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Neutrino Evolution
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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
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Global Perspective
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3 ± 0.3 (Planck/BBN)

(Planck+BAO)
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In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.043 ± 0.06 (Simons Observatory)

(DESI/Euclid + Planck)
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Motivation/Outline
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Neutrino Cosmology is about to enter the ultrahigh 
precision regime
1) Understand with high accuracy  in the Standard ModelNeff

2) Understand the model dependence of the bounds on 
 from Cosmology∑ mν

with Alvey & Sabti 2111.12726 [JCAP]
with Schwetz & Terol-Calvo 2211.01729 [JHEP]

 ∑ mν
IO

≥ 0.1 eV∑ mν
NO

≥ 0.06 eV

Particularly given the strong complementarity with laboratory experiments: 

Planck: ∑ mν < 0.12 eV KATRIN 2023: ∑ mν < 2.4 eV
KATRIN 2027: ∑ mν < 0.6 eV?
Exciting  program 0νββ

with Cielo, Mangano & Pisanti 2306.05460 [PRD]
M.E.A. 1812.05605 & 2001.04466 [JCAP]

3) Understand to which degree can neutrinos have BSM interactions
with Witte 1909.04044, 2103.03249 & with Sandner 2305.01692 [EPJC]
with Taule & Garny 2207.04062 [PRD]

https://arxiv.org/abs/2111.12726
https://arxiv.org/abs/1812.05605
https://arxiv.org/abs/2001.04466
https://arxiv.org/abs/2306.05460
https://arxiv.org/abs/1909.04044
https://arxiv.org/abs/2103.03249
https://arxiv.org/abs/2305.01692
https://arxiv.org/abs/2207.04062
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Outline
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3 ± 0.3 (Planck/BBN)

(Planck+BAO)
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Set Up
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Unlike neutrinos, I do like to interact !

Questions, Comments and 
Criticism are most 

welcome, at any time!!!!
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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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Cosmic Neutrino Background
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Mangano et al. hep-ph/0506164 
de Salas & Pastor 1606.06986
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466

NSM
e↵ = 3.044(1)

<latexit sha1_base64="4TJ0cudvNpfZ5GgeSgCnDF1wGnA="></latexit>

Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 
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Why is Neff in the SM not 3?
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Recently reviewed by Akita & Yamaguchi, 2210.10307, see also the nice review by Dolgov hep-ph/0202122 

t ⇠ 0.1 s T⌫ ⇠ 2MeV

<latexit sha1_base64="4uqM8INBaki+FKU3AZJfSogUgY0=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgEDxJ2RVBvQS9ehAh5QTaE2UknGTI7u8z0imGJF3/FiwdFvPoX3vwbJ4+DJhY0FFXddHcFsRQGXffbWVhcWl5Zzaxl1zc2t7ZzO7tVEyWaQ4VHMtL1gBmQQkEFBUqoxxpYGEioBf3rkV+7B21EpMo4iKEZsq4SHcEZWqmV2y+3fJVQ34iQnvonPsIDprdQHbZyebfgjkHniTcleTJFqZX78tsRT0JQyCUzpuG5MTZTplFwCcOsnxiIGe+zLjQsVSwE00zHHwzpkVXatBNpWwrpWP09kbLQmEEY2M6QYc/MeiPxP6+RYOeimQoVJwiKTxZ1EkkxoqM4aFto4CgHljCuhb2V8h7TjKMNLWtD8GZfnifV04J3Vri8O8sXr6ZxZMgBOSTHxCPnpEhuSIlUCCeP5Jm8kjfnyXlx3p2PSeuCM53ZI3/gfP4Ajr6WWQ==</latexit>

Relic Neutrino Decoupling

QED corrections are well known to be sizable (~5%) for  scatterings for solar 
neutrinos, see e.g. Bahcall, Kamionkowski & Sirlin [astro-ph/9502003]

νe → νe

Standard Model 
prediction as of 2022: NSM

eff = 3.0440(2) Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Bennett, Buldgen, de Salas, Drewes, Gariazzo, Pastor & Wong 2012.02726

Some  heating because e+e− → ν̄ν Tdec
ν ∼ 4 × me ΔNeff ≃ + 0.031)

Kolb et al. ’82
Dolgov et al. ‘97

Finite temperature corrections to  and δm2
γ (T ) δm2

e (T )2) ΔNeff ≃ + 0.01 Heckler ’94
Bennet et al. ‘21

Neutrino oscillations3) ΔNeff ≃ + 0.0007 Mangano et al. ’05
de Salas & Pastor ‘16

Finite temperature QED corrections to  processese+e− → ν̄ν4)

Together with Gianpiero Mangano, Ofelia Pisanti and Mattia Cielo we have actually accurately 
accounted for the correction to the energy transfer rates which is ~ -4% at T = 1 MeV

⌫

⌫̄

e+

e�

�

⌫

⌫̄

e+

e�

⌫

⌫̄

e+

e� �

⌫

⌫̄

e+

e�

At NLO:

NSM
eff = 3.0432(2) = 3.043

Cielo, Escudero, Mangano & Pisanti 2306.05460 

ΔNeff ≃ − 0.0007

Estimate of this effect was made in Escudero Abenza 2001.04466 using an interpolation of 
the NLO rates from Esposito et al. [astro-ph/0301438]
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The essence in 1 slide
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1) Calculation performed following the real 
time formalism in thermal field theory

⌫

⌫̄

e+

e�

�

⌫

⌫̄

e+

e�

⌫

⌫̄

e+

e� �

⌫

⌫̄

e+

e�

See Esposito, Mangano, Miele, Picard & Pisanti astro-ph/0301438 & 
astro-ph/0112384

dfν
dt

− Hp
∂fν
∂p

= C[ fν]exact:

approximate but 
very accurate:

dT⌫

dt
= �H T⌫ +

�⇢⌫e
�t + 2

�⇢⌫µ

�t

3 @⇢⌫

@T⌫

Escudero 1812.05605 
& 2001.04466 [JCAP]

NSM
eff = 3.0432(2) = 3.043

Cielo, Escudero, Mangano & Pisanti 2306.05460 

ΔNeff ≃ − 0.00073) Result at NLO:

2) Solve for the process of neutrino decoupling:

https://arxiv.org/abs/1812.05605
https://arxiv.org/abs/2001.04466
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3 ± 0.3 (Planck/BBN)

(Planck+BAO)
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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

and Yeh et al. 2207.13133

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−
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Evidence for Cosmic Neutrinos
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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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Evidence for Cosmic Neutrinos
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Planck 2018, 1807.06209

Current constraints

Pisanti et al. 2011.11537BBN

Planck+BAO

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

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 = 3.043

Implications: 

2) We can use cosmological data to test neutrino properties

1) Stringent constraint on many BSM scenarios

Yeh et al. 2207.13133 
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Constraints on Neff
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Sterile Neutrino mN ⇠ eV �Ne↵ = 1 (e.g. Gariazzo, de Salas & Pastor 1905.11290)

Goldstone Bosons Weinberg 1305.1971 

Other sterile long-lived particles  Axion, gravitino, axino, hidden sector particles ...

http://arxiv.org/abs/arXiv:1305.1971
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Stringent constraint on BSM physics
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Constraints are relevant in many other BSM settings:

Check out a review on non-standard expansion histories:
2006.16182 Vaskonen et al. (Escudero & Poulin)

WIMPs

Axions

GeV-Sterile Neutrinos

Low Reheating

Vector Bosons

PBHs

Sabti et. al. 1910.01649
Boehm et. al. 1303.6270

de Salas et. al. 1511.00672
Hasegawa et. al. 1908.10189

Sabti et. al. 2006.07387
Dolgov et. al. hep-ph/0008138

Escudero et. al. 1901.02010 
Kamada & Yu 1504.00711

Raffelt et. al. 1011.3694 
Blum et.al. 1401.6460

Carr et. al. 0912.5297
Keith et.al. 2006.03608

Variations of GN Alvey et. al. 1910.10730
Copi et.al. astro-ph/0311334

mWIMP > (4� 10)MeV

<latexit sha1_base64="aDqKidiuf9L6moagj2y+ceRe+As=">AAACCnicbVA9SwNBEN2LXzF+RS1tVoMQQcOdBNRGRBsthAgmEXIh7G0mZsnu3bE7J4YjtY1/xcZCEVt/gZ3/xk1M4deDgcd7M8zMC2IpDLruh5OZmJyansnO5ubmFxaX8ssrNRMlmkOVRzLSVwEzIEUIVRQo4SrWwFQgoR70ToZ+/Qa0EVF4if0Ymopdh6IjOEMrtfLrqpX6WtH62XllQA9psbzjuVv+to9wi+k51AatfMEtuSPQv8QbkwIZo9LKv/vtiCcKQuSSGdPw3BibKdMouIRBzk8MxIz32DU0LA2ZAtNMR68M6KZV2rQTaVsh0pH6fSJlypi+CmynYtg1v72h+J/XSLCz30xFGCcIIf9a1EkkxYgOc6FtoYGj7FvCuBb2Vsq7TDOONr2cDcH7/fJfUtsteeXSwUW5cHQ8jiNL1sgGKRKP7JEjckoqpEo4uSMP5Ik8O/fOo/PivH61ZpzxzCr5AeftEwDwmJc=</latexit>

⌧N . 0.05 s

<latexit sha1_base64="sIx0LR6hpMNBUUvkT6QG97Cflfk=">AAACB3icbVDJSgNBEO2JW4zbqEdBGoPgQcKMRNRb0IsniWAWyITQ06kkTXoWumvEMOTmxV/x4kERr/6CN//GznLQxAcFj/eqqKrnx1JodJxvK7OwuLS8kl3Nra1vbG7Z2ztVHSWKQ4VHMlJ1n2mQIoQKCpRQjxWwwJdQ8/tXI792D0qLKLzDQQzNgHVD0RGcoZFa9r6HLGndUE+C1loE1Ck4p96xh/CAqR627LwRxqDzxJ2SPJmi3LK/vHbEkwBC5JJp3XCdGJspUyi4hGHOSzTEjPdZFxqGhiwA3UzHfwzpoVHatBMpUyHSsfp7ImWB1oPAN50Bw56e9Ubif14jwc55MxVhnCCEfLKok0iKER2FQttCAUc5MIRxJcytlPeYYhxNdDkTgjv78jypnhTcYuHitpgvXU7jyJI9ckCOiEvOSIlckzKpEE4eyTN5JW/Wk/VivVsfk9aMNZ3ZJX9gff4AzY+YqQ==</latexit>

g . 10�10

<latexit sha1_base64="JuBkcMpo8I+TS7J97p8BLI5mXCM=">AAAB/HicbVBNSwMxEJ31s9av1R69BIvgxbIrBfVW9OKxgv2AtpZsmm1Dk+ySZIVlqX/FiwdFvPpDvPlvTNs9aOuDgcd7M8zMC2LOtPG8b2dldW19Y7OwVdze2d3bdw8OmzpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0F45up33qkSrNI3ps0pj2Bh5KFjGBjpb5bGqIup1prJpDvPWRnvjfpu2Wv4s2AlomfkzLkqPfdr+4gIomg0hCOte74Xmx6GVaGEU4nxW6iaYzJGA9px1KJBdW9bHb8BJ1YZYDCSNmSBs3U3xMZFlqnIrCdApuRXvSm4n9eJzHhZS9jMk4MlWS+KEw4MhGaJoEGTFFieGoJJorZWxEZYYWJsXkVbQj+4svLpHle8auVq7tquXadx1GAIziGU/DhAmpwC3VoAIEUnuEV3pwn58V5dz7mrStOPlOCP3A+fwAG7JO9</latexit>

m . 10MeV

<latexit sha1_base64="i9wo7KfbXusgI2syMKvlBseAic0=">AAACAnicbVDLSgNBEJz1GeMr6km8DAbBg4RdCai3oBcvQgTzgGwIs5NOMmRmd5npFcMSvPgrXjwo4tWv8ObfOHkcNLGgoajqprsriKUw6LrfzsLi0vLKamYtu76xubWd29mtmijRHCo8kpGuB8yAFCFUUKCEeqyBqUBCLehfjfzaPWgjovAOBzE0FeuGoiM4Qyu1cvuK+hKMMUJRz/VPfIQHTG+gOmzl8m7BHYPOE29K8mSKciv35bcjnigIkUtmTMNzY2ymTKPgEoZZPzEQM95nXWhYGjIFppmOXxjSI6u0aSfStkKkY/X3RMqUMQMV2E7FsGdmvZH4n9dIsHPeTEUYJwghnyzqJJJiREd50LbQwFEOLGFcC3sr5T2mGUebWtaG4M2+PE+qpwWvWLi4LeZLl9M4MuSAHJJj4pEzUiLXpEwqhJNH8kxeyZvz5Lw4787HpHXBmc7skT9wPn8AUEqWxA==</latexit>

TRH > (2� 5)MeV

<latexit sha1_base64="CabiIjRVAkereUoO/GnILLrupWA=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAYhgobdEFEvEvSSixDFRCEbwuykEwdnH8z0imHZmxd/xYsHRbz6C978GycxB18FDUVVN91dXiSFRtv+sDITk1PTM9nZ3Nz8wuJSfnmlqcNYcWjwUIbq0mMapAiggQIlXEYKmO9JuPCuj4f+xQ0oLcLgHAcRtH3WD0RPcIZG6uTXzzuJq3x6VkvpIS2Wd3a33G0X4RaTE2imnXzBLtkj0L/EGZMCGaPeyb+73ZDHPgTIJdO65dgRthOmUHAJac6NNUSMX7M+tAwNmA+6nYz+SOmmUbq0FypTAdKR+n0iYb7WA98znT7DK/3bG4r/ea0Ye/vtRARRjBDwr0W9WFIM6TAU2hUKOMqBIYwrYW6l/IopxtFElzMhOL9f/kua5ZJTKR2cVgrVo3EcWbJGNkiROGSPVEmN1EmDcHJHHsgTebburUfrxXr9as1Y45lV8gPW2ycPdZeP</latexit>

GBBN/G0 = 0.98± 0.03

<latexit sha1_base64="TmDVSAlaS+zoQMreWorcFms82B0=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFc1UQLtguh1EVdSQX7gCaEyXTSDp1JwsxEKKE7N/6KGxeKuPUX3Pk3TtsstPXAcA/n3Mude/yYUaks69tYWl5ZXVvPbeQ3t7Z3ds29/ZaMEoFJE0csEh0fScJoSJqKKkY6sSCI+4y0/eH1xG8/ECFpFN6rUUxcjvohDShGSkueeVT3UkdwWKvdjs/qngWvoFWslJ2Y62pdeGZBlyngIrEzUgAZGp755fQinHASKsyQlF3bipWbIqEoZmScdxJJYoSHqE+6moaIE+mm0zvG8EQrPRhEQr9Qwan6eyJFXMoR93UnR2og572J+J/XTVRQdlMaxokiIZ4tChIGVQQnocAeFQQrNtIEYUH1XyEeIIGw0tHldQj2/MmLpHVetEvFyl2pUK1lceTAITgGp8AGl6AKbkADNAEGj+AZvII348l4Md6Nj1nrkpHNHIA/MD5/ANShlhk=</latexit>

6⇥108 g < MPBH < 2⇥1013 g

<latexit sha1_base64="hdZOMeJ1rFVrzpC8bwWbwcz2W/0="></latexit>

https://arxiv.org/abs/2006.16182
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Evidence for Cosmic Neutrinos
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Planck 2018, 1807.06209

Current constraints

Pisanti et al. 2011.11537BBN

Planck+BAO

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

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 = 3.043

Implications: 

2) We can use cosmological data to test neutrino properties

1) Stringent constraint on many BSM scenarios

Yeh et al. 2207.13133 
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Neutrino Properties
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InvertedNormal

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. Σm𝛎? 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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Neutrino Masses in 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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Neutrino Masses in Cosmology
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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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Neutrino Masses in Cosmology
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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!
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Neutrino Masses in Cosmology
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Cosmic Microwave Background Anisotropies
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The effect of neutrino masses in the CMB:
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Neutrino Masses in Cosmology
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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

-1
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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

What about other non-linear cosmological data?

Importantly, all cosmological bounds are cosmological model dependent

What is the dependence upon the assumed Cosmological Model?

To be compared to the KATRIN bound:∑ mν < 2.4 eV
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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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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 be significantly relaxed in some extensions of ΛCDM. 
They require modifications to the neutrino sector.

Non-standard 
Neutrino Populations

Tν < TSM
ν + DR

Escudero, Schwetz & Terol-Calvo 2211.01729

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.12726

<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

Wetterich et al. 1009.2461
Abellán, 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/2211.01729
https://arxiv.org/abs/2111.12726
https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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nSM
ν ∼ 300 cm−3nSM
ν ∼ 300 cm−3

SM

∑ mν < 0.12 eV

☹

nν ∝ T3
ν

Neff ∝ T4
ν ≪ 3

CMB observations can only constrain:

see Alvey, M.E.A. & Sabti 2111.12726 and also Oldengott et al. 1901.04352 and Renk et al. 2009.03286

ρ0
ν ≡ ∑ mνnν

nSM
ν ∼ 30 cm−3

∑ mν < 1.2 eV!

solution:
add Dark Radiation

∑ mν < 1.2 eV!

! Neff ≃ 3

https://arxiv.org/abs/2111.12726
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Farzan & Hannestad 1510.02201 
Escudero, Schwetz & Terol-Calvo 2211.01729

ν̄ν → X

ν̄ν ↔ X ↔ χχ

X → ν̄ν
X → χχ

T ∼ mX

Neutrino mass bound relaxed
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m = mν
m = 0

Escudero, Schwetz & Terol-Calvo 2211.01729

1) Features a neutrino mass mechanism (type-I seesaw)
2) Have a large number of massless sterile states coupled to neutrinos  
 

3) These states are nevertheless coupled enough so that they can 
thermalize in the early Universe between BBN and recombination

4) A new interacting boson at the keV scale

Requirements:

∑ mν < 0.12 eV [1 + Nχ /3] Nχ ∼ 10 − 20

L = y�NRSL

<latexit sha1_base64="rrbc2V7DH3M7j3dBKuUfbN0VDrw="></latexit>

M⌫ |7⇥7 =

0

@
0 mD 0

mt
D MR y↵v�
0 (y↵v�)t 0

1

A

<latexit sha1_base64="qzTrSgxzXjN/OsucaJ7wEUAVoTc="></latexit>

The essence of the models:
Add a U(1)X symmetry with a scalar field and a singlet left-handed state SL

Seesaw mechanism at play
Provided y↵v� ⌧ mD

<latexit sha1_base64="+KfJKtwzVqyPWYF7u43zA/E9R20=">AAACAHicbVDLSsNAFJ3UV62vqAsXigwWwVVJRFB3RV24bME+oAlhMp00Q2eSMDMphNCN4Je4caGIu+JnuPMb/Amnj4VWD1w4nHMv997jJ4xKZVmfRmFhcWl5pbhaWlvf2Nwyt3eaMk4FJg0cs1i0fSQJoxFpKKoYaSeCIO4z0vL712O/NSBC0ji6U1lCXI56EQ0oRkpLnrmXeQ5iSYjgwHNqIYUOY5B7N55ZtirWBPAvsWekXD0Y1b8eDkc1z/xwujFOOYkUZkjKjm0lys2RUBQzMiw5qSQJwn3UIx1NI8SJdPPJA0N4rJUuDGKhK1Jwov6cyBGXMuO+7uRIhXLeG4v/eZ1UBRduTqMkVSTC00VByqCK4TgN2KWCYMUyTRAWVN8KcYgEwkpnVtIh2PMv/yXN04p9Vrms6zSuwBRFsA+OwAmwwTmogltQAw2AwRA8gmfwYtwbT8ar8TZtLRizmV3wC8b7N49pmXQ=</latexit>

m⌫ ' m2
D/MR

<latexit sha1_base64="21bM7F6ZpibfQIspWaTuGC0Z+Eo=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzpTCuquqAs3QhX7gM44ZNK0DU0yY5IRytiFv+LGhSJu/Q13/o1pOwttPXDhcM693HtPGDOqtON8W3PzC4tLy7mV/Ora+samvbVdV1EiManhiEWyGSJFGBWkpqlmpBlLgnjISCPsn4/8xgORikbiVg9i4nPUFbRDMdJGCuxdHngigZ6inNxDHlzclY6ugpvALjhFZww4S9yMFECGamB/ee0IJ5wIjRlSquU6sfZTJDXFjAzzXqJIjHAfdUnLUIE4UX46vn8ID4zShp1ImhIajtXfEyniSg14aDo50j017Y3E/7xWojsnfkpFnGgi8GRRJ2FQR3AUBmxTSbBmA0MQltTcCnEPSYS1iSxvQnCnX54l9VLRLRdPr8uFylkWRw7sgX1wCFxwDCrgElRBDWDwCJ7BK3iznqwX6936mLTOWdnMDvgD6/MHhTuVJg==</latexit>

Right 𝛎4 properties: U↵4 ⇠ y↵v�
mD

⌧ 1

<latexit sha1_base64="31HVC+IJnCuify+UtMU9DAIdCQ0=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiuSiLFx66oC5cVTFtoQphMJ+3QmSTMTAoh5E/c+CtuXCgi7vo3Ttsg2npg4HDOudy5J0gYlcqyJsbK6tr6xmZlq7q9s7u3bx4ctmWcCkwcHLNYdAMkCaMRcRRVjHQTQRAPGOkEo9up3xkTIWkcPaosIR5Hg4iGFCOlJd+8cPzcRSwZItgooCsph24oEM6zH72AY99tDWmRc/9OZxiDtm/WrLo1A1wmdklqoETLN7/cfoxTTiKFGZKyZ1uJ8nIkFMWMFFU3lSRBeIQGpKdphDiRXj67r4CnWunDMBb6RQrO1N8TOeJSZjzQSY7UUC56U/E/r5eq8MrLaZSkikR4vihMGVQxnJYF+1QQrFimCcKC6r9CPES6HqUrreoS7MWTl0n7vG436tcPjVrzpqyjAo7BCTgDNrgETXAPWsABGDyBF/AG3o1n49X4MD7n0RWjnDkCf2BMvgE706J7</latexit>

mχ ≃ 0
Trivial to generalize to the case of . Additional Z2 needed for Gauge caseNχ ∼ 10 − 20



Neutrino Cosmology in 2023 Orsay  05-11-23Miguel Escudero (CERN)

Complete UV models
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Parameters:
Active-sterile mixing
Scale at which  is spontaneously broken
Mass of mediator

U(1)X

θνχ
vΦ
mX

Two cases:

Global :U(1)X Gauge :U(1)X

�

⌫

⌫

�

⌫

�

�

�

�

Z 0
⌫

⌫

Z 0
⌫

�

Z 0
�

�

λ = 0

λ = mν

vΦ
θνχ

λ = mν

vΦ
θ2

νχ

λ = gX

λ = gX θνχ

λ = gX θ2
νχ
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m = mν
m = 0

103 104 105 106 107

v© [keV]

10°1

100

101

102

103

m
Z

0
[k

eV
] M

R
∑

2
£

10
9

G
eV

M
R

∑
7

£
10

13
G

eV

gX
=

10
°1

gX
=

10
°6

¬
¬
!

¬
¬

Ex
clu

de
d
by

∫
fre

es
tre

am
in
g

Z
0 $

∫ ∫

∫ ¬ ! ¬¬
∫ ° dec.

&BBN∫ ∫ $ Z
0

To
o

w
ea

kl
y

co
up

le
d

L
ep

to
ge

ne
si

s

Gauge
°
µ∫¬ = 10°3

¢

Viable 
Parameter 
space

mZ′ ∼ 10 keV
vΦ ∼ 100 MeV



Neutrino Cosmology in 2023 Orsay  05-11-23Miguel Escudero (CERN)

Neutrino Masses from Cosmology

34

Non-standard Neutrino Cosmologies:

Abellán, 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

Archidiacono & Hannestad 1311.3873

Non-standard 
Neutrino Populations

Tν < TSM
ν

Escudero, Schwetz & Terol-Calvo 2211.01729

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.12726

<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

Wetterich et al. 1009.2461

∑ mν < 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

— 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)
— 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
https://arxiv.org/abs/1311.3873
https://arxiv.org/abs/2111.12726
https://arxiv.org/abs/2211.01729
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Neutrino Interactions

35

Neutrinos represent a large component of the energy density of 
the Universe 

60%
40%

Photons

Neutrinos

Neutrinos have very special cosmological perturbations
1) They are ultrarelativistic until z ∼ 200 mν /0.1 eV
2) In the SM: since , they are free 
streaming i.e. do not interact with anything

tU ∼ 0.1 s (T ∼ 2 MeV)

These together actually mean that CMB observations can 
probe potential neutrino interactions!
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Why?

36

Gμν = 8πG Tμν Background expansion: Neff
δGμν = 8πG δTμν Perturbations: can tell about interactions

σν

Neutrino anisotropic stress Metric
δgμν

CMB spectra
ΔTγ

Neutrino Interactions Neutrino Cosmo Day 06-05-22Miguel Escudero (TUM)

Why?

4
First discussed by Bashinsky & Seljak in astro-ph/0310198

Interacting Neutrinos σν → 0

The key is in Einstein’s equations
First discussed by Bashinsky & Seljak in [astro-ph/0310198] and applied by Chacko, Hall, Okui & Oliver [hep-ph/0312267]

Free Streaming Neutrinos σν ≠ 0

Neutrino Interactions Neutrino Cosmo Day 06-05-22Miguel Escudero (TUM)

Why?

4
First discussed by Bashinsky & Seljak in astro-ph/0310198
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Effect of Neutrino Free-streaming in the CMB

37

Planck error bars

ΔNeff = 0.5

σν = 0
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The Neutrino Freestreaming window

38

zint ≲ 2000
zint ≳ 105

We have demonstrated in a model independent way that neutrinos cannot interact 
efficiently between themselves or other light particles in the range: 

2000 ≲ zint ≲ 105 0.3 eV ≲ Tν ≲ 15 eV

Together with Petter Taule and Mathias Garny in 2207.04062 we have recently 
stablished the presence of a neutrino free streaming window.

Blue lines are interaction histories 
that are compatible with Planck data

https://arxiv.org/abs/2207.04062
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Models
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⌫

⌫̄

�

�

Neutrino Annihilations

Beacom, Bell & Dodelson [astro-ph/0404585]
Hannestad [astro-ph/0411475]
Archidiacono & Hannestad [1311.3873]
Forastieri, Lattanzi & Natoli [1904.07810]

eV-scale neutrinophilic bosons

⌫̄

⌫

�

Chacko, Hall, Okui & Oliver [hep-ph/0312267]
Escudero & Witte [1909.04044]
Escudero & Witte [2103.03249]
Sandner, Escudero & Witte [2304.XXXXX]

Neutrino Decays

⌫i

⌫j

�
Hannestad & Raffelt [hep-ph/0509278]
Basboll, Bjaelde, Hannestad & Raffelt [0806.1735]
Escudero & Fairbairn [1907.05425]
Chacko, Dev, Du, V. Poulin and Y. Tsai [1909.05275]
Barenboim, Chen, Hannestad, Oldengott, Tram & Wong [2011.01502]
Abellán, Chacko, Dev, Du, Poulin & Tsai [2112.13862]
Chen, Oldengott, Pierobon & Wong [2203.09075]

Neutrino Scatterings
⌫

⌫

⌫

⌫
Cyr-Racine & Sigurdson [1306.1536]
Lancaster, Cyr-Racine, Knox & Pan [1704.06657]
Oldengott, Tram, Rampf & Wong [1706.02123]
Kreisch, Cyr-Racine & Doré [1902.00534]
Das & Ghosh [2011.12315]
Choudhury, Hannestad & Tram [2012.07519]
Brinckmann, Chang & LoVerde [2012.11830]
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Rates for various models

40

Neutrino scatterings
⌫

⌫

⌫

⌫

Γnfs ∼ T5

⌫

⌫̄

�

�

Neutrino annihilations

Γnfs ∼ T

Neutrino decays

⌫i

⌫j

�

Γnfs ∼ T−5

eV-scale Neutrinophilic Bosons

⌫̄

⌫

� Γnfs ∼ T−5

Γnfs ∼ e−mϕ/T
(T > mϕ)

(T < mϕ)

Neutrino scatterings
⌫

⌫

⌫

⌫

Γnfs ∼ T5

⌫

⌫̄

�

�

Neutrino annihilations

Γnfs ∼ T

Neutrino decays

⌫i

⌫j

�

Γnfs ∼ T−5
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The case of the Majoron

41

Type-I seesaw

m⌫

mN

yDvH

Neutrinos are very light Majorana particles: m⌫ ' 0.03 eV
⇣ yD
10�6

⌘2 TeV

MN

The Majoron is the pseudo-Goldstone boson associated with the spontaneous 
breaking of global U(1)L

ℒ = λ ϕ ν̄γ5ν λ = mν/vϕ



Neutrino Cosmology in 2023 Orsay  05-11-23Miguel Escudero (CERN)

10°3 10°2 10°1 100 101 102 103 104 105 106 107

m¡ [eV]

10°15

10°13

10°11

10°9

10°7

10°5

10°3
∏

∫

Excluded by Planck
(¡ $ ∫∫̄)

ØØ¡

BBNSN1987A

best fit region

Simons Obs. ¢NeÆ
= 0.1

out-of
-eq. decay

singlet majoron

Nint = 3

Nint = 1

10°3 10°2 10°1 100 101 102 103 104 105 106 107

mZ 0 [eV]

10°15

10°13

10°11

10°9

10°7

10°5

10°3

g µ
°

ø

Excluded by Planck
(Z 0 $ ∫∫̄)

Stars

SN 1987A + BBN

Borexino

≤ = °gµ°ø/70

Simons Obs.

out-o
f-eq.

decay

µ ° ø gauge boson

10°6

10°4

10°2

1

102

104

v L
/G

eV

10°14

10°12

10°10

10°8

10°6

10°4

The case of the Majoron
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Sandner, Escudero & Witte 2305.01692 

CMB observations can test a well motivated neutrino mass model up to vL ∼ vH
There is a region preferred at ~1 . We show that together with a primordial  the model can 
lower the H0 tension to the 3  level. This is 0.5-1  worse than what we found in Escudero & 
Witte 1909.04044 and 2103.03249

σ ΔNeff
σ σ

The Simons Observatory will test in the next ~6 years wide regions of parameter space!
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Planck rules out couplings as small as  for gμ−τ ∼ 10−13 mZ′ ∼ eV

Sandner, Escudero & Witte 2305.01692 
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Neff: Number of relativistic neutrino species

We have performed the most accurate 
calculation of Neff to date and found Neff |SM = 3.043

BBN

Planck+BAO

NBBN
eff = 2.86 ± 0.28

NCMB
eff = 2.99 ± 0.17

CMB and BBN measurements give strong evidence that the Cosmic 
Neutrino background should be there.

This implies:
1) a stringent constraint on many BSM models
2) gives us confidence to test neutrino properties with cosmology

Standard Model Neff = 3.043
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Neutrino Masses:
Cosmological bounds are very stringent within ΛCDM:

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

∑ mν < 0.12 eV

In addition, they are robust upon standard modifications of the model.

The case of a non-standard CNB to relax them
We developed a simple scenario compatible with high scale type-I seesaw
Need a large number of dark radiation species interacting with neutrinos 
between BBN and recombination
Parameter space of interest is  and mZ′ ∼ 10 keV vΦ ∼ 10 MeV − 1GeV
As of now a fun model building exercise but could get more relevance if 
we were to detect something in the lab or nothing in cosmology!

at 95% CL
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Neutrino Interactions:
The CMB is a powerful probe of neutrino interactions

We have shown that there is a well defined 
redshift region where neutrinos must free stream 2 × 103 ≲ z ≲ 105

These bounds are relevant for many particle physics scenarios

Including the singlet majoron 
model and a light mu-tau Z’
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The next generation of CMB experiments are expected to significantly 
improve the sensitivity to Neff

These measurements will represent an important test of the CNB and 
BBN in the SM and perhaps may yield a BSM signal!

Simons Observatory

~2029σ(Neff) = 0.05

CMB-S4

~2035?σ(Neff) = 0.03
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In parallel, the KATRIN experiment is taking data and should 
reach a sensitivity of  at 90% CL in ~ 3-4 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

This is expected to happen in the next 3-4 years: σ(∑ mν) = 0.02

DESI EUCLID LiteBIRD

Why? DESI: 30M galaxies and EUCLID: 50M galaxies, but BOSS 1M galaxies
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Local:

Planck Collaboration: Cosmological parameters
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.38 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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H0 = 73.0 ± 1.0 km/s/Mpc
H0 = 67.7 ± 0.4 km/s/MpcCMB+BAO:

5σ discrepancy!
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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 = 3.043 ± 0.06
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miguel.escudero@cern.ch

Upcoming years are going to be exciting!

Thank you for your attention!

⌫

mailto:miguel.escudero@cern.ch

