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Motivation
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Neutrinos are ubiquitous in Cosmology

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

Use cosmological data to understand their properties

Use them as a link to BSM physics

Topics Covered (from a Particle Physics perspective):

X
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New Laboratory Neutrino Mass Bound
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3
H ! 3

He
+
+ e� + ⌫̄eKATRIN experiment

KATRIN expected reach X
m⌫ < 0.6 eV

(90 % CL)m⌫e < 0.2 eV
(in ~3 years)

Mainz and Troitsk (2004): m⌫e < 2.2 eV (95 % CL)

(90 % CL, FC)
<latexit sha1_base64="nNBOPJYyKRgZMQP1+CxhawE39k0="></latexit>X

m⌫ < 2.4 eV

2105.08533+1909.06048 (PRL)
(90 % CL, FC)Current laboratory bound:

<latexit sha1_base64="tjxrFWqPYisHyfWjA/np8NdjnzU=">AAACA3icdVBNS8NAEN34bf2qetPLYhE8SElqtRU8iF48KtgqNCVstlNdutmE3YlYQsGLf8WLB0W8+ie8+W/caAUVfTDweG+GmXlhIoVB131zRkbHxicmp6YLM7Nz8wvFxaWmiVPNocFjGevzkBmQQkEDBUo4TzSwKJRwFvYOc//sCrQRsTrFfgLtiF0o0RWcoZWC4koUZL5KAxjQPeqW6/6mj3CNGTQHQbHklnfrO5XqjnVct+ZVvJxUatWtKvWskqNEhjgOiq9+J+ZpBAq5ZMa0PDfBdsY0Ci5hUPBTAwnjPXYBLUsVi8C0s48fBnTdKh3ajbUthfRD/T6RsciYfhTazojhpfnt5eJfXivFbr2dCZWkCIp/LuqmkmJM80BoR2jgKPuWMK6FvZXyS6YZRxtbwYbw9Sn9nzQrZW+77J5US/sHwzimyCpZIxvEIzWyT47IMWkQTm7IHXkgj86tc+88Oc+frSPOcGaZ/IDz8g4OfJcq</latexit>

m⌫e < 0.8 eV
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Planck Legacy Data is Public
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Planck Likelihoods 1907.12875

CLASS/CAMB MontePython/CosmoMC
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The Hubble Tension Increases 
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From Verde et al. 1907.10625
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Outline
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1) Neutrinos and ΛCDM

2) Neutrino Masses
Cosmological Constraints 
Neutrino Decays to relax Σm! bounds

3) Neff
BBN and the CMB  
Constraints on BSM Physics

4) Neutrinos and the Hubble Tension
Could the Hubble tension be pointing to the neutrino 
mass mechanism?

5) Conclusions and Outlook

-1) Cosmic Neutrino Background at PTOLEMY
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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

8

Ne↵ ⌘ 8

7

✓
11

4

◆4/3 ✓⇢rad � ⇢�
⇢�

◆
Ne↵ = 3

✓
1.4T⌫

T�
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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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de Salas & Pastor 1606.06986 
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero 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 

http://arxiv.org/abs/hep-ph/0202122
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Neutrino Evolution
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X
m⌫ = 1 eV

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

γ ν

DM:Non-Rel: znon�rel
⌫ ' 600

m⌫

0.3 eV
⌦⌫h

2 =
X

m⌫/(93.14 eV)

<latexit sha1_base64="ss4peOiOpzOisWAeMPSUBKNygVM="></latexit>
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q
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atm

q
�m2

sol ' 0.01 eV

q
�m2

atm ' 0.05 eV

Neutrino Properties
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InvertedNormal

Figure taken 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 Delta CP and what is the mass ordering?Neutrino Oscillations
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Neutrino Masses from Cosmology
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Planck 2018 (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

But, all cosmological bounds are cosmological model dependent. 

What is the dependence upon the assumed Cosmological Model?

Very robust bounds from linear Cosmology
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Neutrino Masses from Cosmology
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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

X
m⌫ < 0.23 eV

Planck 1807.06209

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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Neutrino Mass Models 
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Many neutrino mass models have large regions of parameter 
space with Σm! > 0.12 eV.
Most of the 2-zero neutrino mass textures predict  Σm! > 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, "
+ 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

<latexit sha1_base64="s1egv5Y2BM1O+MgWSE97GKyMdWQ=">AAACF3icbVA9SwNBEN3z2/gVtbRZDIKFHHcSiEIK0cZSwXxALoS9zUQXd/eO3TkxHPkXNv4VGwtFbLXz37iJKTTxwcDjvRlm5sWpFBaD4MubmZ2bX1hcWi6srK6tbxQ3t+o2yQyHGk9kYpoxsyCFhhoKlNBMDTAVS2jEt2dDv3EHxopEX2E/hbZi11r0BGfopE7RD/ywEh1ECPeYQ31QpZHNFFWdSGe0SgO/XKG/7E6xFPjBCHSahGNSImNcdIqfUTfhmQKNXDJrW2GQYjtnBgWXMChEmYWU8Vt2DS1HNVNg2/norwHdc0qX9hLjSiMdqb8ncqas7avYdSqGN3bSG4r/ea0Me0ftXOg0Q9D8Z1EvkxQTOgyJdoUBjrLvCONGuFspv2GGcXRRFlwI4eTL06R+6Idl//iyXDo5HcexRHbILtknIamQE3JOLkiNcPJAnsgLefUevWfvzXv/aZ3xxjPb5A+8j29k152e</latexit>
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Neutrino Masses from Cosmology

14

Cosmological Model Dependence
More exotic scenarios:

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

⌫i

⌫4

�

Chacko et al. 1909.05275 

Invisible Neutrino Decay

∑ mν ≲ 1 eV

Non-standard 
Neutrino Populations

Tν < TSM
ν

Renk et al. 2009.03286

fν ≠ f SM
ν

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Sabti, Alvey & Escudero 2110.XXXXX

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 & 1407.8414
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Neutrino Masses from Cosmology
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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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Neutrino Masses from Cosmology
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Massive neutrinos also affect CMB lensing ∝ "! 

Not only a background effect:
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Neutrino Decays

17

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 ameliorate the bounds on Σm!!
Effect of induced neutrino Lensing is substantially reduced
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Neutrino Decay Landscape
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2 Neutrinos decay in the SM but with 
Radiative decays are strongly constrained: ⌧⌫ > 102 � 1010 tU
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⌧⌫ ⇠ (G2
Fm

5
⌫)

�1 > 1033 yr � tU

<latexit sha1_base64="GT9apJYI2VSoF1KwXoFQZSp9byw="></latexit>

Invisible neutrino decays are substantially less constrained:

⌫i

⌫4

�



Neutrinos in Cosmology BNL 07-10-21Miguel Escudero (TUM)

Neutrino Decay Landscape
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2 Neutrinos decay in the SM but with 
Radiative decays are strongly constrained: ⌧⌫ > 102 � 1010 tU

<latexit sha1_base64="vTTP1BQdJfvpofAjJfPJxhnzjmA=">AAACCHicbVC7SgNBFJ2NrxhfUUsLB4NgoWE3BNRGgjaWEcwDsnGZnUySIbOzy8xdISwpbfwVGwtFbP0EO//G2WQLjR643MM59zJzjx8JrsG2v6zcwuLS8kp+tbC2vrG5VdzeaeowVpQ1aChC1faJZoJL1gAOgrUjxUjgC9byR1ep37pnSvNQ3sI4Yt2ADCTvc0rASF5x3wUSe66M8QV27LukMjlJm2NP3GPwGtgrluyyPQX+S5yMlFCGulf8dHshjQMmgQqidcexI+gmRAGngk0KbqxZROiIDFjHUEkCprvJ9JAJPjRKD/dDZUoCnqo/NxISaD0OfDMZEBjqeS8V//M6MfTPugmXUQxM0tlD/VhgCHGaCu5xxSiIsSGEKm7+iumQKELBZFcwITjzJ/8lzUrZqZbPb6ql2mUWRx7toQN0hBx0imroGtVRA1H0gJ7QC3q1Hq1n6816n43mrGxnF/2C9fENZNyXrQ==</latexit>

⌧⌫ ⇠ (G2
Fm

5
⌫)

�1 > 1033 yr � tU

<latexit sha1_base64="GT9apJYI2VSoF1KwXoFQZSp9byw="></latexit>

Invisible neutrino decays are substantially less constrained:

γ ν

�Gµ⌫ = 8⇡G �Tµ⌫

Bashinsky & Seljak astro-ph/0310198
Hannestad & Raffelt hep-ph/0509278

Dodelson et al. astro-ph/9806116
Hannestad astro-ph/9804075

Matter Power Spectrum

Neutrino mass 
bound evaded!

Chacko et al. 1909.05275 

Barenboim et al. 2011.01502 
Escudero & Fairbairn 1907.05425
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Neutrino Mass and Decay Models
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Can relax the bounds significantly⌫i ! ⌫4 �

<latexit sha1_base64="11DXTP+dnlxFNbIXu8q1QK7Jwcg=">AAAB/3icbZDLSsNAFIZPvNZ6iwpu3AwWwYWURArqrujGZQV7gSaEyXTaDp1MwsxEKLELX8WNC0Xc+hrufBsnbRba+sPAx3/OYc75w4QzpR3n21paXlldWy9tlDe3tnd27b39lopTSWiTxDyWnRArypmgTc00p51EUhyFnLbD0U1ebz9QqVgs7vU4oX6EB4L1GcHaWIF96Ik0YMjTMcqphrwzLxmywK44VWcqtAhuARUo1AjsL68XkzSiQhOOleq6TqL9DEvNCKeTspcqmmAywgPaNShwRJWfTfefoBPj9FA/luYJjabu74kMR0qNo9B0RlgP1XwtN/+rdVPdv/QzJpJUU0FmH/VTjsy1eRioxyQlmo8NYCKZ2RWRIZaYaBNZ2YTgzp+8CK3zqlurXt3VKvXrIo4SHMExnIILF1CHW2hAEwg8wjO8wpv1ZL1Y79bHrHXJKmYO4I+szx+RppUw</latexit>

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

3) But not so weakly coupled so that &! < 0.1 tU

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>

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

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>

m⌫4 ' 0

<latexit sha1_base64="D28U0ZstAwaN5tG3QXaVN8so5G4=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7IrBfVW9OKxgv2AtizZdNqGJtk1yYpl2b/ixYMiXv0j3vw3pu0etPXBwOO9GWbmhTFn2njet1NYW9/Y3Cpul3Z29/YP3MNyS0eJotCkEY9UJyQaOJPQNMxw6MQKiAg5tMPJzcxvP4LSLJL3ZhpDX5CRZENGibFS4JZFkPZkEtQy3NNMwAP2ArfiVb058Crxc1JBORqB+9UbRDQRIA3lROuu78WmnxJlGOWQlXqJhpjQCRlB11JJBOh+Or89w6dWGeBhpGxJg+fq74mUCK2nIrSdgpixXvZm4n9eNzHDy37KZJwYkHSxaJhwbCI8CwIPmAJq+NQSQhWzt2I6JopQY+Mq2RD85ZdXSeu86teqV3e1Sv06j6OIjtEJOkM+ukB1dIsaqIkoekLP6BW9OZnz4rw7H4vWgpPPHKE/cD5/ADfsk+w=</latexit>

Right !4 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>

Cosmological decays: �(⌫i ! ⌫4�) ⇠ 106t�1
U y2↵

⇣ m⌫

0.3eV

⌘2
✓
1014 GeV

MR

◆

<latexit sha1_base64="eS8xfupNWAuvSAFBZNTMTHyHEOk="></latexit>

http://arxiv.org/abs/arXiv:2007.04994
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Mass predictions for U(1)µ�⌧

<latexit sha1_base64="8DwSfVP2WBDBpQEJjDPF/Z/Z5do=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRahLiyJFNRd0Y3LCqYtNCFMppN26MwkzEOooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5xRIpXrflultfWNza3ydmVnd2+/ah8cdmSqBcI+SmkqejGUmBKOfUUUxb1MYMhiirvx+Hbmdx+xkCTlD2qS4ZDBIScJQVAZKbKrft07i/KA6fNAQT2N7JrbcOdwVolXkBoo0I7sr2CQIs0wV4hCKfuem6kwh0IRRPG0EmiJM4jGcIj7hnLIsAzz+eFT59QoAydJhSmunLn6eyKHTMoJi00ng2okl72Z+J/X1yq5CnPCM60wR4tFiaaOSp1ZCs6ACIwUnRgCkSDmVgeNoIBImawqJgRv+eVV0rloeM3G9X2z1rop4iiDY3AC6sADl6AF7kAb+AABDZ7BK3iznqwX6936WLSWrGLmCPyB9fkDxXGSjA==</latexit>

Cosmological Neutrino mass bounds are indeed relaxed!
Check out: 2007.04994 with López-Pavón, Rius & Sandner
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Questions?
 

Comments?

Criticism?

All are most welcome!
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Ne↵ = 2.99± 0.17 Planck 2018, 1807.06209

Current Constraints

Fields et al. 1912.01132

Ne↵ = 3.27± 0.15

BBN

Planck+BAO

Planck+BAO+H0 Planck 2018, 1807.06209

Ne↵ = 2.92± 0.28

<latexit sha1_base64="e608XjfhfKLSFUPgi1++x2AESf0=">AAACA3icbVDLSsNAFJ3UV62vqOBCN4NFcBWSINguhFI3rqQF+4CmlMl00g6dScLMRCih4MZfcSOiiFt3foE7N36L08dCWw9cOJxzL/fe48eMSmXbX0ZmaXlldS27ntvY3NreMXf36jJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9LwB5djv3FLhKRReKOGMWlz1AtpQDFSWuqYh9ed1BMckiAYwQvoWkXXizm0LbfQMfO2ZU8AF4kzI/nSQfWbPpU/Kh3z0+tGOOEkVJghKVuOHat2ioSimJFRzkskiREeoB5paRoiTmQ7nfwwgida6cIgErpCBSfq74kUcSmH3NedHKm+nPfG4n9eK1FBoZ3SME4UCfF0UZAwqCI4DgR2qSBYsaEmCAuqb4W4jwTCSseW0yE48y8vkrprOWdWsarTKIMpsuAIHINT4IBzUAJXoAJqAIM78ACewYtxbzwar8bbtDVjzGb2wR8Y7z8Y6pjy</latexit>

Data is in excellent agreement with the Standard Model prediction

Standard Model Prediction: NSM
e↵ = 3.044

<latexit sha1_base64="LVYJfdKVZiWFhLJwmg5ufZ3gaEA=">AAACBXicdZDLSgMxFIYz9VbrrepSF8EiuCpJHWy7EIpu3CgV7QXaWjJppg3NXEgyQhm6ceOruHGhiFvfwZ1vY6atoKIHAh//fw4n53dCwZVG6MNKzc0vLC6llzMrq2vrG9nNrboKIklZjQYikE2HKCa4z2qaa8GaoWTEcwRrOMPTxG/cMql44F/rUcg6Hun73OWUaCN1s7sX3bgtPchcd3wzoavzMTyGh3lk291sDuURQhhjmAAuHiED5XKpgEsQJ5apHJhVtZt9b/cCGnnM11QQpVoYhboTE6k5FWycaUeKhYQOSZ+1DPrEY6oTT64Yw32j9KAbSPN8DSfq94mYeEqNPMd0ekQP1G8vEf/yWpF2S52Y+2GkmU+ni9xIQB3AJBLY45JRLUYGCJXc/BXSAZGEahNcxoTwdSn8H+qFPLbz5Us7VzmZxZEGO2APHAAMiqACzkAV1AAFd+ABPIFn6956tF6s12lryprNbIMfZb19AgMClv0=</latexit>
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Sterile Neutrino
Goldstone Bosons
Other sterile long-lived particles  Gravitino, axino, hidden sector particles ...

mN ⇠ eV �Ne↵ = 1

Weinberg 1305.1971 

(e.g. Gariazzo, de Salas & Pastor 1905.11290)

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

Check out a recent review on non-standard expansion histories:
2006.16182 Vaskonen & Tenkanen 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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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 ∼ (74 ± 2) 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

Some analyses do point to smaller 
values: Freedman et al. 20’ and Birrer 
et al. 20’

4.2 σ tension within ΛCDM! 
Planck 2018 1807.06209

Riess et al. 2012.08534H0 = 73.2 ± 1.3 km/s/Mpc
H0 = 67.4 ± 0.5 km/s/Mpc
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*After 7 years of intense scrutiny, it has been pointed out recently that perhaps dust could play a relevant role Mortsell et al. 2105.11461

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
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Way to Resolve the Hubble Tension (Knox and Millea 1908.03663):

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

✓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 fixes:

(Early Universe) (Late Universe)

H0

(controls the positions of the peaks)

H0 ≃ [67.5 + 6.2 ΔNeff] km/s/Mpc Vagnozzi 1907.07569

 would yield the value of  reported by RiessΔNeff ≃ 1 H0
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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?
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Dark Radiation

(68 % CL, Planck+BAO+H0)
�Ne↵ = 0.23± 0.15 H0 tension from 4.4σ to 3σ

CMB fit is degraded 

Clear Interpretation !
"
☹

Light Neutrinophilic Scalar + Dark Radiation Escudero & Witte 1909.04044

⌫̄

⌫

�

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

⌫

⌫

⌫

⌫

H0 tension solved if TEEE data is ignored !

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

Primordial population of light scalars Escudero & Witte 2103.03249

N

⌫

�

Sterile neutrinos can source  ΔNeff ∼ 0.5
Sterile neutrinos can lead to Leptogenesis
H0 tension from 4.2σ to 2σ⌫̄

⌫

� +

H0 tension from 4.4σ to 2.5σ "
CMB fit is not degraded !
Direct connection with Seesaw !
Ad hoc ΔNeff ∼ 0.5 "
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Early Dark Energy sourced by neutrinos Sakstein & Trodden 1911.11760

X
m⌫ = 1.5 eV

<latexit sha1_base64="EjK9O0kiAryVoT884ktIWliQ40s=">AAACBHicbVA9SwNBEN2L3/ErammzGAQLCXeiqIUg2lgqmA/IhbC3mSRLdveO3TkxHCls/Cs2ForY+iPs/DduYgpNfDDweG+GmXlRIoVF3//ycjOzc/MLi0v55ZXVtfXCxmbFxqnhUOaxjE0tYhak0FBGgRJqiQGmIgnVqHc59Kt3YKyI9S32E2go1tGiLThDJzUL26FNFVXNUKf0jAalo3A/RLjHDCqDZqHol/wR6DQJxqRIxrhuFj7DVsxTBRq5ZNbWAz/BRsYMCi5hkA9TCwnjPdaBuqOaKbCNbPTEgO46pUXbsXGlkY7U3xMZU9b2VeQ6FcOunfSG4n9ePcX2SSMTOkkRNP9Z1E4lxZgOE6EtYYCj7DvCuBHuVsq7zDCOLre8CyGYfHmaVA5KwWHp9OaweH4xjmORbJMdskcCckzOyRW5JmXCyQN5Ii/k1Xv0nr037/2nNeeNZ7bIH3gf3/gUlw4=</latexit>

Use                               (10% of DM) which can be dangerous

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 !

An eV-scale Sterile Neutrino interacting with a pseudoscalar 
Archidiacono, Hannestad, Hansen & Tram 1404.5915, 1508.02504 
Archidiacono, Gariazzo, Giunti, Hannestad, Hansen, Laveder, Tram 1606.07673 
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 bad CMB fit Δχ2 = 13 − 32

Clearly motivated by short-baseline neutrino experiments !

"

Common features of all approaches:
New interactions and an enhanced expansion history
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Escudero & Witte 19’-21’
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m⌫ 6= 0

⌫e ! ⌫µ

⌫̄⌫

�

H0
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The Seesaw Mechanism
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Type-I seesaw

m⌫

mN

yDvH

Neutrinos are very light Majorana particles:

Minkowski, Yanagida, Gell-Mann, Ramond, Slansky, Glashow, Mohapatra, Senjanovic, Schechter, Valle

m⌫ ' 0.03 eV
⇣ yD
10�6

⌘2 TeV

MN
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The Scenario
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Chikashige, Mohapatra & Peccei (1981)

The Majoron: Lint = i�� ⌫̄ �5 ⌫�

Global U(1)L Spontaneously Broken Symmetry

� ' 10�13 m⌫

0.05 eV

246GeV

vL
Very weakly interacting: (type-I seesaw)

Dimension-5 Planck suppressed operators: m� ' vL

r
vL
MPl

. keV
Rothstein, Babu, Seckel hep-ph/9301213
Akhmedov, Berezhiani, Mohapatra, Senjanovic hep-ph/9209285

Parameter Space: 10�15 < � < 10�3

0.1 eV < m� < MeV

Extremely feebly interacting with matter: ��ee ⇠ 10�20

mϕ ∼ eV, vL ∼ 1 TeV
τϕ ∼ trec/10

for
ϕ → ν̄ν
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Cosmological Implications
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⌫̄

⌫

�

Only Relevant Process:

Chacko, Hall, Okui, Oliver 
hep-ph/0312267

Non-standard expansion history

Erase the neutrino anisotropic stress
Two main effects:

We solve the Boltzmann equation for the background 

We include the neutrino-majoron Boltzmann hierarchy in CLASS
Escudero 1812.05605, 2001.04466 

�� � H(T⌫ = m�/3)provided

10−210−1100101102

Tν/mφ

10−4

10−3

10−2

10−1

1

10

102

〈Γ
ν̄
ν
→

φ
〉
/H

Γeff
100
10
1
0.1
0.01
0.001

Γeff ≃
Γϕ

H(T = mϕ /3)

http://arxiv.org/abs/arXiv:1812.05605
https://arxiv.org/abs/2001.04466
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Cosmological Implications
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Production Equilibrium Final StateDecay

� ! ⌫̄⌫⌫̄⌫ ! �

T ⇠ m�/3

T � m�

�� ' H(T⌫ = m�/3)

10 7 5 3 2 1 0.7 0.5 0.3 0.1
T∞/m¡

0.00

0.05

0.10

0.15

0.20

Ω/
T

4 ∞

∫

¡

�Ne↵ = 0.11

Ne↵ / ⇢⌫/⇢�

�Ne↵ > 0, N⌫ = 3, NDR = 0
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Effects on the CMB
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�e↵ =

✓
�

4⇥ 10�12

◆2 ✓
1 keV

m�

◆

NSM
e↵ = 3.045

�Ne↵ = 0.11
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Effects on the CMB
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�e↵ =

✓
�

4⇥ 10�12

◆2 ✓
1 keV

m�

◆

�⌫ ! 0
see Bashinsky and Seljak astro-ph/0310198

δGμν = 8πG δTμν
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Parameter Space
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Excluded

m� ⇠ v3/2L /M1/2
Pl
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Parameter Space
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�Ne↵ = 0.11

Enhanced expansion history
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Parameter Space
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Full MCMC to Planck 2018 data
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Parameter Space
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1σ preference when including H0 in the fit and an additional ΔNeff
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Parameter Space for H0
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Planck2018+BAO+H0

Planck 2018 fit is not degraded wrt ΛCDM
Requires a positive ΔNeff ~ 0.5

Very close to the electroweak scale 
H0

vL ⇠ (0.1� 1)TeV
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The Majoron behind the H0 tension?
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The H0 tension: Beyond ΛCDM?

Couplings from seesaw and mass from gravity

The specific case of the Majoron:
Compelling extension of the SM

Could substantially 
ameliorate the tension for:

Planck sets very stringent constraints 

�Ne↵ ⇠ 0.5
vL ⇠ (0.1� 1)TeV
m� ⇠ (0.1� 1) eV

" is somewhat ad hoc�Ne↵ ⇠ 0.5

! Now we have a very good reason for it!

Escudero & Witte 21’: 
a)  can arise from the decays of sterile neutrinos in the early Universe
b) These sterile neutrinos can be responsible for Leptogenesis!  
c) H0 tension from 4.2σ to 2σ

ΔNeff ∼ 0.3

2103.03249 (EPJC)
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Conclusions
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Neutrino Masses:
Cosmological Bounds are very stringent
Invisible Neutrino decays are a particle physics avenue to 
relax the bounds 

X
m⌫ < 0.12 eV (95 % CL)

The Hubble Tension:
Many neutrino related approaches

Neff:
Planck: BBN:Ne↵ = 2.99± 0.17 Ne↵ = 2.92± 0.28

<latexit sha1_base64="e608XjfhfKLSFUPgi1++x2AESf0=">AAACA3icbVDLSsNAFJ3UV62vqOBCN4NFcBWSINguhFI3rqQF+4CmlMl00g6dScLMRCih4MZfcSOiiFt3foE7N36L08dCWw9cOJxzL/fe48eMSmXbX0ZmaXlldS27ntvY3NreMXf36jJKBCY1HLFINH0kCaMhqSmqGGnGgiDuM9LwB5djv3FLhKRReKOGMWlz1AtpQDFSWuqYh9ed1BMckiAYwQvoWkXXizm0LbfQMfO2ZU8AF4kzI/nSQfWbPpU/Kh3z0+tGOOEkVJghKVuOHat2ioSimJFRzkskiREeoB5paRoiTmQ7nfwwgida6cIgErpCBSfq74kUcSmH3NedHKm+nPfG4n9eK1FBoZ3SME4UCfF0UZAwqCI4DgR2qSBYsaEmCAuqb4W4jwTCSseW0yE48y8vkrprOWdWsarTKIMpsuAIHINT4IBzUAJXoAJqAIM78ACewYtxbzwar8bbtDVjzGb2wR8Y7z8Y6pjy</latexit>

Excellent agreement with SM prediction
Strong constraint BSM, e.g. mWIMP > 4 MeV

The Majoron represents a well-motivated possibility 
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Outlook
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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�)

Neff:
Stage-IV experiments will reach 1% precision, e.g. CMB-S4
Strong constraints on new physics 

The Hubble Tension:
Further data on the way: Gaia, Strong Lensing, GW, DESI ...
More models will appear and neutrinos will play a leading role
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Time for Questions and Comments
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Upcoming years are going to be exciting!

Thank you for your attention!

⌫


