible systematics in the Planck CMB and BAO data?
Changes in Planck’s likelihoods don’t change the effects strongly

What is the dependence upon the assumed statistical procedure?
Very similar results

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?
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Neutrino Masses from Cosmology

Very robust bounds from linear Cosmology AT/T ~ 107>

What about other non-linear cosmological data?
Not yet as competitive

What about possible systematics in the Planck CMB and BAO data?
Changes in Planck’s likelihoods don’t change the effects strongly

What is the dependence upon the assumed statistical procedure?
Very similar results

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?

Next slide!
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Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+SDSS and 3 degenerate neutrinos
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Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+SDSS and 3 degenerate neutrinos

Z m, < 0.12eV  Standard Case ACDM+m,
Planck 1807.06209

Z m, < 0.25eV  Dark Energy dynamics CDM+m+wa+w
Choudhury & Hannestad 19"

Z m, < 0.15eV  Varying Curvature ACDM+m +Qx
Choudhury & Hannestad 19'

Z m, < 0.13eV  Varying Ne ACDM+m +Nes
Planck 1807.06209
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Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+SDSS and 3 degenerate neutrinos

Z m, < 0.12eV  Standard Case ACDM+m,
Planck 1807.06209

Z m, < 0.25eV  Dark Energy dynamics CDM+m+wa+w
Choudhury & Hannestad 19"

Z m, < 0.15eV  Varying Curvature ACDM+m +Qx
Choudhury & Hannestad 19'

Z m, < 0.13eV  Varying Ne ACDM+m +Nes
Planck 1807.06209

From the latests DESI DR2 results:

Dynamical Dark Energy: Z m, < 0.163eV  watwo+m, DESI 2503.14744
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Cosmological Model Dependence

Planck+SDSS and 3 degenerate neutrinos

Z m, < 0.12eV  Standard Case ACDM+m,
Planck 1807.06209

Z m, < 0.25eV  Dark Energy dynamics CDM+m+wa+w
Choudhury & Hannestad 19'

Z m, < 0.15eV  Varying Curvature ACDM+m +Qx
Choudhury & Hannestad 19’

Z m, < 0.13eV  Varying Nes ACDM+m +Ness
Planck 1807.06209

From the latests DESI DR2 results:

Dynamical Dark Energy: Z m, < 0.163eV  watwo+my DESI 2503.14744

Constraints are robust upon standard modifications of ACDM
and weaken only substantially for dynamical dark energy

Miguel Escudero Abenza (CERN)



Neutrino Masses from Cosmology

The main source of the tension:
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Neutrino Masses from Cosmology

The main source of the tension:

Naredo-Tuero et al. [2407.13831]

0.36 - 0.4
0.34 -
- 0.3
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0.28{ B SDSS

B DESI
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— CMB
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay
vy — Vij
Y m, $02eV

Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

V= Uy

at least: Z my 5 042 €V

Abellan, Poulin et al. 1909.05275, 2112.13862
Escudero, Lopez-Pavén, Rius & Sandner 2007.04994
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https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425

Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Time Dependent

Invisible Neutrino Decay Neutrino Masses

Vi = 1 ¢ Late phase transition
m, S 0.2eV
Z v~ m, < 1.4eV
Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425 Dvali & Funcke 1602.03191
Lorenz et al. 1811.01991 & 2102.13618
Vi = Uy ¢ Ultralight scalar field screening
at least: E my 5 042 eV E m, < 3eV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804

Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Wetterich et al. 1009.2461
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https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425

Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Deca Time Dependent Non-standard
y Neutrino Masses Neutrino Populations
Vi = 1 ¢ Late phase transition I, < TDS M4+ DR
<
2,y S 02eV Y m, < 14eV Y m, <36V
Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
Ui = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
atieast: )’ m, S 0.42eV > m, <3ev Zm <3eV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Wetterich et al. 1009.2461 Alvey, Escudero & Sabti 2111.12726
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Deca Time Dependent Non-standard
y Neutrino Masses Neutrino Populations
Vi = V' ¢ Late phase transition TD < TDSM + DR
Z , 5 0.2¢eV E m,< 14eV Zmy<3eV
Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
U; = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E mv S 042 eV va < 3eV z m < 3 CV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Wetterich et al. 1009.2461 Alvey, Escudero & Sabti 2111.12726

Bounds can be significantly relaxed in some extensions of ACDM.
They require modifications to the neutrino sector.
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Deca Time Dependent Non-standard
y Neutrino Masses Neutrino Populations
Vi = V' ¢ Late phase transition Ty < TDSM + DR
Z , 5 0.2¢eV E m, < 14eV Zmy<3eV
Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
U; = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
atieast: )’ m, S 0.42eV Y m,<3eV z'm <3eV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Wetterich et al. 1009.2461 Alvey, Escudero & Sabti 2111.12726

Bounds can be significantly relaxed in some extensions of ACDM.
They require modifications to the neutrino sector.

But Why? and How?
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Deca Time Dependent Non-standard
y Neutrino Masses Neutrino Populations
Vi = V' ¢ Late phase transition Ty < TDSM + DR
Z , 5 0.2¢eV E m, < 14eV Zmy<3eV
Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
4 R
U; = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E mv 5 042 eV va < 3eV Z m < 3 GV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvad6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Wetterich et al. 1009.2461 Alvey, Escudero & Sabti 2111.12726
\ J

Bounds can be significantly relaxed in some extensions of ACDM.
They require modifications to the neutrino sector.

But Why? and How?
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Neutrino Masses from Cosmology
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Neutrino Masses from Cosmology
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Neutrino Masses from Cosmology
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Neutrino Masses from Cosmology
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Not only a background effect:

Massive neutrinos also affect CMB lensing & {2,
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Neutrino Decays
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Neutrino Decays
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Neutrino Decays
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Neutrinos decaying with 7,, < #;; /10 do not impact Du(zcws)

Miguel Escudero Abenza (CERN)

Neutrino Cosmology

Vietnam 24-07-25



Neutrino Decays
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Rekombination

Neutrinos decaying with 7,, < #;; /10 do not impact Du(zcws)

Effect of induced neutrino Lensing is substantially reduced
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Neutrinos decaying with 7,, < #;; /10 do not impact Du(zcws)

Effect of induced neutrino Lensing is substantially reduced

Unstable Neutrinos can relax the bounds on Zm,!
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent Non-standard
V. = U Neutrino Masses Neutrino Populations
I J
Late phase transition Ty < TDSM
E m, < 0.2eV
Oldengott et al. 2203.09075 & 2011.01502 E m, < 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
yl- — y4 ¢ Ultralight scalar field screening > > 3.15 TSM
at least: E n, 5 0.42eV Zmy <3eV E m, < 3eV
Abellan, P<’>ulin et al’. 190_9'05275’ 2112.13862 Esteban & Salvado6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994  poiophan Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870

Take Away Message:
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent Non-standard
v, = i Neutrino Masses Neutrino Populations
l J
Late phase transition Ty < TDSM
E m, < 0.2eV
Oldengott et al. 2203.09075 & 2011.01502 E m, < 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
Uy = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E n, 5 0.42eV Z m, < 3eV E nm, < 3eV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994  poiopan Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870

Take Away Message:
Cosmology can only constrain €2 (z) and not directly m,,
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent Non-standard
v, = U Neutrino Masses Neutrino Populations
l J
Late phase transition TD < TUSM
E m, < 0.2eV
Oldengott et al. 2203.09075 & 2011.01502 E my < 14 €V Z my < 3 eV
Escudero & Fairbairn 1907.05425
Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Escudero, Schwetz & Terol-Calvo 2211.01729
U, = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E n, 5 0.42eV Zmy < 3eV E m, < 3eV
Abellan, Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994  poiopan Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870

Take Away Message:

Cosmology can only constrain €2 (z) and not directly m,,

All these models reduce €2 (z) with respect to the one in ACDM
and are in excellent agreement with all known cosmological data
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https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
https://arxiv.org/abs/2211.01729

Take Home Messages

1) In the Standard Model, neutrinos are always a relevant
component of the Universe across its entire history
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1) In the Standard Model, neutrinos are always a relevant
component of the Universe across its entire history

2) When neutrinos are relativistic, their energy density Is
measured by N_; which in the Standard Model is 3.044
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1) In the Standard Model, neutrinos are always a relevant
component of the Universe across its entire history

2) When neutrinos are relativistic, their energy density Is
measured by N_; which in the Standard Model is 3.044

3) The agreement between measurements of NV and its

prediction represents an important constraint for many
BSM settings, including sterile neutrinos
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1) In the Standard Model, neutrinos are always a relevant
component of the Universe across its entire history

2) When neutrinos are relativistic, their energy density Is
measured by N_; which in the Standard Model is 3.044

3) The agreement between measurements of NV and its

prediction represents an important constraint for many
BSM settings, including sterile neutrinos

4) Cosmological bounds are cosmological model
dependent, but given a cosmological model in some
scenarios very strong constraints can be drawn

Miguel Escudero Abenza (CERN)
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Take Home Messages

4) Cosmological neutrino masses are getting extremely
strong. This is in part due to a small tension between CMB
and BAO predictions on €2 and H,,
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4) Cosmological neutrino masses are getting extremely
strong. This is In part due to a small tension between CMB
and BAO predictions on {2 and H,

5) All cosmological neutrino mass bounds are
cosmological model dependent. There are models which
can be compatible with laboratory data even if the
cosmological bound looks very stringent
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Global Perspective
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Global Perspective
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Global Perspective

In the next 5-6 years:
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Time for Questions and Comments

Thank you for your attention!

miguel.escudero@cern.ch
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Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
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Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
Z m, < 0.12eV  Planck+SDSS-BAO Planck 1807.06209
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Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
Z m, < 0.12eV  Planck+SDSS-BAO Planck 1807.06209
Z m, < 0.073eV ~ CMB+DESI-BAO DESI 2404.03002
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Neutrino Masses from Cosmology

Data beyond Planck within ACDM

Zm,, < 0.26eV
Zmy < 0.12eV
Y m, <0.073eV
> my, <0.86eV

Miguel Escudero Abenza (CERN)

Planck Planck 1807.06209
Planck+SDSS-BAO Planck 1807.06209
CMB+DESI-BAO DESI 2404.03002
SDSS P(k) lvanov et al. 1909.05277
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Z m, < 0.26eV

Zmy < 0.12eV
Y m, <0.073eV
Zmy < 0.86eV

Zm,/ < 0.16eV

Miguel Escudero Abenza (CERN)

Planck

Planck+SDSS-BAO
CMB+DESI-BAO
SDSS P(k)

Planck+SDSS P(k)

Neutrino Cosmology

Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Planck 1807.06209

Planck 1807.06209

DESI 2404.03002

Ilvanov et al. 1909.05277

Ilvanov et al. 1912.08208
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Z m, < 0.26eV

Zmy < 0.12eV
Y m, <0.073eV
Zmy < 0.86eV

Zm,/ < 0.16eV
Zmy < 0.58¢eV
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Planck

Planck+SDSS-BAO
CMB+DESI-BAO
SDSS P(k)

Planck+SDSS P(k)

Lyman-a+Hoprior

Neutrino Cosmology

Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Planck 1807.06209

Planck 1807.06209

DESI 2404.03002

Ilvanov et al. 1909.05277

Ilvanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073
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Z m, < 0.26eV

Zmy < 0.12eV
Y m, <0.073eV
Zmy < 0.86eV

Zm,/ < 0.16eV
> my, <0.58eV
Zmy < 0.10eV
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Planck

Planck+SDSS-BAO
CMB+DESI-BAO
SDSS P(k)

Planck+SDSS P(k)
Lyman-a+Hoprior

Planck+Lyman-a

Neutrino Cosmology

Neutrino Masses from Cosmology
Data beyond Planck within ACDM

Planck 1807.06209

Planck 1807.06209

DESI 2404.03002

Ilvanov et al. 1909.05277

Ilvanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073
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Z m, < 0.26eV

Zmu < 0.12eV
D m, <0.073eV

Zmy < 0.86eV
Zm,, < 0.16eV
Zm,, < 0.58¢eV

Zmy < 0.10eV
D m, <0.048eV
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Data beyond Planck within ACDM

Planck

Planck+SDSS-BAO
CMB+DESI-BAO
SDSS P(k)

Planck+SDSS P(k)
Lyman-a+Hoprior
Planck+Lyman-a

Planck+DESI+Ho

Planck 1807.06209

Planck 1807.06209

DESI 2404.03002

lvanov et al. 1909.05277

lvanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073

Jiang et al. 2407.18047



Z m, < 0.26eV

Zmu < 0.12eV
D m, <0.073eV

Zmy < 0.86eV
Zm,, < 0.16eV
Zm,, < 0.58¢eV

Zmy < 0.10eV
D m, <0.048eV

D m, <0.081eV
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Data beyond Planck within ACDM

Planck

Planck+SDSS-BAO
CMB+DESI-BAO
SDSS P(k)

Planck+SDSS P(k)
Lyman-a+Hoprior
Planck+Lyman-a
Planck+DESI+H,
Planck+DESI+SN

Planck 1807.06209

Planck 1807.06209

DESI 2404.03002

lvanov et al. 1909.05277

lvanov et al. 1912.08208
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Data beyond Planck within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209

Z m, < 0.12eV  Planck+SDSS-BAO Planck 1807.06209

Z m, < 0.073eV ~ CMB+DESI-BAO DESI 2404.03002

Z m, < 0.86eV  SDSS P(k) Ivanov et al. 1909.05277
Z m, < 0.16eV  Planck+SDSS P(k) lvanov et al. 1912.08208
Z m, < 0.58eV  Lyman-a+Hoprior Palanque-Delabrouille

Z m, < 0.10eV  Planck+Lyman-a et al. 1911.09073

Z m, < 0.048eV  Planck+DESI+Ho Jiang et al. 2407.18047

Z m, < 0.081eV  Planck+DESI+SN Jiang et al. 2407.18047

Planck+BAO drive current cosmological constraints [compare DESI and SDSS]
Non-linear or mildly non-linear data sets break degeneracies in the fit

The larger Ho is, the stronger the constraint on Z m,, ig (However this comes from combining

two data sets in strong tension!)
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Neutrino Masses from Cosmology

Not only the bounds are stringent but there is no sign for a non-

zero neutrino mass!

Jiang et al. [2407.18047]

P/Pax

/

0.00 0.05 0.10
Zmy [eV]

FIG. 1. Posterior distributions for the

baseline

+ SNela

+ SDSS

+ CC

+ SHOES

+ XSZ

+ GRB

ACT extended

0.15

sum of the neu-

trino masses »  m, (in eV) obtained within the 7-parameter
ACDM+)  m, model in light of different dataset combina-

tions, as per the color coding.
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Neutrino Masses from Cosmology

Not only the bounds are stringent but there is no sign for a non-
zero neutrino mass!

Jiang et al. [2407.18047] Naredo-Tuero et al. [2407.13831]
S e—— ~ i [Planck + DESI-Y1 |
—— + SNela : Planck1§-PR3 + DESI-Y1
—— + SDSS ' /
—— +CC o
— 4+ SHOES . —HiLLiPoP23-PR4 + DESI-Y 1-no07
5 —— +XSZ
§ L GRB mock Y'm,=0eV
----- ACT extended .~ mock Y m,=0.06 eV
\ S I '/ /-——mock Sm,=0.10 eV
& NN
N \\ ~
B e S~ s o S ~
0.00 0.05 0.10 0.15 R T
Ym,[eV] 0.1 0.2 0.3
> my, (eV)

FIG. 1. Posterior distributions for the sum of the neu-
trino masses »  m, (in eV) obtained within the 7-parameter
ACDM+)  m, model in light of different dataset combina-
tions, as per the color coding.
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Neutrino Masses from Cosmology

Neutrino masses and the Planck lensing anomaly

There is an anomaly Iin the Planck 2018 data at high multipoles which could
potentially have relevant implications for the neutrino mass constraints

Miguel Escudero Abenza (CERN) Neutrino Cosmology Vietnam 24-07-25



Neutrino masses and the Planck lensing anomaly

There is an anomaly in the Planck 2018 data at high multipoles which could
potentially have relevant implications for the neutrino mass constraints

This tension (30) is parametrized in terms of the AL parameter, which is an
unphysical parameter modifying the amplitude of the lensing spectrum!
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Neutrino masses and the Planck lensing anomaly

There is an anomaly in the Planck 2018 data at high multipoles which could
potentially have relevant implications for the neutrino mass constraints

This tension (30) is parametrized in terms of the AL parameter, which is an
unphysical parameter modifying the amplitude of the lensing spectrum!

Importantly, the Planck collaboration claims that the most likely origin of this
tension is a statistical fluctuation:

1807.06209 If the AL > 1 preference is simply a statistical excursion

Planck 2018 results. VI. Cosmological parameters ~ (Perhaps the most likely explanation), this indicates that there
are random features in the spectrum that are pulling some pa-

rameters unusually far from expected values.*’ There are several
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Neutrino masses and the Planck lensing anomaly

There is an anomaly in the Planck 2018 data at high multipoles which could
potentially have relevant implications for the neutrino mass constraints

This tension (30) is parametrized in terms of the AL parameter, which is an
unphysical parameter modifying the amplitude of the lensing spectrum!

Importantly, the Planck collaboration claims that the most likely origin of this
tension is a statistical fluctuation:

1807.06209 If the AL > 1 preference is simply a statistical excursion

Planck 2018 results. VI. Cosmological parameters (Perhaps the most likely explanation), this indicates that there
are random features in the spectrum that are pulling some pa-

rameters unusually far from expected values.*’ There are several

In addition, more recent analyses of the

Planck data do point in that direction:
see Rosenberg, Gratton & Efstathiou 2205.10869

The lower noise of the NPIPE maps leads to tighter parameter
constraints, with a ~10% improvement in most ACDM parameters in
TTTEEE due primarily to improvements in polarization. For ACDM
extensions we find that, relative to PR3, NPIPE polarization shrinks
the error bars on Qx and Ay, from EE by 40% and 25% respectively,
and by 15% and 8% in TTTEEE. That these smaller error bars
are accompanied by shifts toward the ACDM values continues the
trend observed in EG21 of decreasing the Qg and Ay tensions as
more data is used, as would be expected if these pulls were due to
a statistical fluctuation. Overall, we conclude that NPIPE, despite

Miguel Escudero Abenza (CERN)



Neutrino masses and the Planck lensing anomaly

There is an anomaly in the Planck 2018 data at high multipoles which could
potentially have relevant implications for the neutrino mass constraints

This tension (30) is parametrized in terms of the AL parameter, which is an
unphysical parameter modifying the amplitude of the lensing spectrum!

Importantly, the Planck collaboration claims that the most likely origin of this
tension is a statistical fluctuation:

1807.06209 If the AL > 1 preference is simply a statistical excursion

Planck 2018 results. VI. Cosmological parameters ~ (Perhaps the most likely explanation), this indicates that there
are random features in the spectrum that are pulling some pa-

rameters unusually far from expected values.*’ There are several

In addition, more recent analyses of the

Planck data do point in that direction:
see Rosenberg, Gratton & Efstathiou 2205.10869

The lower noise of the NPIPE maps leads to tighter parameter

constraints, with a ~10% improvement in most ACDM parameters in With Planck PR4, we find results even more compatible with
TTTEEE due primarily to improvements in polarization. For ACDM unity compared to p;'evious releases. Indeed for TTTEEE, we

extensions we find that, relative to PR3, NPIPE polarization shrinks now obtain

the error bars on Qg and Ay, from EE by 40% and 25% respectively, A = 1.039 +0.052, (35)
and by 15% and 8% in TTTEEE. That these smaller error bars
are accompanied by shifts toward the ACDM values continues the
trend observed in EG21 of decreasing the Qg and Ay tensions as
more data is used, as would be expected if these pulls were due to
a statistical fluctuation. Overall, we conclude that NPIPE, despite

see Tristan et al 2309.10034

which is compatible with the ACDM expectation (at the 0.7 o
level). As shown in Table 6, while the results for EE and TE
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Neutrino Masses from Cosmology

Neutrino masses and the Planck lensing anomaly

The neutrino mass bound weakens in Planck implementations not featuring the
lensing anomaly
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Neutrino masses and the Planck lensing anomaly

The neutrino mass bound weakens in Planck implementations not featuring the
lensing anomaly

6Naredo-Tuero et aI [2407 13831]
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Neutrino masses and the Planck lensing anomaly

The shift is not so significant when adding BAO data but still can vary within 30%!

Naredo Tuero et al. [2407. 13831]
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CNB Detection?

The CNB represents the largest flux of neutrinos on Earth! @

Vltagllano Tamborra & Raffelt [1910. 11878]
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CNB Detection?

The CNB represents the largest flux of neutrinos on Earth! @

Vltagllano Tamborra & Raffelt [1910. 11878]
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However, they are very low energetic @
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