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© Neutrino masses are the only laboratory evidence of physics
beyond the Standard Model
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© Neutrino masses are the only laboratory evidence of physics
beyond the Standard Model

Use neutrinos to understand open problems in cosmology

@ Neutrinos are ubiquitous in Cosmology

Neutrinos

Photons

Use cosmological data to understand their properties
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1) Neutrinos in ACDM

2) Evidence for the Cosmic Neutrino Background

Recent constraints on Vg

3) Neutrino Masses in and beyond ACDM

Neutrino decays as a particle physics avenue to relax the Z m,, bounds

4) Conclusions and Outlook
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1) Neutrinos in ACDM

2) Evidence for the Cosmic Neutrino Background

Recent constraints on Vg

3) Neutrino Masses in and beyond ACDM

Neutrino decays as a particle physics avenue to relax the 2 m,, bounds

4) Conclusions and Outlook

Not covered due to time constraints but very happy to discuss at any length offline:
Neutrinos and the Hubble tension

Neutrino interactions in cosmology
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Neutrino Evolution

Neutrinos are always a relevant species in the Universe’s evolution
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Neutrinos are always a relevant species in the Universe’s evolution
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Evidence for Cosmic Neutrinos

Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis

Current measurements are consistent with the SM picture*

® H-~75% @ ‘He~25% @ D-~0.005%
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Big Bang Nucleosynthesis
Current measurements are 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

By comparing predictions against observations, we know:

N?ffBN — 286 i 028] see e.g. Pisanti et al. 2011.11537

*A very recent measurement of the primordial Helium abundance 3¢ smaller than
the SM expectation could indicate the presence of a large lepton asymmetry:

L, ~ 1073 (which would not alter the fo?N bound significantly) see Matsumoto et al. 2203.09617
¢ and also Burns, Tait & Valli 2206.00693
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https://arxiv.org/pdf/2203.09617.pdf
https://arxiv.org/pdf/2206.00693.pdf

Evidence for Cosmic Neutrinos

Cosmic Microwave Background Why?
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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 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

@ Current Constraints

BBN NEfPN = 2.86 £ (0.28 Pisanti et al. 2011.11537

Planck+BAO fofMB —200+4+0.17 Planck 2018, 1807.06209
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Evidence for Cosmic Neutrinos

@ Current Constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

Planck+BAO N CMB — 209 +0.17 Planck 2018, 1807.06209

Escudero Abenza 2001.04466

© Standard Model Prediction: N = 3.044(1) fmmmetimtn.

Gariazzo, Pastor & Wong 2012.02726

© Data is in excellent agreement with the Standard Model prediction
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Current Constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

Planck+BAO N CMB _— 1200+ (.17 Planck 2018, 1807.06209

Escudero Abenza 2001.04466

Standard Model Prediction: N esflg/l = 3.044(1) Fomerasape mmmoms

Gariazzo, Pastor & Wong 2012.02726

Data is in excellent agreement with the Standard Model prediction

Implications:

see Pilar Coloma’s,

1) Stringent constraint on many BSM settings
Sterile neutrinos, Goldstone bosons, hidden sector particles, GW ...vaerie bomeke's taiks
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Current Constraints

BBN NBBN 2.86 £0.28 Pisanti et al. 2011.11537

Planck+BAO N CMB _— 1200+ (.17 Planck 2018, 1807.06209

Escudero Abenza 2001.04466

Standard Model Prediction: N esflg/l = 3.044(1) oo rirossvope musorens

Gariazzo, Pastor & Wong 2012.02726

Data is in excellent agreement with the Standard Model prediction

Implications:

see Pilar Coloma’s,

1) Stringent constraint on many BSM settings
Sterile neutrinos, Goldstone bosons, hidden sector particles, GW ...vaerie bomeke's taiks

2) Strong evidence for the Cosmic Neutrino Background

[Which means we can use cosmological data to test properties of neutrinos!]
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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)
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Neutrino Masses from Cosmology

Planck 2018 for ACDM (1807.06209)
> my, <0.54eV
Zmy < 0.26eV
Y my, <0.24eV

(95 % CL, TT+lowE)

(95 % CL, TTTEEE+lowE)

(95 % CL, TTTEEE+lowE+lensing)

[Z m, < 0.12eV

(95 % CL, TTTEEE+IowE+Iensing+BAO)]

To be compared to the KATRIN bound: Z m,<24eV

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

What about other non-linear cosmological data?

What about possible systematics in the Planck data?

And, all cosmological bounds are cosmological model dependent

What is the dependence upon the assumed Cosmological Model?

Miguel Escudero (TUM)
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Neutrino Masses from Cosmology
Data beyond Planck and BAO within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
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Neutrino Masses from Cosmology

Data beyond Planck and BAO within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
Z m, < 0.12e¢V  Planck+BAO Planck 1807.06209
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Neutrino Masses from Cosmology
Data beyond Planck and BAO within ACDM

Z m, < 0.26eV  Planck Planck 1807.06209
Z m, < 0.12e¢V  Planck+BAO Planck 1807.06209
Z m, < 0.86eV  BOSS P(k) lvanov et al. 1909.05277
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Neutrino Masses from Cosmology

Data beyond Planck and BAO within ACDM

Zmy < 0.26eV
Zmy < 0.12eV
> my, <0.86eV
> my, <0.16eV

Miguel Escudero (TUM)

Planck
Planck+BAO
BOSS P(k)
Planck+BOSS P(k)

Neutrino Cosmology

Planck 1807.06209

Planck 1807.06209

Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208
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Zmy < 0.26eV
Zm,, < 0.12eV
> my, <0.86eV
> my, <0.16eV
> my, <0.58eV
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Planck
Planck+BAO
BOSS P(k)
Planck+BOSS P(k)

Lyman-a+Hoprior

Neutrino Cosmology
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Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208
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et al. 1911.09073
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Zmy < 0.26eV
Zm,, < 0.12eV
> my, <0.86eV
> my, <0.16eV
> my, <0.58eV

Zm,, < 0.10eV
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Planck
Planck+BAO
BOSS P(k)
Planck+BOSS P(k)
Lyman-a+Hoprior

Planck+Lyman-o

Neutrino Cosmology

Neutrino Masses from Cosmology

Data beyond Planck and BAO within ACDM

Planck 1807.06209

Planck 1807.06209
Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073
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Zmy < 0.26eV
Zm,, < 0.12eV
> my, <0.86eV
> my, <0.16eV
> my, <0.58eV
Zm,, < 0.10eV
> my, <0.08eV
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Planck
Planck+BAO
BOSS P(k)
Planck+BOSS P(k)
Lyman-a+Hoprior
Planck+Lyman-o

Planck+BAO+H,

Neutrino Cosmology

Neutrino Masses from Cosmology

Data beyond Planck and BAO within ACDM

Planck 1807.06209
Planck 1807.06209
Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073

Choudhury & Hannestad
1907.12598
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Data beyond Planck and BAO within ACDM

Zmy < 0.26eV
Zm,, < 0.12eV
> my, <0.86eV
Zm,, < 0.16eV
> my, <0.58eV
Zm,, < 0.10eV
> my, <0.08eV
> my, <0.09eV
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Planck

Planck+BAO

BOSS P(k)
Planck+BOSS P(k)
Lyman-a+Hoprior
Planck+Lyman-a
Planck+BAO+H,
Planck+BAO+SN+RSD

Planck 1807.06209

Planck 1807.06209
Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073

Choudhury & Hannestad
1907.12598

di Valentino, Gariazzo & Mena
2106.15267



Data beyond Planck and BAO within ACDM

Zmy < 0.26eV
Zm,, < 0.12eV
> my, <0.86eV
Zm,/ < 0.16eV
> my, <0.58eV
Zm,, < 0.10eV
> my, <0.08eV

Z m, < 0.09eV

Planck is driving current cosmological constraints

Planck

Planck+BAO

BOSS P(k)
Planck+BOSS P(k)
Lyman-a+Hoprior
Planck+Lyman-a
Planck+BAO+H,
Planck+BAO+SN+RSD

Planck 1807.06209

Planck 1807.06209
Ilvanov et al. 1909.05277

Ivanov et al. 1912.08208

Palanque-Delabrouille
et al. 1911.09073

Choudhury & Hannestad
1907.12598

di Valentino, Gariazzo & Mena
2106.15267

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

Miguel Escudero (TUM)

two data sets in strong tension!)



Neutrino Masses from Cosmology
Neutrino masses and the Planck lensing anomaly

There is an anomaly In the Planck data at high multipoles which could potentially
have relevant implications for the neutrino mass constraints — see di Valentino’s talk
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Neutrino masses and the Planck lensing anomaly

There is an anomaly Iin the Planck data at high multipoles which could potentially
have relevant implications for the neutrino mass constraints — see di Valentino’s talk

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 Iin the Planck data at high multipoles which could potentially
have relevant implications for the neutrino mass constraints — see di Valentino’s talk

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 Iin the Planck data at high multipoles which could potentially
have relevant implications for the neutrino mass constraints — see di Valentino’s talk

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 A > 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
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Neutrino masses and the Planck lensing anomaly

There is an anomaly Iin the Planck data at high multipoles which could potentially
have relevant implications for the neutrino mass constraints — see di Valentino’s talk

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 Finally, even in the presence of this anomaly the
Planck data do point in that direction: effect on the neutrino mass bound is expected to

_ be of only 20% within ACDM!
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 (TUM)

Motloch and Hu 1912.06601

As is well known, the Planck lensing-like anomaly
strengthens neutrino mass constraints. When combining
Planck data with current BAO and SN data, we find that
the lensing-like anomaly improves the neutrino mass con-
straints by less than 20%. Additionally allowing nonzero
curvature further degrades this constraint by only about
10%. We find that when considering either PP or BAO+SN
on top of Planck temperature and polarization power
spectra, the data are consistent with flat Universe and
this preference is not affected by the lensing anomaly.



Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+BAO and 3 degenerate neutrinos
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Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+BAO 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

E m, < 0.17eV  Varying Nesi+w+as+my CDM+my+Nesi+w+as+my
di Valentino et al. 1908.01391

Miguel Escudero (TUM) Neutrino Cosmology Invisibles22 23-06-22



Neutrino Masses from Cosmology

Cosmological Model Dependence

Planck+BAO 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'

» my, <0.13eV  Varying Ner ACDM-+m +Nest
Planck 1807.06209

E m, < 0.17eV  Varying Nesi+w+as+my CDM+m +Nesi+w+as+my
di Valentino et al. 1908.01391

© Constraints are robust upon standard modifications of ACDM
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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 — Vj¢
Z m,S 0.2eV

Oldengott, Wong et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873

V= Uy

at least: Z my 5 042 €V

Poulin et al. 1909.05275, 2112.13862
Escudero, Lopez-Pavén, Rius & Sandner 2007.04994
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent
— & Neutrino Masses
Late phase transition
Z m,S0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 2 m, < 1.4eV

Escudero & Fairbairn 1907.05425

Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191

Lorenz et al. 1811.01991 & 2102.13618

U; = Uy gb Ultralight scalar field screening
at least: E m, < 0.42eV E m, < 3eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvad6 2101.05804
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Esteban, Mena & Salvadé 2202.04656
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Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent Non-standard
V= v Neutrino Masses Neutrino Populations
l J
Late phase transition Ty < TUS M1 DR
E m, S 0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 E m, < 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Renk et al. 2009.03286
Vi = Uy gb Ultralight scalar field screening p,> > 3.15 TSM
at least: E my 5 042 eV va < 3eV E m < 3 eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Esteban, Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent
Neutrino Masses
v > Vi
Late phase transition
Y m, $02eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 2 m,< 1.4eV

Escudero & Fairbairn 1907.05425

Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191

Lorenz et al. 1811.01991 & 2102.13618

U; = Uy qﬁ Ultralight scalar field screening
at least: E m, S 042eV z m, < 3eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804
Escudero, Lopez-Pavén, Rius & Sandner 2007.04994 Esteban, Mena & Salvadé 2202.04656

Non-standard
Neutrino Populations

T, < T>M + DR

Zmy<3eV

Farzan & Hannestad 1510.02201
Renk et al. 2009.03286

p,>>3157M

Zm < 3eV

Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

Bounds can significantly loosen 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 Decay Time Dependent Non-standard
V= v Neutrino Masses Neutrino Populations
l J
Late phase transition I, < TS’ M1 DR
E m, S 0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 E m,< 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Renk et al. 2009.03286
Ui = Uy qﬁ Ultralight scalar field screening p,> > 315 TSM
at least: E mv 5 042 eV va < 3eV E m < 3 eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvad6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994 Esteban, Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870

Bounds can significantly loosen 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 Decay Time Dependent Non-standard
V= v Neutrino Masses Neutrino Populations
l J
Late phase transition I, < TS’ M1 DR
E m, S 0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 E m,< 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Renk et al. 2009.03286
- -
Ui = Uy qﬁ Ultralight scalar field screening p,> > 315 TSM
atieast: )’ m, < 0.42eV Y om, <3eV z'm <3eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvad6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994) Esteban, Mena & Salvadé 2202.04656 Alvey, Escudero & Sabti 2111.14870

Bounds can significantly loosen 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 & QV

Miguel Escudero (TUM)

Neutrino Cosmology

Invisibles22 23-06-22

14



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

Effect of induced neutrino Lensing is substantially reduced
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Scale Factor a/ay = (1 + 2)™!
Neutrinos decaying with 7,, < #;; /10 do not impact Du(zcus)
Effect of induced neutrino Lensing is substantially reduced
Unstable Neutrinos can relax the bounds on Zm,!

Miguel Escudero (TUM)



Neutrino Masses from Cosmology

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Invisible Neutrino Decay Time Dependent Non-standard
U — U Neutrino Masses Neutrino Populations
[ J
Late phase transition Ty < TDSM
E m, < 0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 E m, < 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Renk et al. 2009.03286
U; = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E my50426V Zmy<3ev Z:m <3eV
Poulin’et al. 1999'05_275’ 2112.13862 Esteban & Salvadé6 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994  pq0pan 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
U, — U b Neutrino Masses Neutrino Populations
[ J
Late phase transition Ty < TUSM
E m, < 0.2eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 E m, < 1.4eV Z m, < 3eV
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191 Farzan & Hannestad 1510.02201
Lorenz et al. 1811.01991 & 2102.13618 Renk et al. 2009.03286
U; = Uy ¢ Ultralight scalar field screening p,> > 3.15 TSM
at least: E n, 5 042eV Z m, < 3eV E m, < 3eV
Poulin et al. 1909.05275, 2112.13862 Esteban & Salvadé 2101.05804 Oldengott et al. 1901.04352
Escudero, Lopez-Pavon, Rius & Sandner 2007.04994  pq0pan 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
Neutrino Masses
v > Vi
Late phase transition
Y m, <02eV
Oldengott, Wong et al. 2203.09075 & 2011.01502 2 m,< 1.4eV

Escudero & Fairbairn 1907.05425

Archidiacono & Hannestad 1311.3873 Dvali & Funcke 1602.03191

Lorenz et al. 1811.01991 & 2102.13618

U, = Uy ¢ Ultralight scalar field screening

at least: Z m, 5 0.42eV Z m, < 3eV

Poulin et al. 1909.05275, 2112.13862
Escudero, Lopez-Pavén, Rius & Sandner 2007.04994

Esteban & Salvado6 2101.05804
Esteban, Mena & Salvadé 2202.04656

Take Away Message:

Non-standard
Neutrino Populations

T, <1TM

Zmy<3eV

Farzan & Hannestad 1510.02201
Renk et al. 2009.03286

p,>>3157M

Zm < 3eV

Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

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/1311.3873

Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

( )

Invisible Neutrino Decay
v > Vi
Y m, <02eV

Oldengott, Wong et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425
Archidiacono & Hannestad 1311.3873

V= Uy

at least: Z m, 5 0.42 eV

Poulin et al. 1909.05275, 2112.13862

Escudero, Lépez-Pavon, Rius & Sandner 2007.04995

Take Away Message:

Time Dependent
Neutrino Masses

Late phase transition

' m, < 14eV

Dvali & Funcke 1602.03191
Lorenz et al. 1811.01991 & 2102.13618

Ultralight scalar field screening

Zmy<3eV

Esteban & Salvado6 2101.05804
Esteban, Mena & Salvadé 2202.04656

Non-standard
Neutrino Populations

T, <1TM

Zmy<3eV

Farzan & Hannestad 1510.02201
Renk et al. 2009.03286

p,>>3157M

Zm < 3eV

Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

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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Neutrino Decay Landscape

® 2 Neutrinos decay in the SM but with 7, ~ (GZm>)~' > 10°° yr > ty
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Neutrino Decay Landscape

® 2 Neutrinos decay in the SM but with 7, ~ (GZm>)~' > 10°° yr > ty

© Radiative decays are strongly constrained: 7, > 10° — 10'° ¢
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Neutrino Decay Landscape

© 2 Neutrinos decay in the SM but with 7, ~ (GZ2m5)™ > 1033 yr >t/

© Radiative decays are strongly constrained: 7, > 10° — 10'° ¢

@ Invisible neutrino decays are substantially less constrained:
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Neutrino Decays into lighter neutrinos

v; — v; ¢ Decays
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Neutrino Decays into lighter neutrinos

v; — v; ¢ Decays
Theory: These happen naturally in scenarios with light mediators charged under
horizontal flavor symmetries, e.g. Lﬂ — LT see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model
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Neutrino Decays into lighter neutrinos

v; — v; ¢ Decays
Theory: These happen naturally in scenarios with light mediators charged under
horizontal flavor symmetries, e.g. L,u — LT see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model
Couplings: 7, < 1, taking the L, — L, case means v, . < 30 TeV for both global and gauge U(1)
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Neutrino Decays into lighter neutrinos

v; — v; ¢ Decays

Theory: These happen naturally in scenarios with light mediators charged under
horizontal flavor symmetries, e.g. Lﬂ — LT see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model

Couplings: 7, < 1, taking the L, — L, case means v, . < 30 TeV for both global and gauge U(1)

However, because there is a neutrino in the final state the mass bounds are
expected to only be relaxed mildly:
h2 —

lightest
3Xm,

g 93.14eV
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v; — U; ¢ Decays
Theory: These happen naturally in scenarios with light mediators charged under
horizontal flavor symmetries, e.g. L,u — LT see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model
Couplings: 7, < 1, taking the L, — L, case means v, . < 30 TeV for both global and gauge U(1)

However, because there is a neutrino in the final state the mass bounds are
expected to only be relaxed mildly:
h2 _ 3 % miightest
g 03.14eV

Escudero, Lopez-Pavén, Rius & Sandner 2007.04994
——r— ,

I 1 i I 1 ! 2

[ \ ]
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v; — U; ¢ Decays
Theory: These happen naturally in scenarios with light mediators charged under
horizontal flavor symmetries, e.g. L,u — LT see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model
Couplings: 7, < 1, taking the L, — L, case means v, . < 30 TeV for both global and gauge U(1)

However, because there is a neutrino in the final state the mass bounds are
expected to only be relaxed mildly:

;3 xmjEhest Parameter space:
= s ey 2 02
Esc':ud'erc'), I'_6|Ioez-Pav6n, Riuls & Santilner 2907'0,499,4 _ 1 OO i i Ty > tU/ 10
0.7F v.d)\l‘ ] 2 !
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™ ] 8 Sie!
Il _ 2 Zi =i
2 DESI/Euclid (68% sensitivity)’ 1091 L ]
£ - —
N ] 10-12 1 1 1+ CMB v free-streaming
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Oldengott, Wong et al. 2011.01502 & 2203.09075
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Neutrino Decays into Massless States

v; = U, ¢) Decays

Parameter space:
vi > va /2L

Neutrino mass
10—6} bounds are relaxed! ]

0.2 0.4 0.6 0.8 1.0
>-m,[eV]

Miguel Escudero (TUM) Neutrino Cosmology Invisibles22 23-06-22 19


https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502

Neutrino Decays into Massless States

v; = U, ¢) Decays

Parameter space:
vi > va /2L

may or may not be excluded by
cosmological data

- Disclaimer!

' No full realistic cosmological
...3 Neutrino mass : analysis has been performed in
~~ 6 : : < the literature for m, > 0.2eV

@‘ 1 0 - bounds are relaxed! ' | and these lifetimes. This region

1

1

|

1

0.2 0.4 0.6 0.8 1.0
>-m,[eV]
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Neutrino Decays into Massless States

v. — v, () Decays Can relax the bounds significantly

© Have an almost massless sterile state but that:
1) Does not to spoil the neutrino mass mechanism
2) Is weakly coupled so that evades constraints on U 4

3) But not so weakly coupled so that 7, < 0.1 ty
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Ya VP
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Right vq properties: M, =0 Uas ~

Miguel Escudero (TUM)


http://arxiv.org/abs/arXiv:2007.04994

v. — v, () Decays Can relax the bounds significantly

Have an almost massless sterile state but that:
1) Does not to spoil the neutrino mass mechanism
2) Is weakly coupled so that evades constraints on U 4

3) But not so weakly coupled so that 7, < 0.1 ty

Simple solution: Escudero, Lopez-Pavén, Rius & Sandner 2007.04994
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v. — v, () Decays Can relax the bounds significantly

Have an almost massless sterile state but that:
1) Does not to spoil the neutrino mass mechanism
2) Is weakly coupled so that evades constraints on U 4

3) But not so weakly coupled so that 7, < 0.1 ty

Simple solution: Escudero, Lopez-Pavén, Rius & Sandner 2007.04994
Add global U(1)x symmetry with a scalar field and a singlet left-handed state S,

L 0 mp 0
L=yPNRSL M, = |mh Mg yave
0 (yavq))t 0
Seesaw mechanism atplay m, ~ m?%,/Mp

Ya VP
mp

Provided 1,V < Mp
<1

Right vq properties: M, =0 Uas ~

2 /10 GeV
( . ['(v; ~ 100¢1 /2 ( M )
Cosmological decays (v; — v40) 0%t 3 035V A

Neutrinos with a large mass can decay on cosmological timescales while being in
agreement with all known laboratory and cosmological data!
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Why these models are interesting?

1) Theory: Many neutrino mass models have regions of parameter space with Z m, > 0.12eV
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See e.g. Alcaide, Santamaria & Salvad6 1806.06785 and includes Lﬂ — L_models, see e.g. Choubey & Rodejohann, hep-ph/0411190
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In fact, most of the 2-zero neutrino mass textures predict Zm, > 0.12 eV. 5° '@ 2V

Débora Barreiros
See e.g. Alcaide, Santamaria & Salvado6 1806.06785 and includes Lﬂ — L_models, see e.g. Choubey & Rodejohann, hep-ph/0411190

2) Experi MeNT: see the talk of Frank Deppisch
Detection prospects for m and neutrinoless double beta decay are strongly dependent upon !

3) Cosmology:

Detection prospects of the Cosmic Neutrino Background
also strongly depend upon m, and on the assumed
cosmological model

ACDM properties: 1, ~ 300 cm™> but they are
really low energetic 7, = 2K

Best prospects from neutrino capture
in beta decaying nuclei:

( v, + ’H - e + 3He+ ) Weinberg [1962]

This search is Very Very challenging but it is being
seriously considered by the PTOLEMY collaboration
[1808.01892, 1902.05508, 2203.11228]
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Conclusions

Number of effective neutrino species
NBBN = 2.86 + (.28
NYB =2.99 +0.17

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

Agreement between measurements of NV  and the SM prediction
represents an important constraint on many BSM settings

N = 3.044(1)
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Conclusions

Number of effective neutrino species
NBBN = 2.86 + (.28
NYB =2.99 +0.17

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

Agreement between measurements of NV  and the SM prediction
represents an important constraint on many BSM settings

N = 3.044(1)

Neutrino Masses:
Cosmological bounds are very stringent in ACDM: ) m, < 0.12eV

There are several non-standard cosmologies where this
bound can be evaded

Neutrino decays as a particle physics avenue to relax them!
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Neff:
Simons Observatory expected to reach o(NV,+) = 0.06 by 2027

CMB-S4 could reach 1% precision on N_; but on a longer timescale
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Neff:

Simons Observatory expected to reach 6(/N. ) = 0.06 by 2027

CMB-S4 could reach 1% precision on N+ but on a longer timescale

Neutrino Masses:

KATRIN reach: > m, <0.6eV  (90%CL)

Next generation of 0v2f3 experiments, e.g. LEGEND: mgs ~ 0.02 — 0.04eV

Next Galaxy Surveys+CMB should detect neutrino masses
e.g.: 1308.4164 Font-Ribera et al., 1408.7052 Kitching et al.

DESVEUCLID+Planck: o (Z m,,) ~ 0.02¢eV (10)
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Time for Questions and Comments
Upcoming years are going to be exciting!

Thank you for your attention!

miguel.escudero@tum.de
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Neutrino Decoupling

Evolution in the Standard Model

1.4; S I”"d'ls it~ 3min___ ' ;1.4
5 . ;
13} < - . 113
~ : S N 0 3
31.2:' g § é ':1.2
i £ S F 1.1
10: - - T 14 0
20 10 5 3 2 108 05 0.1 0.07 0.01

ete V;V;

6:|:V7; < 6:|:V7;

@ nNeutrinos @ Electrons @ Photons s Z-W (off-shell)
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Evolution in the Standard Model

14F 114
1.3} £ 5 11.3
= : S 5
:(\12‘ é Lgﬁ: _12
11F = 7 1.1
| 2 . 5
10 L o .1 \ ] ] Ll \ | , L , ) , _10
20 10 5 3 2 108 0.5 0.1 0.07 0.01
T, (MeV)
4/3 4
8 (1N [ praa — py (14T,
Negt = = | — Neg = 3
7T\ 4 Py T,

Akita & Yamaguchi 2005.07047

SM de Salas & Pastor 1606.06986 Froustey, Pitrou & Volpe 2008.01074
N eff — 3 . 044 ( ]- ) Bennett, Buldgen, Drewes & Wong 1911.04504 Gariazzo, de Salas, Pastor et al. 2012.02726

Escudero 2001.04466 Hansen, Shalgar & Tamborra 2012.03948
Relic Neutrino Decoupling Why is it not 3?

Some ete- heating Excellent review

t ~0.1s Non-instantaneous decoupling by Dolgov hep-ph/0202122
QED thermal corrections
1, ~2MeV Neutrino Oscillations
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http://arxiv.org/abs/hep-ph/0202122

Constraints from Ness

© Sterile Neutrino my ~ eV ANeff — 1  (e.g. Gariazzo, de Salas & Pastor 1905.11290)

Goldstone Bosons as Fractional Cosmic Neutrinos
® Goldstone Bosons ..°°

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

@ Other sterile Iong-lived particles Gravitino, hidden sector particles, light DM ...

m mey mw my

= 02' : -
=4 zz_s;'merls_czbfer_va_tewaﬁpzz T A S S
20 CMB-S4 CMB, 20337 : i
006 ---------------------------------- N—— _____ _;
| —— Spin 1/2 ' 5 |
—_— Span
S | (A [

Tgec (MeV)
© Constraints are relevant in many other BSM settings
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Neutrino Masses in Cosmology

@ 1) Massive neutrinos modify the expansion history
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Neutrino Cosmology
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Hot DM: Q7% = ) m,/(93.14eV)
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2) Massive neutrinos suppress the growth of structure
Taken from a talk by Steen Hannestad Link.

Same DM energy density

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 (TUM)


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

Neutrino Masses in Cosmology

Cosmic Microwave Background Anisotropies

Main constraining power
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Neutrino Masses in Cosmology

Galaxy Surveys

Suppression from thz
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Many neutrino mass models have large regions of parameter
space with Zm, > 0.12 eV.

Most of the 2-zero neutrino mass textures predict 2m, > 0.12 eV.
See e.g. Alcaide, Santamaria & Salvadé, 1806.06785.

Well motivated example: Neutrino models based on U(1),_,

® U(1l),_- anomaly free

® Very minimal: 3 Sterile Neutrinos, N
1 Charged scalar field, A

+ Z’if U(1) is gauge

Choubey & Rodejohann, hep-ph/0411190

® Studied eXtenSively: Araki, Heeck & Kubo, 1203.4951 1-2; Nuiat T YN

Asai et al.: 1705.00419, 1811.07571 1.0}

1907.04042, 1909.08827 . 8

S~

i;(LG;

AP

[0 Only one problem: 0.17eV < E m, < 0.47 e\f] 4
025 =" Planck ACDM

00 ..................................................
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Neutrino Decay Diagrams

a )
o, ®
2-body Decays: % %
A A
(3a0) v, (3al) v, (3a2) ” (3s) »
3-body Decays: Y U Vi " Vi v Vi ”
A A A A
Vg V4 V4 2z
\_ Y,
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CMB History

20 years 390 Dodelson & Hu astro-ph/0110414 10 years ago WMAP7 Komatsu et al. 1001.4538
— LI_| Sask I P .I . 6000 [ T T T T T i
TOCO ol Ten 5P 9 ] i WMAP 7yr 3
‘ Viiper ) == | . 5000 F ACBAR ¥
s | & ) QUaD # 1
! - a3 N i
| 10f 1 ] : 4000 - -
| _ cﬁ B ]
é | T\ : E 3000 [ =
5 L N N :
ol ] :J'_: 2000 [ -
B0m97 WD '\:/ E E
TG B 1000 :— —:
0 B ] ] ] ] ]
| | | | | 10 100 500 1000 1500 2000
500 1000 Multipole Moment (I
[ (multipole) P ( )
6000_—' T T T |' LA B S R B B L L B B B B B BB B |__
50005
. 40005
S r |
= 3000F 3
S i |
S 2000}
Planck: 5 %
1000 [ |
608;—' '::|:::::,:::::::::,::::,_:60
«  300F | 3
B of : “+ hlln%| Ih“’u CHTERIU ..‘...L’.'.ﬁg.f,:HTMH# f 30
Tt O %
'600:— Lol L |. T BT | R R R N T PR _: -60
2 10 30 500 1000 1500 2000 2500

Miguel Escudero (TUM) Neutrino Cosmology Invisibles22 23-06-22 37



Some Cosmo Plots

eBOSS: Ata et al. 1705.06373
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