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Use cosmological data to understand their properties

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

Neutrinos are ubiquitous in Cosmology
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1) Neutrinos in ΛCDM

2) Evidence for the Cosmic Neutrino Background

Not covered due to time constraints but very happy to discuss at any length offline:  

Neutrinos and the Hubble tension

Neutrino interactions in cosmology

4) Conclusions and Outlook

3) Neutrino Masses in and beyond ΛCDM
Neutrino decays as a particle physics avenue to relax the  bounds∑ mν

Recent constraints on Neff
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Neutrino Evolution

4

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

γ ν

Hot DM:Non-Rel: znon−rel
ν ≃ 110

mν

0.06 eV Ωνh2 = ∑ mν /(93.14 eV)

∑ mν = 0.15 eV



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:
1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e

n + e+ ↔ p + ν̄e
n + νe ↔ p + e−



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:

2) Neutrinos contribute to the expansion rate H ∝ ρ

1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e

n + e+ ↔ p + ν̄e
n + νe ↔ p + e−



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

Evidence for Cosmic Neutrinos

5

Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:

By comparing predictions against observations, we know:

NBBN
eff = 2.86 ± 0.28 see e.g. Pisanti et al. 2011.11537

2) Neutrinos contribute to the expansion rate H ∝ ρ

1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e

n + e+ ↔ p + ν̄e
n + νe ↔ p + e−



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

Evidence for Cosmic Neutrinos
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Big Bang Nucleosynthesis
Current measurements are consistent with the SM picture*

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:

By comparing predictions against observations, we know:

NBBN
eff = 2.86 ± 0.28 see e.g. Pisanti et al. 2011.11537

2) Neutrinos contribute to the expansion rate H ∝ ρ

1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e

n + e+ ↔ p + ν̄e
n + νe ↔ p + e−

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

 (which would not alter the  bound significantly)

3σ

Lνe
∼ 10−3 NBBN

eff see Matsumoto et al. 2203.09617  
and also Burns, Tait & Valli 2206.00693

https://arxiv.org/pdf/2203.09617.pdf
https://arxiv.org/pdf/2206.00693.pdf
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Cosmic Microwave Background Why? 
Ultra-relativistic neutrinos represent a large fraction of the 
energy density of the Universe,   H ∝ ρ γ ν
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Cosmic Microwave Background Why? 

NCMB+BAO
eff = 2.99 ± 0.17 Planck 2018 1807.06209

Ultra-relativistic neutrinos represent a large fraction of the 
energy density of the Universe,   H ∝ ρ γ ν
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Planck 2018, 1807.06209

Current Constraints

Pisanti et al. 2011.11537BBN

Planck+BAO
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NCMB
eff = 2.99 ± 0.17
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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) Strong evidence for the Cosmic Neutrino Background
Which means we can use cosmological data to test properties of neutrinos!

1) Stringent constraint on many BSM settings
Sterile neutrinos, Goldstone bosons, hidden sector particles, GW …

see Pilar Coloma’s, 
Wenbin Zhao’s, 
Valerie Domcke’s talks

Data is in excellent agreement with the Standard Model prediction

Standard Model Prediction: NSM
eff = 3.044(1)

Escudero Abenza 2001.04466
Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
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Planck 2018 for ΛCDM (1807.06209)
X

m⌫ < 0.54 eV
X

m⌫ < 0.26 eV
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m⌫ < 0.12 eV
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(95 % CL, TTTEEE+lowE+lensing+BAO)

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

m⌫ < 0.24 eV
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What about other non-linear cosmological data?

And, all cosmological bounds are cosmological model dependent
What about possible systematics in the Planck data?
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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

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

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

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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di Valentino, Gariazzo & Mena  
2106.15267 Planck+BAO+SN+RSD
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Data beyond Planck and BAO within ΛCDM
Planck Planck 1807.06209

X
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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
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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.
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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,
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In addition, more recent analyses of the 
Planck data do point in that direction:
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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
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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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Planck 1807.06209
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Constraints are robust upon standard modifications of ΛCDM
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Massive neutrinos also affect CMB lensing ∝ 𝛀𝛎 

Not only a background effect:
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<latexit sha1_base64="7lHgO1RcWCoxQd27trsvcT3cDUc=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInmoiBfVW9OKxgmkLTQib7aZdutmE3YlQSr34V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwoE1yD43xbS8srq2vrpY3y5tb2zq69t9/Uaa4o82gqUtWOiGaCS+YBB8HamWIkiQRrRYObid96YErzVN7DMGNBQnqSx5wSMFJoH/pA8tCXOfYF01rzBEPonblOaFecqjMFXiRuQSqoQCO0v/xuSvOESaCCaN1xnQyCEVHAqWDjsp9rlhE6ID3WMVSShOlgNP1gjE+M0sVxqkxJwFP198SIJFoPk8h0JgT6et6biP95nRziy2DEZZYDk3S2KM4FhhRP4sBdrhgFMTSEUMXNrZj2iSIUTGhlE4I7//IiaZ5X3Vr16q5WqV8XcZTQETpGp8hFF6iOblEDeYiiR/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/cT2WPw==</latexit>



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

Neutrino Decays

15

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>

Effect of induced neutrino Lensing is substantially reduced
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Unstable Neutrinos can relax the bounds on Σm𝛎!
Effect of induced neutrino Lensing is substantially reduced
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Oldengott, Wong et al.  2011.01502 & 2203.09075

Parameter space:

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

Ωνh2 =
3 × mlightest

ν

93.14 eV
Escudero, López-Pavón, Rius & Sandner 2007.04994

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

Couplings:   taking the  case means  for both global and gauge U(1)τν < tU Lμ − Lτ vμ−τ < 30 TeV

https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/2203.09075
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and these lifetimes. This region 
may or may not be excluded by 
cosmological data
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 Decaysνi → ν4 ϕ 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 U𝛂4

3) But not so weakly coupled so that 𝞽𝛎 < 0.1 tU
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Simple solution:
Add global U(1)X symmetry with a scalar field and a singlet left-handed state SL

Escudero, López-Pavón, Rius & Sandner 2007.04994
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Neutrinos with a large mass can decay on cosmological timescales while being in 
agreement with all known laboratory and cosmological data!

http://arxiv.org/abs/arXiv:2007.04994
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1) Theory: Many neutrino mass models have regions of parameter space with∑ mν > 0.12 eV

3) Cosmology: 
Detection prospects of the Cosmic Neutrino Background
 also strongly depend upon  and on the assumed 
cosmological model

mν

2) Experiment: 
Detection prospects for  and neutrinoless double beta decay are strongly dependent upon !mν̄e

mν

see the talk of Frank Deppisch

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

Alvey, Escudero, Sabti & Schwetz [2111.14870]

Best prospects from neutrino capture 
in beta decaying nuclei:

νe + 3H → e− + 3He+ Weinberg [1962]

ΛCDM properties:  but they are 
really low energetic 

nν ∼ 300 cm−3

Tν = 2 K

In fact, most of the 2-zero neutrino mass textures predict Σm𝛎 > 0.12 eV. 
See e.g. Alcaide, Santamaría & Salvadó 1806.06785 and includes  models, see e.g. Choubey & Rodejohann, hep-ph/0411190Lμ − Lτ

see talk by 
Débora Barreiros 

https://arxiv.org/abs/2111.14870
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1) Theory: Many neutrino mass models have regions of parameter space with∑ mν > 0.12 eV

3) Cosmology: 
Detection prospects of the Cosmic Neutrino Background
 also strongly depend upon  and on the assumed 
cosmological model

mν

2) Experiment: 
Detection prospects for  and neutrinoless double beta decay are strongly dependent upon !mν̄e

mν

see the talk of Frank Deppisch

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

Alvey, Escudero, Sabti & Schwetz [2111.14870]

Best prospects from neutrino capture 
in beta decaying nuclei:

νe + 3H → e− + 3He+ Weinberg [1962]
Beyond ΛCDM 
detection opportunity!

ΛCDM window

ΛCDM properties:  but they are 
really low energetic 

nν ∼ 300 cm−3

Tν = 2 K

In fact, most of the 2-zero neutrino mass textures predict Σm𝛎 > 0.12 eV. 
See e.g. Alcaide, Santamaría & Salvadó 1806.06785 and includes  models, see e.g. Choubey & Rodejohann, hep-ph/0411190Lμ − Lτ

see talk by 
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eff = 3.044(1)

Strong evidence that the CNB should be there as expected 
in the SM
Agreement between measurements of  and the SM prediction 
represents an important constraint on many BSM settings

Neff
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NBBN

eff = 2.86 ± 0.28
NCMB

eff = 2.99 ± 0.17
NSM

eff = 3.044(1)

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

Neutrino Masses:
Cosmological bounds are very stringent in ΛCDM:
There are several non-standard cosmologies where this 
bound can be evaded

X
m⌫ < 0.12 eV

Neutrino decays as a particle physics avenue to relax them!

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

Neff
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Outlook

23

Neutrino Masses:
KATRIN reach: (90% CL)

Next Galaxy Surveys+CMB should detect neutrino masses

X
m⌫ < 0.6 eV

e.g.: 1308.4164 Font-Ribera et al., 1408.7052 Kitching et al.

DESI/EUCLID+Planck: �
⇣X

m⌫

⌘
' 0.02 eV (1�)

Next generation of 0ν2β experiments, e.g. LEGEND:
<latexit sha1_base64="cYZBzSB1UZBN3Essm7MyJ5WSU3k=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQ0ZKUii6LblxWsA9oQplMb9uhM0mYmQgl5B/c+CtuXCji1o07/8Zp2oVWD8zlcM693LkniDlT2nG+rMLS8srqWnG9tLG5tb1j7+61VJRICk0a8Uh2AqKAsxCammkOnVgCEQGHdjC+nvrte5CKReGdnsTgCzIM2YBRoo3Us09EL/UC0ATnNcOeYgJjp+JUz0ypeaepJwWGVoZ7dtkoOfBf4s5JGc3R6NmfXj+iiYBQU06U6rpOrP2USM0oh6zkJQpiQsdkCF1DQyJA+Wl+U4aPjNLHg0iaF2qcqz8nUiKUmojAdAqiR2rRm4r/ed1EDy79lIVxoiGks0WDhGMd4WlAuM8kUM0nhhAqmfkrpiMiCdUmxpIJwV08+S9pVSvuecW5rZXrV/M4iugAHaJj5KILVEc3qIGaiKIH9IRe0Kv1aD1bb9b7rLVgzWf20S9YH9/QdpuR</latexit>

m�� ⇠ 0.02� 0.04 eV

Neff:
Simons Observatory expected to reach  by 2027

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

σ(Neff) = 0.06

Neff
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Time for Questions and Comments

24

Upcoming years are going to be exciting!

Thank you for your attention!

⌫
miguel.escudero@tum.de

mailto:miguel.escudero@tum.de
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Neutrino Decoupling
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e+e� $ ⌫̄i⌫i
e±⌫i $ e±⌫i

ElectronsNeutrinos Z-W (off-shell)Photons

t ∼ 0.1 s t ∼ 3 min
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Neutrino Decoupling

27

Ne↵ ⌘ 8

7

✓
11

4

◆4/3 ✓⇢rad � ⇢�
⇢�

◆
Ne↵ = 3

✓
1.4T⌫

T�

◆4

Why is it not 3?
Some e+e- heating
Non-instantaneous decoupling
QED thermal corrections
Neutrino Oscillations

Excellent review
by Dolgov hep-ph/0202122 

Relic Neutrino Decoupling

t ⇠ 0.1 s
T⌫ ⇠ 2MeV
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Sterile Neutrino
Goldstone Bosons
Other sterile long-lived particles  Gravitino, hidden sector particles, light DM ...

mN ⇠ eV �Ne↵ = 1 (e.g. Gariazzo, de Salas & Pastor 1905.11290)

Constraints are relevant in many other BSM settings
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1) Massive neutrinos modify the expansion history

Hot DM:Non-Rel: znon−rel
ν ≃ 110

mν

0.06 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

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
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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
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Many neutrino mass models have large regions of parameter 
space with Σm𝛎 > 0.12 eV.
Most of the 2-zero neutrino mass textures predict  Σm𝛎 > 0.12 eV. 
See e.g. Alcaide, Santamaría & Salvadó, 1806.06785.

Well motivated example: Neutrino models based on  U(1)µ�⌧
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Studied extensively:

Very minimal: 3 Sterile Neutrinos, N 
1 Charged scalar field, 𝞓
+ Z’ if U(1) is gauge

U(1)µ�⌧
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anomaly free

Choubey & Rodejohann, hep-ph/0411190
Araki, Heeck & Kubo, 1203.4951
Asai et al.: 1705.00419, 1811.07571
1907.04042, 1909.08827

Only one problem: 0.17 eV <
X

m⌫ < 0.47 eV
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Mass prediction
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20 years ago Dodelson & Hu astro-ph/0110414 14 Komatsu et al.

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ≥ 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ effect and point sources. The solid line shows the best-fitting 6-parameter flat ΛCDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

also found that the parameters of the minimal 6-
parameter ΛCDM model derived from two compilations
of Kessler et al. (2009) are different: one compilation
uses the light curve fitter called SALT-II (Guy et al. 2007)
while the other uses the light curve fitter calledMLCS2K2
(Jha et al. 2007). For example, ΩΛ derived from
WMAP+BAO+SALT-II and WMAP+BAO+MLCS2K2
are different by nearly 2σ, despite being derived from the
same data sets (but processed with two different light
curve fitters). If we allow the dark energy equation of
state parameter, w, to vary, we find that w derived from
WMAP+BAO+SALT-II and WMAP+BAO+MLCS2K2
are different by ∼ 2.5σ.
At the moment it is not obvious how to estimate sys-

tematic errors and properly incorporate them in the like-
lihood analysis, in order to reconcile different methods
and data sets.
In this paper, we shall use one compilation of

the supernova data called the “Constitution” samples
(Hicken et al. 2009b). The reason for this choice over
the others, such as the compilation by Kessler et al.
(2009) that includes the latest data from the SDSS-II
supernova survey, is that the Constitution samples are
an extension of the “Union” samples (Kowalski et al.
2008) that we used for the 5-year analysis (see Sec-
tion 2.3 of Komatsu et al. 2009a). More specifically,
the Constitution samples are the Union samples plus
the latest samples of nearby Type Ia supernovae opti-
cal photometry from the Center for Astrophysics (CfA)
supernova group (CfA3 sample; Hicken et al. 2009a).

Therefore, the parameter constraints from a combina-
tion of the WMAP 7-year data, the latest BAO data
described above (Percival et al. 2009), and the Consti-
tution supernova data may be directly compared to the
“WMAP+BAO+SN” parameters given in Table 1 and
2 of Komatsu et al. (2009a). This is a useful compari-
son, as it shows how much the limits on parameters have
improved by adding two more years of data.
However, given the scatter of results among different

compilations of the supernova data, we have decided to
choose the “WMAP+BAO+H0” (see Section 3.2.2) as
our best data combination to constrain the cosmologi-
cal parameters, except for dark energy parameters. For
dark energy parameters, we compare the results from
WMAP+BAO+H0 and WMAP+BAO+SN in Section 5.
Note that we always marginalize over the absolute mag-
nitudes of Type Ia supernovae with a uniform prior.

3.2.5. Time-delay Distance

Can we measure angular diameter distances out to
higher redshifts? Measurements of gravitational lensing
time delays offer a way to determine absolute distance
scales (Refsdal 1964). When a foreground galaxy lenses a
background variable source (e.g., quasars) and produces
multiple images of the source, changes of the source lu-
minosity due to variability appear on multiple images at
different times.
The time delay at a given image position θ for a given

source position β, t(θ,β), depends on the angular diam-
eter distances as (see, e.g., Schneider et al. 2006, for a

10 years ago WMAP7 Komatsu et al. 1001.4538  
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eBOSS: Ata et al. 1705.06373 BOSS: Anderson et al. 1312.4877

20 M. Ata et al.
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Figure 15. Left: The 68 and 95% CL contour plots for ⌦m and ⌦⇤ using only the three sets of BAO data as illustrated in the legend. Here we assume only
that the BAO scale is constant with redshift (and thus treat rd as a nuisance parameter we marginalized over). The dashed line illustrates a flat Universe in
which ⌦m + ⌦⇤ = 1; Right: The one-dimensional probability distribution of ⌦⇤ derived using three BAO datasets. Thus, the cosmology preferred by BAO
distance scale measurements is flat ⇤CDM and non-zero ⇤ is preferred at 3.3� for the combination BOSS galaxies and our eBOSS DR14 quasar measurement
and is preferred at 6.5� for the combination of all available BAO measurements (including BOSS Ly↵, which increases this preference the most). See text for
further details.

(2014b) measurement using the cross-correlation of the Ly↵ forest
and quasars. Our measurement is in clear agreement with the ex-
pansion history predicted by Planck and other spherically averaged
BAO distance measurements.

We have projected the combined Ly↵ results onto a DV mea-
surement, which brings them into agreement with the Planck pre-
diction. These Ly↵ measurements are in > 2� tension when con-
sidering their sensitivity to H(z) and DA(z) separately. We do not
attempt to perform this decomposition with the DR14 quasar sam-
ple, as its signal-to-noise ratio makes it difficult to perform this
decomposition robustly with BAO-only measurements. This will
be done with future eBOSS quasar studies incorporating the RSD
signal or using larger data sets.

We use the BAO distance ladder to constrain the geometry
of the Universe. To do so, we assume only that the BAO feature
has a constant co-moving size; we assume no knowledge of the
physics that produced the feature. We use an open ⇤CDM cosmol-
ogy, which is parametrised using three parameters,

P ⌘ {⌦m, ⌦⇤, H0rd} (26)

where ⌦⇤ denotes the fractional energy budget contributed by dark
energy, and H0 the Hubble parameter. This approach matches that
recently presented in Aubourg et al. (2015); Bautista et al. (2017).
In this way, we are using only BAO measurements in order to test
cosmology. We defer further study of the cosmological constraints
afforded by our eBOSS DR14 quasar BAO measurement in combi-
nation with non-BAO data to future studies.

To obtain the constraint on ⌦m and ⌦⇤, which quantifies
the cosmic geometry at the present epoch, we perform a Monte
Carlo Markov Chain (MCMC) fitting using a modified version of
CosmoMC (Lewis & Bridle 2002), and marginalise over H0rd. The
datasets we use are as follows,

• BOSS galaxies: The anisotropic BAO measurement from
BOSS DR12 presented in Alam et al. (2016);
• BOSS galaxies+eBOSS: The isotropic BAO measurement

DV (z = 1.52) = 3843 ± 147 (rd/rd,fid) Mpc determined in this
work combined with the BOSS DR12 BAO measurement;
• Full BAO: BOSS galaxies+eBOSS combined with the

anisotropic BAO measurement from the DR11 Lyman-↵ cross-
correlation sample (Font-Ribera et al. 2014b) and the DR12 auto-
correlation sample Bautista et al. (2017), and the isotropic BAO
measurements using MGS (Ross et al. 2015) and 6dFGRS (Beutler
et al. 2011) galaxy samples.

The 68 & 95% CL joint constraint on ⌦m and ⌦⇤, and the one-
dimensional probability distribution of ⌦⇤, are shown in Fig 15.
The quasar BAO measurement in this work significantly improves
the constraint, i.e.,

FoMBOSS+eBOSS

FoMBOSS

= 2.0 (27)

where

FoM / 1/

p
det Cov(⌦m, ⌦⇤) (28)

denotes the Figure of Merit (FoM) of the geometric constraint of
the Universe. The significance of ⌦⇤ > 0, in other words, the ex-
istence of dark energy, is raised from 2.9� to 3.4� CL when the
eBOSS quasar BAO is added to BOSS galaxies. Despite its relative
lack in precision, the eBOSS DR14 quasar BAO measurement is
able to provide a significant improvement over the BOSS galaxy
BAO measurements alone as it provides a high-redshift constraint.
Importantly, using all BAO measurements to date (the Full BAO)
sample, we reach a 6.6� detection of dark energy using BAO alone;
this considerable improvement is mainly provided by the higher
redshift and more precise BOSS Ly↵ measurements discussed ear-

MNRAS 000, 2–23 (2017)
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Figure 13. The solid curve displays the likelihood of the BAO parameter
↵, in terms of ��2, recovered from the spherically averaged correlation
function of the DR14 quasar sample. The dashed curve displays the same
information for a no BAO model, where ��2 is determined by subtracting
the minimum �2 from the BAO model. The detection significance is slightly
less than 3� and the likelihood is slightly skewed compared to the Gaussian
expectation. The purple curve displays correlation function results and the
burlywood curve displays the power spectrum result. The black curve is the
mean of the two likelihoods, which is what we use as our final measurement.

certainty from 0.038 to 0.040. These results have been combined
across bin centres and can be compared directly to the DR14 re-
sults on the top lines of the table. The choice of redshift technique
clearly does not have a strong impact on our results. Zarrouk et
al. (in prep.) will examine this issue more closely in the context
of RSD measurements, but we note that, e.g., we find no clear dif-
ferences in the linear bias or excess large-scale clustering obtained
using either redshift.

Additional robustness tests should be compared to the ‘fidu-
cial’ results, which are the results for the fiducial choice of bin
centre. The variations with bin centre for ⇠(s) (labeled +x) and
P (k) (labeled +x/4) are consistent with our findings testing our
results with mocks; the mean of these four likelihoods is used as
the DR14 ⇠(s) measurement, labeled ‘combined’ in the top rows.
Additional tests produce no changes that are greater than 0.2� for
⇠(s). For P (k), the greatest change is only 0.3� when switching to
logarithmic binning and increasing kmax to 0.3hMpc�1. Finally,
the results obtained from the independent NGC and SGC regions
agree within 1�, for both ⇠(s) and P (k)

The systematic weights have negligible effects on our mea-
surements, despite their enormous (13�) effect on the large-scale
correlation function of the DR14 quasar sample. We simply recover
less than a 0.1� shift in ↵ and a 5 per cent increase in the uncer-
tainty. The �

2 of the best-fit actually decreases (by 1), suggesting
the effect of the depth and extinction systematics on our correlation
function measurements are trivially accounted for with the polyno-
mial terms in our BAO model.

For both ⇠(s) and P (k), there is a slight correlation between
the assumed ⌃nl and the recovered ↵ that is less than ⇠0.2� when
testing in the range ±3.0h

1Mpc around our fiducial choice, with a
similar impact on the size of the recovered uncertainty. For P (k),
we are able to marginalize over this parameter in the fit (using
a Gaussian prior of ±3.0h

1Mpc) and we recover a result that
matches the fiducial result with ⌃nl fixed at 6.0h

1Mpc to better
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Figure 14. Spherically averaged BAO distance measurements (DV ) com-
pared to the Planck ⇤CDM prediction and extrapolated 68 per cent CL
(grey region). The eBOSS DR14 quasar sample measurement is shown us-
ing a gold star. The additional measurements are described in the text.

than 0.1�. Thus, not only does the choice of ⌃nl have a minor ef-
fect on our analysis, our choice for its fiducial value is sufficiently
close to the best-fit value as to not make a difference in our results.

Overall, the robustness tests suggest that our results are in-
sensitive to arbitrary choices in the analysis or the way the catalog
was constructed. This is consistent with Ross et al. (2017); Vargas-
Magaña et al. (2016) who showed that systematic uncertainties are
small compared to the BOSS DR12 statistical uncertainties. The
BOSS DR12 precision is a factor of four better than our own, and
thus makes these systematic uncertainties negligibly small for our
analysis. A separate systematic uncertainty is the possible shift in
the acoustic peak due to a coupling of the quasar density field to
the small relative velocity between baryons and cold dark matter
at high redshift (Tseliakhovich & Hirata 2010; Dalal et al. 2010;
Yoo et al. 2011; Slepian & Eisenstein 2015; Blazek et al. 2016;
Schmidt 2016). This has been shown to be less than 0.5 per cent for
low redshift galaxies (Yoo et al. 2013; Beutler et al. 2016; Slepian
et al. 2016) and we expect it to be a minor effect for quasars with
z ⇠ 1.5, compared to our statistical uncertainty. Further study is
warranted, especially as the statistical uncertainty will be consider-
ably improved with future datasets.

8 COSMOLOGICAL IMPLICATIONS

In this section, we briefly discuss the cosmological implications
of our DR14 quasar BAO measurement of DV (z = 1.52) =
3843± 147 (rd/rd,fid) Mpc. We first present an updated BAO dis-
tance ladder and then demonstrate how this BAO distance ladder
alone provides a powerful constraint on the geometry of the Uni-
verse.

Fig. 14 displays our spherically averaged BAO measurements
overplotted with the ⇤CDM prediction from Planck (Planck Col-
laboration et al. 2015), compared to various similar measurements
in the literature: the 6dFGS result from Beutler et al. (2011), the
SDSS MGS result from Ross et al. (2015), the BOSS DR12 re-
sults from Alam et al. (2016), the WiggleZ results from Kazin et al.
(2014), and the BOSS Ly↵ from the combination of the Bautista
et al. (2017) DR12 Ly↵ auto-correlation and the Font-Ribera et al.

MNRAS 000, 2–23 (2017)
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Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows the distance modulus for each SN; the
bottom panel shows residuals to the best fit cosmology. Distance modulus values are shown using G10 scatter model.

Given a vector of binned distance residuals of the SN
sample that may be expressed as �~µ = ~µ � ~µmodel (as
shown in Fig. 11 (bottom)) where ~µmodel is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-
ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
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Table 8.

Analysis Model w ⌦m ⌦⇤

SN-stat ⇤CDM 0.284± 0.012 0.716± 0.012

SN-stat oCDM 0.348± 0.040 0.827± 0.068

SN-stat wCDM �1.251± 0.144 0.350± 0.035

SN ⇤CDM 0.298± 0.022 0.702± 0.022

SN oCDM 0.319± 0.070 0.733± 0.113

SN wCDM �1.090± 0.220 0.316± 0.072

Notes: Cosmological constraints for the SN-only sample
with and without systematic uncertainties. Values are given
for three separate cosmological
models: ⇤CDM, oCDM and wCDM.

dataset mainly to be in-line with general community re-
producibility. We still use the binned distances to gen-
erate the systematic covariance matrix, which is used as
a 2d 40-bin interpolation grid to create a covariance ma-
trix for the full SN dataset. Diagonal uncertainties from
the individual distances can be added together with the
full systematic matrix following Eq. 6. Di↵erences in
w between the binned and un-binned datasets are at
a < 1/16� level for the statistical measurements, and
< 1/8� when including the systematic covariance ma-
trix.
The cosmological fits to the SN-only sample are shown

in Table 8 with and without systematic uncertainties.
Using our full SN sample with systematic uncertainties,
with no external priors, we find ⌦m = 0.298 ± 0.022.
Without systematic uncertainties, the uncertainty on ⌦m

is roughly 2⇥ smaller. When not assuming a flat uni-
verse, we combine various probes together to constrain
the oCDM model. When using SN alone, we find that
⌦m = 0.319 ± 0.070 and ⌦L = 0.733 ± 0.113. We find
the evidence for non-zero ⌦⇤ from the SN-only sample
is > 6� when including all systematic uncertainties. As
shown in Fig. 18, this is a factor of ⇠ 20 improvement
over the Riess et al. (1998) constraints in this plane. Fur-
thermore, the significance for non-zero ⌦⇤ is much higher
than the < 3� e↵ect quoted by Nielsen et al. (2016)
which re-analyzed the B14 sample though their analy-
sis technique is disputed by (Rubin & Hayden 2016). A
study using the Pantheon sample and null tests done in
this analysis to examine non-standard cosmological re-
sults like those from Nielsen et al. (2016) and Dam et al.
(2017) is currently in prep. (Shafer et al. in prep.).
To evaluate the impact of the systematic uncertainties,

we combine constraints from the Pantheon SN sample
with those from the compressed likelihood of the CMB
from Planck Collaboration et al. (2016b) and measure
⌦m and w in the wCDM model. Constraints from BAO
and H0 measurements are included later in this section.
The impact of systematic uncertainties is shown in terms
of the relative size of the uncertainty of w in Table 9.

Figure 18. Evidence for dark energy from SN-only con-
straints. Here we show confidence contours at 68% and
95% for the ⌦m and ⌦⇤ cosmological parameters for
the oCDM model for both the Riess et al. (1998) dis-
covery sample and the Pantheon sample. The Pantheon
constrains with systematic uncertainties are shown in red
and with only statistical uncertainties are shown in gray
(line).

We find that the systematic uncertainty (�w = 0.025)
is smaller than the statistical uncertainty (�w = 0.031).
Unlike previous analyses (e.g., B14 and S14) that found
that calibration uncertainties made up > 80% of the sys-
tematic error budget, we find a more even split between
the various systematics. The calibration uncertainties
are due to uncertainties of the individual photometric
systems of each sample as well as the calibration uncer-
tainties propagated through the SALT2 model. We find
that the SALT2 calibration uncertainty is larger in mag-
nitude than the combined impact from all the various
systems, which are reduced by S15 and are independent
of each other. Still, all of the systematic uncertainties
related to calibration have a net e↵ect of roughly 66% of
the total systematic error.
The systematic uncertainties increase the uncertain-

ties of the best fit parameters, and also shift the best fit
parameters by reweighting the pulls of each SN in the
fit. These two impacts are shown in Table 9 as both
the best-fit value of w is shifted and the uncertainty on
w is increased. The shifts are mainly due to systematic
uncertainties that most strongly a↵ect the low-z sample:
calibration, MW extinction, intrinsic-scatter and selec-
tion.


