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Neutrino Masses in Cosmology

The Hubble tension and neutrinos 

Bounds in ΛCDM

Cosmological model dependence

What is the status?

Could neutrinos be related to it?

Conclusions & Outlook
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Unlike neutrinos, I like to interact !

Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to learn and discuss. Therefore:

(great thanks to those who asked questions yesterday!)
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Neutrinos are always a relevant species in the Universe’s evolution

γ ν

Hot DM:Non-Rel: znon−rel
ν ≃ 200 mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)

∑ mν = 0.15 eV
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Planck 2018, 1807.06209

Current constraints

Pisanti et al. 2011.11537BBN

Planck+BAO

Implications: 

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

2) We can use cosmological data to test neutrino properties
1) Stringent constraint on many BSM settings

Data is in excellent agreement with the Standard Model prediction

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

Standard Model prediction: NSM
eff = 3.044(1)

Yesterday! Today!
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Figure from de Salas et al. 1806.11051

X
m⌫ & 0.06 eV

X
m⌫ & 0.10 eV

Mass differences and mixings measured with high precision

What is the neutrino mass scale? i.e. Σm!? i.e. mlightest? 

What is  and what is the mass ordering?δCP Neutrino Oscillations
Are Neutrinos Dirac or Majorana particles? 0ν2β Experiments

Cosmology
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1) Massive neutrinos modify the expansion history

Hot DM:Non-Rel: znon−rel
ν ≃ 200 mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)
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2) Massive neutrinos suppress the growth of structure
Taken from a talk by Steen Hannestad Link.

Same 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 Ων

https://www.youtube.com/watch?v=19crVz1HdGI
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Cosmic Microwave Background Anisotropies
Neutrinos of  become non-relativistic after recombination. 
That means that their effect on the anisotropies is somewhat small!

mν < 0.5 eV

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!



Neutrino Cosmology Frascati 15-07-22Miguel Escudero

Neutrino Masses in Cosmology

10

Cosmic Microwave Background Anisotropies
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The effect of neutrino masses in the CMB:
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5 25. Neutrinos in Cosmology

Figure 25.2: Ratio of the CMB C
T T
¸ and matter power spectrum P (k) (computed for each model

in units of (h≠1Mpc)3) for di�erent values of
q

m‹ over those of a reference model with massless
neutrinos. In order to minimize and better characterise the e�ect of

q
m‹ on the CMB, the

parameters that are kept fixed are Êb, Êc, · , the angular scale of the sound horizon ◊s and the
primordial spectrum parameters (solid lines). This implies that we are increasing the Hubble
parameter h as a function of

q
m‹ . For the matter power spectrum, in order to single out the e�ect

of neutrino free-streaming on P (k), the dashed lines show the spectrum ratio when {Êm, Êb, ��}
are kept fixed. For comparison, the error on P (k) is of the order of 5% with current observations,
and the fractional C¸ errors are of the order of 1/

Ô
¸ at low ¸.

25.2.3 E�ect of neutrino masses on the CMB
Neutrino eigenstates with a mass mi π 0.57 eV become non-relativistic after photon decoupling.

They contribute to the non-relativistic matter budget today, but not at the time of equality or
recombination. If we increase the neutrino mass while keeping fixed the density of baryons and
dark matter (Êb and Êc), the early cosmological evolution remains fixed and independent of the
neutrino mass, until the time of the non-relativistic transition. Thus one might expect that the
CMB temperature and polarisation power spectra are left invariant. This is not true for four
reasons.

First, the neutrino density enhances the total non-relativistic density at late times, Êm =
Êb + Êc + Ê‹ , where Ê‹ © �‹h

2 is given as a function of the total mass
q

m‹ by Eq. (25.2).
The late background evolution impacts the CMB spectrum through the relation between scales
on the last scattering surface and angles on the sky, and through the late ISW e�ect (see Cosmic
Microwave Background – Chap. 28 of this Review). These two e�ects depend respectively on the
angular diameter distance to recombination, dA(zrec), and on the redshift of matter-to-» equality.
Increasing

q
m‹ tends to modify these two quantities. By playing with h and ��, it is possible to

keep one of them fixed, but not both at the same time. Since the CMB measures the angular scale of
acoustic oscillations with exquisite precision, and is only loosely sensitive to the late ISW e�ect due
to cosmic variance, we choose in Fig. 25.2 to play with the Hubble parameter in order to maintain
a fixed scale dA(zrec). With such a choice, an increase in neutrino mass comes together with a
decrease in the late ISW e�ect explaining the depletion of the CMB spectrum for l Æ 20. The fact
that both

q
m‹ and h enter the expression of dA(zrec) implies that measurements of the neutrino

mass from CMB data are strongly correlated with h. Second, the non-relativistic transition of
neutrinos a�ects the total pressure-to-density ratio of the universe, and causes a small variation
of the metric fluctuations. If this transition takes place not too long after photon decoupling, this

6th December, 2019 11:49am

Suppression from Ωνh2Galaxy Surveys
Figure taken from the PDG, Lesgourgues & Verde 

P(k) |mν≠0

P(k) ≃ 1 − 8 fν = 1 − 8 Ων

Ωcdm + Ωb + Ων
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Planck 2018 for ΛCDM (1807.06209)
X

m⌫ < 0.54 eV
X

m⌫ < 0.26 eV

X
m⌫ < 0.12 eV

(95 % CL, TT+lowE)

(95 % CL, TTTEEE+lowE)

(95 % CL, TTTEEE+lowE+lensing+BAO)

(95 % CL, TTTEEE+lowE+lensing)
X

m⌫ < 0.24 eV

To be compared to the KATRIN bound:∑ mν < 2.4 eV

Very robust bounds from linear Cosmology ΔT/T ∼ 10−5

What about other non-linear cosmological data?

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

What about possible systematics in the Planck data?
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Data beyond Planck and BAO within ΛCDM
Planck Planck 1807.06209

X
m⌫ < 0.12 eV Planck 1807.06209Planck+BAO

X
m⌫ < 0.26 eV

Ivanov et al. 1912.08208Planck+BOSS P(k)
X

m⌫ < 0.16 eV

Planck+Lyman-  α
X

m⌫ < 0.10 eV
Choudhury & Hannestad 
1907.12598 Planck+BAO+H0

X
m⌫ < 0.08 eV

Palanque-Delabrouille
et al. 1911.09073

Lyman- +H0prior α
X

m⌫ < 0.58 eV

Ivanov et al. 1909.05277BOSS P(k)
X

m⌫ < 0.86 eV

Planck is driving current cosmological constraints 

Non-linear or mildly non-linear data sets break degeneracies in the fit

The larger H0 is, the stronger the constraint on              is
X

m⌫
(However, this comes from combining 
two data sets in strong tension!)

di Valentino, Gariazzo & Mena  
2106.15267 Planck+BAO+SN+RSD

<latexit sha1_base64="/M8xAVgp6O5//U8kQM7wTHalR9o=">AAACBXicbVDJSgNBEO1xjXGLetRDYxA8SJgRRQUPQS8eI5gFMiH0dCqxsbtn6K4Rw5CLF3/FiwdFvPoP3vwbO8vB7UHB470qqupFiRQWff/Tm5qemZ2bzy3kF5eWV1YLa+s1G6eGQ5XHMjaNiFmQQkMVBUpoJAaYiiTUo5vzoV+/BWNFrK+wn0BLsZ4WXcEZOqld2Aptqqhqhzqlp9Qv+SfhXohwhxnUBu1C0Skj0L8kmJAimaDSLnyEnZinCjRyyaxtBn6CrYwZFFzCIB+mFhLGb1gPmo5qpsC2stEXA7rjlA7txsaVRjpSv09kTFnbV5HrVAyv7W9vKP7nNVPsHrcyoZMUQfPxom4qKcZ0GAntCAMcZd8Rxo1wt1J+zQzj6ILLuxCC3y//JbX9UnBY8i8PiuWzSRw5skm2yS4JyBEpkwtSIVXCyT15JM/kxXvwnrxX723cOuVNZjbID3jvX22al0I=</latexit>X
m⌫ < 0.09 eV
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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
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ

Importantly, the Planck collaboration claims that the most likely origin of this 
tension is a statistical fluctuation:Astronomy & Astrophysics manuscript no. ms © ESO 2021

August 10, 2021

Planck 2018 results. VI. Cosmological parameters
Planck Collaboration: N. Aghanim54, Y. Akrami15,57,59, M. Ashdown65,5, J. Aumont95, C. Baccigalupi78, M. Ballardini21,41, A. J. Banday95,8,

R. B. Barreiro61, N. Bartolo29,62, S. Basak85, R. Battye64, K. Benabed55,90, J.-P. Bernard95,8, M. Bersanelli32,45, P. Bielewicz75,78, J. J. Bock63,10,
J. R. Bond7, J. Borrill12,93, F. R. Bouchet55,90, F. Boulanger89,54,55, M. Bucher2,6, C. Burigana44,30,47, R. C. Butler41, E. Calabrese82,

J.-F. Cardoso55,90, J. Carron23, A. Challinor58,65,11, H. C. Chiang25,6, J. Chluba64, L. P. L. Colombo32, C. Combet68, D. Contreras20, B. P. Crill63,10,
F. Cuttaia41, P. de Bernardis31, G. de Zotti42, J. Delabrouille2, J.-M. Delouis67, E. Di Valentino64, J. M. Diego61, O. Doré63,10, M. Douspis54,

A. Ducout66, X. Dupac35, S. Dusini62, G. Efstathiou65,58⇤, F. Elsner72, T. A. Enßlin72, H. K. Eriksen59, Y. Fantaye3,19, M. Farhang76,
J. Fergusson11, R. Fernandez-Cobos61, F. Finelli41,47, F. Forastieri30,48, M. Frailis43, A. A. Fraisse25, E. Franceschi41, A. Frolov87, S. Galeotta43,

S. Galli55,90†, K. Ganga2, R. T. Génova-Santos60,16, M. Gerbino38, T. Ghosh81,9, J. González-Nuevo17, K. M. Górski63,97, S. Gratton65,58,
A. Gruppuso41,47, J. E. Gudmundsson94,25, J. Hamann86, W. Handley65,5, F. K. Hansen59, D. Herranz61, S. R. Hildebrandt63,10, E. Hivon55,90,
Z. Huang83, A. H. Ja↵e53, W. C. Jones25, A. Karakci59, E. Keihänen24, R. Keskitalo12, K. Kiiveri24,40, J. Kim72, T. S. Kisner70, L. Knox27,

N. Krachmalnico↵78, M. Kunz14,54,3, H. Kurki-Suonio24,40, G. Lagache4, J.-M. Lamarre89, A. Lasenby5,65, M. Lattanzi48,30, C. R. Lawrence63,
M. Le Jeune2, P. Lemos58,65, J. Lesgourgues56, F. Levrier89, A. Lewis23‡, M. Liguori29,62, P. B. Lilje59, M. Lilley55,90, V. Lindholm24,40,

M. López-Caniego35, P. M. Lubin28, Y.-Z. Ma77,80,74, J. F. Macı́as-Pérez68, G. Maggio43, D. Maino32,45,49, N. Mandolesi41,30, A. Mangilli8,
A. Marcos-Caballero61, M. Maris43, P. G. Martin7, M. Martinelli96, E. Martı́nez-González61, S. Matarrese29,62,37, N. Mauri47, J. D. McEwen73,

P. R. Meinhold28, A. Melchiorri31,50, A. Mennella32,45, M. Migliaccio34,51, M. Millea27,88,55, S. Mitra52,63, M.-A. Miville-Deschênes1,54,
D. Molinari30,41,48, L. Montier95,8, G. Morgante41, A. Moss84, P. Natoli30,92,48, H. U. Nørgaard-Nielsen13, L. Pagano30,48,54, D. Paoletti41,47,

B. Partridge39, G. Patanchon2, H. V. Peiris22, F. Perrotta78, V. Pettorino1, F. Piacentini31, L. Polastri30,48, G. Polenta92, J.-L. Puget54,55,
J. P. Rachen18, M. Reinecke72, M. Remazeilles64, A. Renzi62, G. Rocha63,10, C. Rosset2, G. Roudier2,89,63, J. A. Rubiño-Martı́n60,16,

B. Ruiz-Granados60,16, L. Salvati54, M. Sandri41, M. Savelainen24,40,71, D. Scott20, E. P. S. Shellard11, C. Sirignano29,62, G. Sirri47, L. D. Spencer82,
R. Sunyaev72,91, A.-S. Suur-Uski24,40, J. A. Tauber36, D. Tavagnacco43,33, M. Tenti46, L. To↵olatti17,41, M. Tomasi32,45, T. Trombetti44,48,

L. Valenziano41, J. Valiviita24,40, B. Van Tent69, L. Vibert54,55, P. Vielva61, F. Villa41, N. Vittorio34, B. D. Wandelt55,90, I. K. Wehus59, M. White26,
S. D. M. White72, A. Zacchei43, and A. Zonca79

(A�liations can be found after the references)
August 10, 2021

ABSTRACT
We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to a↵ect them only at the 0.5� level. We find good consistency with the standard
spatially-flat 6-parameter ⇤CDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base⇤CDM” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density ⌦ch2 = 0.120 ± 0.001,
baryon density ⌦bh2 = 0.0224 ± 0.0001, scalar spectral index ns = 0.965 ± 0.004, and optical depth ⌧ = 0.054 ± 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
100✓⇤ = 1.0411± 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-⇤CDM cosmology, the inferred (model-dependent) late-Universe parameters are:
Hubble constant H0 = (67.4±0.5) km s�1Mpc�1; matter density parameter⌦m = 0.315±0.007; and matter fluctuation amplitude�8 = 0.811±0.006.
We find no compelling evidence for extensions to the base-⇤CDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the e↵ective extra relativistic degrees of freedom to be Ne↵ = 2.99±0.17, in agreement with
the Standard Model prediction Ne↵ = 3.046, and find that the neutrino mass is tightly constrained to

P
m⌫ < 0.12 eV. The CMB spectra continue

to prefer higher lensing amplitudes than predicted in base ⇤CDM at over 2�, which pulls some parameters that a↵ect the lensing amplitude away
from the ⇤CDM model; however, this is not supported by the lensing reconstruction or (in models that also change the background geometry)
BAO data. The joint constraint with BAO measurements on spatial curvature is consistent with a flat universe,⌦K = 0.001±0.002. Also combining
with Type Ia supernovae (SNe), the dark-energy equation of state parameter is measured to be w0 = �1.03 ± 0.03, consistent with a cosmological
constant. We find no evidence for deviations from a purely power-law primordial spectrum, and combining with data from BAO, BICEP2, and
Keck Array data, we place a limit on the tensor-to-scalar ratio r0.002 < 0.06. Standard big-bang nucleosynthesis predictions for the helium and
deuterium abundances for the base-⇤CDM cosmology are in excellent agreement with observations. The Planck base-⇤CDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6�, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.

Key words. Cosmology: observations – Cosmology: theory – Cosmic background radiation – cosmological parameters

⇤Corresponding author: G. Efstathiou, gpe@ast.cam.ac.uk
†Corresponding author: S. Galli, gallis@iap.fr
‡Corresponding author: A. Lewis, antony@cosmologist.info
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1807.06209

see Rosenberg, Gratton & Efstathiou 2205.10869

In addition, more recent analyses of the 
Planck data do point in that direction:

Motloch and Hu 1912.06601

Finally, even in the presence of this anomaly the 
effect on the neutrino mass bound is expected to 
be of only 20% within ΛCDM!
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Cosmological Model Dependence
Planck+BAO and 3 degenerate neutrinos

Choudhury & Hannestad 19'
CDM+mν+ωa+ω

X
m⌫ < 0.25 eV Dark Energy dynamics

Varying Curvature
X

m⌫ < 0.15 eV ΛCDM+mν+Ωk 
Choudhury & Hannestad 19'

Varying Neff ΛCDM+mν+Neff
Planck 1807.06209

<latexit sha1_base64="Ry79wBaNXwgc3ftoupEhtmQejUY=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwkHDnB1pYiDaWCiYGciHsbSbJkt29Y3dODEcaG/+KjYUitv4HO/+Nm5hCEx8MPN6bYWZelEhh0fe/vKnpmdm5+dxCfnFpeWW1sLZesXFqOJR5LGNTjZgFKTSUUaCEamKAqUjCbdS9GPi3d2CsiPUN9hKoK9bWoiU4Qyc1CluhTRVVjVCn9JT6peAg3AsR7jGDSr9RKPolfwg6SYIRKZIRrhqFz7AZ81SBRi6ZtbXAT7CeMYOCS+jnw9RCwniXtaHmqGYKbD0bftGnO05p0lZsXGmkQ/X3RMaUtT0VuU7FsGPHvYH4n1dLsXVSz4ROUgTNfxa1UkkxpoNIaFMY4Ch7jjBuhLuV8g4zjKMLLu9CCMZfniSV/VJwVPKvD4tn56M4cmSTbJNdEpBjckYuyRUpE04eyBN5Ia/eo/fsvXnvP61T3mhmg/yB9/ENZdCXPQ==</latexit>X
m⌫ < 0.13 eV

X
m⌫ < 0.12 eV ΛCDM+mν

Planck 1807.06209
Standard Case 

Varying Neff+ω+αs+mν
di Valentino et al. 1908.01391

X
m⌫ < 0.17 eV CDM+mν+Neff+ω+αs+mν

Constraints are robust upon standard modifications of ΛCDM
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Bounds can significantly loosen in some extensions of ΛCDM. 
They require modifications to the neutrino sector.

Non-standard 
Neutrino Populations

Tν < TSM
ν + DR

Renk et al. 2009.03286

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.14870

<pν > > 3.15 TSM
ν

But Why? and How?

Dvali & Funcke 1602.03191 

Time Dependent 
Neutrino Masses

∑ mν < 1.4 eV

Esteban & Salvadó 2101.05804

∑ mν < 3 eV

Late phase transition

Ultralight scalar field screening

Lorenz et al. 1811.01991 & 2102.13618

Esteban, Mena & Salvadó 2202.04656
Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

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

∑ mν ≲ 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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✓s ⌘ rs/DM (z?)

rs =

Z 1

z?

cs

H(z0)
dz

0

DM (z) =

Z z

0

1

H(z0)
dz

0

Comoving sound horizon

Comoving angular diameter distance

CMB peaks fix:
(Early Universe)

(Late Universe)Massive neutrinos
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Massive neutrinos also affect CMB lensing ∝ "! 

Not only a background effect:
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Neutrinos decaying with                         do not impact DM(zCMB)⌧⌫ . tU/10

<latexit sha1_base64="7lHgO1RcWCoxQd27trsvcT3cDUc=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInmoiBfVW9OKxgmkLTQib7aZdutmE3YlQSr34V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwoE1yD43xbS8srq2vrpY3y5tb2zq69t9/Uaa4o82gqUtWOiGaCS+YBB8HamWIkiQRrRYObid96YErzVN7DMGNBQnqSx5wSMFJoH/pA8tCXOfYF01rzBEPonblOaFecqjMFXiRuQSqoQCO0v/xuSvOESaCCaN1xnQyCEVHAqWDjsp9rlhE6ID3WMVSShOlgNP1gjE+M0sVxqkxJwFP198SIJFoPk8h0JgT6et6biP95nRziy2DEZZYDk3S2KM4FhhRP4sBdrhgFMTSEUMXNrZj2iSIUTGhlE4I7//IiaZ5X3Vr16q5WqV8XcZTQETpGp8hFF6iOblEDeYiiR/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/cT2WPw==</latexit>

Unstable Neutrinos can relax the bounds on Σm!!
Effect of induced neutrino Lensing is substantially reduced

Neutrino decay 
products!
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— Cosmology can only constrain  and not directly Ων(z) mν

Take Away Messages:

— All these models reduce  with respect to the one in ΛCDM 
and are in excellent agreement with all known cosmological data

Ων(z)

Non-standard Neutrino Cosmologies:

Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

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

Non-standard 
Neutrino Populations

Tν < TSM
ν

Renk et al. 2009.03286

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.14870

<pν > > 3.15 TSM
ν

Dvali & Funcke 1602.03191 

Time Dependent 
Neutrino Masses

∑ mν < 1.4 eV

Esteban & Salvadó 2101.05804

∑ mν < 3 eV

Late phase transition

Ultralight scalar field screening

Lorenz et al. 1811.01991 & 2102.13618

Esteban, Mena & Salvadó 2202.04656

∑ mν < 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

— Of course, in ΛCDM there is a direct link between  and Ων(z) mν

— Importantly, they entail non-standard neutrino properties

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425


H0

5σ tension 
within ΛCDM! Planck 2018 1807.06209

Riess et al. 2112.04510 

ΛCDM Prediction

Local Measurements H0 = 73.04 ± 1.04 km/s/Mpc

H0 = 67.4 ± 0.5 km/s/Mpc
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v = H0 dHubble (1929):The Universe is expanding!

s

s

Exercise: derive it in the 
framework of FLRW!
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v = H0 dHubble law (1929):
https://lweb.cfa.harvard.edu/~dfabricant/huchra/hubble/
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PlanckWMAP
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The Hubble Tension:

A pattern has clearly emerged:
di Valentino 2011.00246

Cepheids+Type-Ia SN are among the 
most precise and they point to 
H0 ∼ (73 ± 1) km/s/Mpc

4-6 σ tension depending upon the 
datasets included
see Verde, Treu & Riess 1907.10625 for a review

Baryon Acoustic Oscillations 
point to small H0

5σ tension within ΛCDM! 
Planck 2018 1807.06209

Riess et al. 2112.04510H0 = 73.04 ± 1.04 km/s/Mpc
H0 = 67.4 ± 0.5 km/s/Mpc

Some direct measurements do point 
to smaller values, Freedman et al. 20’ 
and Birrer et al. 20’
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Possible resolutions:

1) Systematics in the CMB data very unlikely

2) Systematics in local measurements none so far

1) Late Universe Modifications very unlikely

2) Early Universe Modifications hard but doable

3) New feature of ΛCDM

Possibilities beyond ΛCDM: See 2103.01183 by di Valentino et al. for a review 
(over 1000 references …)

4) Drastic change to the cosmological paradigm
— Can we be living in a large void?  
This can be tested and data suggests that no: Riess et al. 1901.08681

— Is the Universe isotropic? 
Some suggest that no: Sarkar et al. 2206.05624. However, these findings appear to be in 
disagreement with other studies, see Trotta et al. 2108.12497. In addition, it seems somewhat 
complicated to arrange theoretically explain it in light of CMB data, see 2207.01569 by Sarkar et al. 

https://arxiv.org/abs/2206.05624
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Why late Universe modifications do not work?
Because type Ia SN and Baryon Acoustic Oscillations constrain the expansion 
history of the Universe at z < 2.5 and they agree with the predictions of ΛCDM

1904.03400 de Sainte Agathe et al.

(H0 is measured 
locally, at z < 0.15)

see e.g. 2103.08723 by Efstathiou

This would not work!
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Why Early Universe modifications could work?

✓s ⌘ rs/DM (z?)

rs =

Z 1

z?

cs

H(z0)
dz

0

DM (z) =

Z z

0

1

H(z0)
dz

0

Comoving sound horizon

Comoving angular diameter distance

Planck measures the positions of the peaks:

(Early Universe)

(Late Universe)

H0

(0.03% precision)

The game is to make  smaller by ~8% so that  
can be the one reported by Riess. But, not spoiling 
the fit to ultra precise CMB data from Planck!

rs H0Model Building task:

Because the CMB does not measure  directly!H0

Enhance the expansion history of the 
Universe prior and close to recombination! Knox and Millea 

1908.03663

simplest:
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Hundreds of Models in the market

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include

– 10 –

Schöneberg et al. 2107.10291: The H0 Olympics: A fair ranking of proposed models
Most of them do not work well. They either lead to a bad CMB fit or do not shift H0 enough 

See 2103.01183 by di Valentino et al.

How good is the CMB fit?
negative values are good here!

How large is the Hubble tension?
small values here are better!
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Hundreds of Models in the market

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include

– 10 –

Schöneberg et al. 2107.10291: The H0 Olympics: A fair ranking of proposed models
Most of them do not work well. They either lead to a bad CMB fit or do not shift H0 enough 

See 2103.01183 by di Valentino et al.
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None of them fully solves the Hubble tension!
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A critical review of the best performing models

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include
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Schöneberg et al. 2107.10291: The H0 Olympics: A fair ranking of proposed models

• Adopting the GT estimator, only five models can reduce the tension to the 3� level,
with the best model (varying e↵ective electron mass in a curved universe) showing a
residual 2� tension. From best to worse, they are: varying me+⌦k, PEDE, varying me

in a flat universe, NEDE, and the Majoron.

• Making use instead of the more robust QDMAP criterion (reported in Fig. 1), which
compares �

2 of models with and without the inclusion of the SH0ES determination
of Mb, we find that models with non-Gaussian tails perform significantly better. This
most strongly impacts the two models of EDE, reducing their level of tension from
roughly 3� to 1.6� 1.9�. From best to worse, models that pass criterion 2 are: EDE,
varying me+⌦k, NEDE, PEDE, and the Majoron.

• Adopting the �AIC criterion, which attempts at quantifying the role of enlarged model
complexity in the improvement of the fit to Dbaseline +SH0ES, we find that only four
models are really capable of significantly improving over ⇤CDM. They are, in de-
creasing level of success: EDE, NEDE, a primordial magnetic field, and the Majoron
model.

Model �Nparam MB
Gaussian
Tension

QDMAP

Tension
��

2 �AIC Finalist

⇤CDM 0 �19.416± 0.012 4.4� 4.5� X 0.00 0.00 X X

�Nur 1 �19.395± 0.019 3.6� 3.9� X �4.60 �2.60 X X

SIDR 1 �19.385± 0.024 3.2� 3.6� X �3.77 �1.77 X X

DR-DM 2 �19.413± 0.036 3.3� 3.4� X �7.82 �3.82 X X

mixed DR 2 �19.388± 0.026 3.2� 3.7� X �6.40 �2.40 X X

SI⌫+DR 3 �19.440± 0.038 3.7� 3.9� X �3.56 2.44 X X

Majoron 3 �19.380± 0.027 3.0� 2.9� X �13.74 �7.74 X X
primordial B 1 �19.390± 0.018 3.5� 3.5� X �10.83 �8.83 X X
varying me 1 �19.391± 0.034 2.9� 3.2� X �9.87 �7.87 X X
varying me+⌦k 2 �19.368± 0.048 2.0� 1.7� X �16.11 �12.11 X X
EDE 3 �19.390± 0.016 3.6� 1.6� X �20.80 �14.80 X X
NEDE 3 �19.380± 0.021 3.2� 2.0� X �17.70 �11.70 X X
CPL 2 �19.400± 0.016 3.9� 4.1� X �4.23 �0.23 X X

PEDE 0 �19.349± 0.013 2.7� 2.0� X 4.76 4.76 X X

MPEDE 1 �19.400± 0.022 3.6� 4.0� X �2.21 �0.21 X X

DM ! DR+WDM 2 �19.410± 0.013 4.2� 4.4� X �4.18 �0.18 X X

DM ! DR 2 �19.410± 0.011 4.3� 4.2� X 0.11 4.11 X X

Table 1: Test of the models based on dataset Dbaseline (Planck 2018 + BAO + Pantheon),
using the direct measurement of Mb by SH0ES for the quantification of the tension (3rd
column) or the computation of the AIC (5th column). Six models pass at least one of these
three tests at the 3� level.

Before declaring the o�cial finalists, let us briefly comment on models that do not make it to
the final, starting with late-universe models. The CPL parameterization, our “late-universe
defending champion” only reduces the tension to 3.9�, inducing a minor improvement to the
global fit. The PEDE model noticeably degrades the �2 of BAO and Pantheon data, leading
to an overall worse fit than ⇤CDM. Thus, according to the general rules defined at the end of
the previous subsection, we must exclude PEDE from the final. We further comment on this
choice in Section 4.2 and below. The MPEDE model, which generalises PEDE to include
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Primordial magnetic fields &  me(t) + Ωk
The idea here is that recombination happens earlier than in ΛCDM by either

a) using primordial magnetic fields of ~ 1 nGauss on kpc scales [Jedamzik & Pogosian 2004.09487]
b) enhancing  at recombination by ~ 2% [Hart & Chluba 1912.03986]me(t)

Good exercises, not much theoretical motivation for  but maybe yes for B fields!me(t)"

Highly unclear where such potential could come from and there is a coincidence problem …"

Early Dark Energy
The idea is that there is an early dark energy component just acting right before recombination

This can be done with a very light scalar field with   
that yields  but with a very particular potential:

mϕ ∼ 10−27 eV
fEDE ∼ 10 %

Poulin, Smith, Karwal, Kamionkowski 1811.04083 Agrawal, Cyr-Racine, Pinner, Randall 1904.01016

Vϕ ∼ m2f 2 [1 − cos ϕ/f]3 ∼ m2ϕ6/f 4

Another possibility is to trigger a 1st order phase transition at  [Niedermann & Sloth 1910.10739]T ∼ eV
New Early Dark Energy

It appears rather involved … Dark gauge sector, DM, neutrinos, inverse seesaw…"  see [Niedermann & Sloth 
 2112.00759, 2112.00770]
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1) Neutrinos are always a relevant species in the 
Universe evolution

2) Neutrino masses are the only Laboratory evidence of 
Physics Beyond the Standard Model

Why Neutrinos?



Neutrino Cosmology Frascati 15-07-22Miguel Escudero

Neutrinos and the Hubble Tension

33

Dark Radiation

(68 % CL, Planck+BAO+H0)
�Ne↵ = 0.23± 0.15 H0 tension from 4.4σ to 3.6σ

CMB fit is degraded 

Clear Interpretation !
"
☹

Primordial population of Majorons Escudero & Witte 2103.03249

N

⌫

�

Sterile neutrinos can source  ΔNBBN
eff ∼ 0.4

Sterile neutrinos can lead to Leptogenesis
H0 tension from 5σ to 2.6σ⌫̄

⌫

� +

H0 tension from 4.4σ to 2.5σ "
CMB fit is not degraded !
Direct connection with Seesaw !
Ad hoc ΔNeff ∼ 0.5 "

Light Neutrinophilic Scalar + Dark Radiation Escudero & Witte 1909.04044

⌫̄

⌫

� mϕ ∼ 1 eV
vL ∼ 300 GeV

Strong Neutrino Scattering + Dark Radiation Kreisch, Cyr-Racine, Doré 1902.00543

⌫

⌫

⌫

⌫

G′ ∼ 109GF

Revisiting the cosmological analysis without many simplifying approximations: Sandner, Escudero & Witte 22’

H0 tension solved if TEEE data is ignored !

Almost excluded by Lab data (Kelly++1905.02727) ☹
If pol data is included no solution for H0 ☹

ACT data seems points to it again 2207.03164 $
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Early Dark Energy sourced by neutrinos Sakstein & Trodden 1911.11760

Nice way to solve the coincidence problem !
"
"But the Cl’s have not been calculated yet …

Some progress has been made Carrillo González et al. 2011.09895 !

Use  (10% of DM) which can be dangerous∑ mν = 1.5 eV

An eV-scale Sterile Neutrino interacting with a pseudoscalar 
Archidiacono, Gariazzo, Giunti, Hannestad, Tram 2006.12885

Nice idea to try to avoid the cosmo problems with ms ∼ eV !
The Hubble Tension could be solved if ΔNeff = 1 !
But that leads to a very bad CMB fit Δχ2 = 13 − 32

Clearly motivated by short-baseline neutrino experiments !

☹

Common features of all approaches:
An enhanced expansion history and new interactions

Dark Matter-Neutrino Interactions Ghosh, Khatri & Roy 1908.09843 

Latest analysis done with Planck 2015 data
Rather large interactions needed. Model may be complicated to build!

Nice idea to allow for a large H0 without an enhanced expansion history !
"
"
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Neutrino Masses:
Cosmological bounds are very stringent within the 
standard cosmological model, ΛCDM:

However, all cosmological neutrino mass bounds are 
cosmological model dependent

X
m⌫ < 0.12 eV

There are several non-standard cosmologies where this 
bound can be evaded. These models are exotic, but current 
data cannot differentiate them wrt ΛCDM
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In parallel, the KATRIN experiment is taking data and should 
reach a sensitivity of  at 90% CL in ~ 4 years.mν̄e

≲ 0.2 eV

The next generation of galaxy surveys in combination with CMB data 
are expected to measure the neutrino mass if the Universe is 
governed by a ΛCDM cosmology.

DESI EUCLID LiteBIRD

This is expected to happen in the next 5-7 years: σ(∑ mν) = 0.02
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However, it is still just a tension. It needs to be confirmed by other methods

We expect significant improvements in ~3-4 years, particularly with 
upcoming data from Gaia & the James Webb telescope

1) Observational evidence
There is strong observational evidence from Cepheids+SNIa

2) Theoretical modeling
Despite the strong efforts, we have no perfect model so far

Most of the models lack theoretical motivation

3) Neutrinos and the Hubble Tension
There are many models involving neutrinos to solve the H0 tension.
They require new interactions and an enhanced expansion history but 
none is able to fully solve the H0 tension.
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Neutrinos in the SM:

∑ mν = 0.15 eV

γ ν
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3 ± 0.3
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In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.044 ± 0.06
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Thank you for your attention!

⌫
miguel.escudero@tum.de

End of Lecture II

I think we are living exciting times in Cosmology

In particular in Neutrino Cosmology: 
We expect to detect the neutrino mass in 5-6 years!

mailto:miguel.escudero@tum.de
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Precisely today there is a workshop in honor of  
the memory of Ann E. Nelson:

https://indico.fnal.gov/event/22915/
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Ann Nelson passed away 3 years ago in a climbing accident

For comments from the community see:
https://physicstoday.scitation.org/do/10.1063/pt.6.4.20190808a/full/

David B. Kaplan, Howard Georgi, Lisa Randall, Nima Arkani-Hamed, Michael Dine, 
Kathryn Zurek & Mary K Gaillard

including

Who was she?

A role model

A leader of the community

An outstanding theoretical physicist
e.g.: Sakurai Prize winner 2018!



Neutrino Cosmology Frascati 15-07-22Miguel Escudero

A Small Tribute to Ann Nelson

44

Some of Ann’s contributions:

Little Higgs:

IR-UV 
connections 
in gravity

Dynamical 
SUSY 
breaking

Electroweak 
Baryogenesis

Dark Energy-
Neutrino 
Connection!

Solving the Strong 
CP problem with 
spontaneous CP 
violation
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How did I met Ann?
She gave an amazing seminar at Fermilab about Baryogenesis in 
2017. I thought, wow, that’s who I would like to be when I am old!

We wrote a paper about a very ambitious Baryogenesis and Dark Matter mechanism 
using a naturally occurring CP violating system in the Standard Model: 
the neutral B meson system:

 

Baryogenesis and dark matter from B mesons
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We present a new mechanism of baryogenesis and dark matter production in which both the dark matter
relic abundance and the baryon asymmetry arise from neutral B meson oscillations and subsequent decays.
This setup is testable at hadron colliders and B factories. In the early universe, decays of a long lived
particle produce B mesons and antimesons out of thermal equilibrium. These mesons/antimesons then
undergo CP violating oscillations before quickly decaying into visible and dark sector particles. Dark
matter will be charged under the baryon number so that the visible sector baryon asymmetry is produced
without violating the total baryon number of the Universe. The produced baryon asymmetry will be directly
related to the leptonic charge asymmetry in neutral B decays: an experimental observable. Dark matter is
stabilized by an unbroken discrete symmetry, and proton decay is simply evaded by kinematics. We will
illustrate this mechanism with a model that is unconstrained by dinucleon decay, does not require a high
reheat temperature, and would have unique experimental signals—a positive leptonic asymmetry in B
meson decays, a new decay of B mesons into a baryon and missing energy, and a new decay of b-flavored
baryons into mesons and missing energy. These three observables are testable at current and upcoming
collider experiments, allowing for a distinct probe of this mechanism.

DOI: 10.1103/PhysRevD.99.035031

I. INTRODUCTION

The Standard Model of particle physics (SM), while now
tested to great precision, leavesmany questions unanswered.
At the forefront of the remaining mysteries is the quest for
dark matter (DM), the gravitationally inferred but thus far
undetected component of matter which makes up roughly
26% of the energy budget of the Universe [1,2]. Many
models have been proposed to explain the nature of DM,
and various possible production mechanisms to generate
the DM relic abundance—measured to be ΩDMh2 ¼
0.1200" 0.0012 [2]—have been proposed. However,
experiments searching for DM have yet to shed light on
its nature.
Another outstanding question may be stated as follows:

why is the Universe filled with complex matter structures
when the standard model of cosmology predicts a universe
born with equal parts matter and antimatter? A dynamical

mechanism, baryogenesis, is required to generate the pri-
mordial matter-antimatter asymmetry: YB ≡ ðnB − nB̄Þ=s ¼
ð8.718" 0.004Þ × 10−11, inferred from measurements of
the cosmic microwave background (CMB) [1,2] and big
bang nucleosynthesis (BBN) [3,4]. A mechanism of baryo-
genesis must satisfy the three Sakharov conditions [5]:C and
CP violation (CPV), baryon number violation, and departure
from thermal equilibrium.
It is interesting to consider models and mechanisms that

simultaneously generate a baryon asymmetry and produce
the DM abundance in the early universe. For instance, in
models of asymmetric dark matter [6–11], DM carries a
conserved charge just as baryons do. Most models of
baryogenesis and/or DM production involve very massive
particles and high temperatures in the early universe,
making them impossible to test directly, and in conflict
with cosmologies requiring a low inflation or reheat-
ing scale.
In this work we present a new mechanism for baryo-

genesis and DM production that is unconstrained by
nucleon or dinucleon decay, accommodates a low reheating
scale TRH ∼Oð10 MeVÞ, and has distinctive experimental
signals.
We will consider a scenario where b quarks and

antiquarks are produced by late, out of thermal equilibrium,
decays of some heavy scalar field Φ (which can be, for
instance, the inflaton or a string modulus). The produced
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I got funding to visit her and so I did for a month in April 2018

My experience at the UW with her was incredibly illuminating.
She was the most brilliant physicist I have ever met, but also a very 
generous, inclusive and friendly person.

We deeply miss her



Neutrino Cosmology Frascati 15-07-22Miguel Escudero

Motivation, Method and Philosophy

46

A sentence from her “Commentary: Diversity 
in physics: Are you part of the problem?” in 
Physics Today that I find very motivating: 

I often get asked, “Why are there so few women in physics?” That anyone would 
ask that question shows how oblivious many people are to the sexism and bias that 
permeate our society and physics culture. I may not be able to fully answer the 
question, but I can tell you why there are women like me in physics. Because we 
love math and nature. Because we like doing computations and figuring things out, 
step by systematic step. We love the flashes of insight and the excitement of 
revelations from new data. We revel in breathtaking moments of awe. And we had 
support, mentors, encouragement, opportunities, and colleagues who gave us a 
positive view of ourselves as physicists.

Ann E. Nelson (1958-2019)

https://physicstoday.scitation.org/doi/10.1063/PT.3.3536
https://physicstoday.scitation.org/doi/10.1063/PT.3.3536
https://physicstoday.scitation.org/doi/10.1063/PT.3.3536

