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Lecture 1

Introduction: neutrinos 
and their history

Neutrino oscillations

Neutrinos in the 
Standard Model

Values of neutrino masses

Cosmological bounds on 
some neutrino properties

Introduction to 
neutrino cosmology

Lecture 2
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Values of neutrino masses
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3-neutrino oscillations: the global picture
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Global fit to neutrino oscillation parameters

Valencia global fit (https://globalfit.astroparticles.es) 
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Two possible neutrino mass orderings
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Neutrino masses
Data on flavour oscillations do not fix the absolute scale of neutrino masses

eV

m0

What is the value of m0 ?

<latexit sha1_base64="LkJ2Ui1Im+cfhem6PMWpfzw4SuI="></latexit>q
�m2

21 ⇡ 0.009 eV

<latexit sha1_base64="tRfkcmX3Z89IQP3c8hB9pagWDOs="></latexit>q
|�m2

31| ⇡ 0.05 eV

6



Data on flavour oscillations do not fix the absolute scale of neutrino masses
3
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Probing the absolute neutrino mass scale

neutrino oscillations cosmology

b decay kinematics neutrinoless bb decay
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Tritium b decay experiments

KATRIN (2024):
<latexit sha1_base64="Ow4D8g70wXWLM7R0GVuVWdrguqg="></latexit>

m� < 0.45 eV (90%CL)
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KATRIN (2024):
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Neutrinoless double decay experiments
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Tritium b decay, 0n2b and Cosmology

Smn
Smn

KATRIN (sensitivity)
CURRENT 0n2b

IO
NO
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Introduction to neutrino cosmology
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Grand Unified Neutrino Spectrum at Earth 

Vitagliano, Tamborra, and Raffelt, Rev Mod Phys 92 (2020) 45006  

cosmology
oscillations

astrophysics

Cosmic Neutrino Background
VERY LOW 
Energy Neutrinos
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Role of
neutrinos?
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T~MeV
t~sec

Primordial 

Nucleosynthesis

Neutrinos coupled 
by weak interactions

15



T~MeV
t~sec

Decoupled neutrinos
(Cosmic Neutrino 
Background or CNB)

Neutrinos coupled 
by weak interactions
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At least 2 

species are 

NR today

Relativistic neutrinos

T~
m

ν

Neutrino cosmology is interesting because Relic neutrinos are very abundant:

• The CNB contributes to radiation at early times and to matter at late times (info 
on the number of neutrinos and their masses)

• Cosmological observables can be used to test standard or non-standard 
neutrino properties
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⇢R ⇠ a�4 , w = 1/3 (Radiation)
⇢M ⇠ a�3 , w = 0 (Matter)
⇢⇤ ⇠ const. , w = �1 (Cosmological constant)

energy density: ⇢(a) = a�3(1+w)

scale 
factor 

J. Asorey
Lectures on
cosmology
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Evolution of the background densities: 1 MeV → now

Three 
neutrino 
species with 
different 
masses
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scale factor a/a0

temperature

Expansion of the Universe 19



photons

neutrinos

cdm

baryons

Λ

mn=50 meV

mn=9 meV

mn≈ 0 eV

mn=1 eV
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Evolution of the background densities: 1 MeV → now

scale factor a/a0 20



Production and decoupling
of relic neutrinos

21



T~MeV
t~sec

Primordial 

Nucleosynthesis

Neutrinos coupled 
by weak interactions
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Neutrinos in Equilibrium

⌫↵⌫� $ ⌫↵⌫�

⌫↵⌫̄� $ ⌫↵⌫̄�

⌫↵e
± $ ⌫↵e

±

⌫↵⌫̄↵ $ e+e�

1 MeV . T . mµ

T⌫ = Te± = T�
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Equilibrium 
thermodynamics

Particles in equilibrium
when T are high and 
interactions effective

T~1/a(t)

Distribution function of particle momenta in 
equilibrium

Thermodynamical variables

VARIABLE
RELATIVISTIC

NON REL.
BOSE FERMI

24



Cosmological energy densities: radiation

⇢i = 3Pi =

8
<

:

⇡2

30 g T
4
i , boson

7
8
⇡2

30 g T
4
i , fermion

⇢i = g

Z
d3p

(2⇡)3
p

ep/Ti ± 1

⇢� =
⇡2

15
T 4
�

⇢⌫ = 3⇥ 7

8
⇥ ⇡2

15
T 4
⌫

Energy density of relativistic 
particles withfi(p)
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Neutrino decoupling

As the Universe expands, particle densities are diluted and
temperatures fall. Weak interactions become ineffective to keep
neutrinos in good thermal contact with the e.m. plasma

Rate of weak processes ~ Hubble expansion rate

Rough, but quite accurate estimate of the decoupling temperature

Since νehave both CC and NC interactions with e±

�W ⇡ �W |v|n, H
2 =

8⇡⇢rad
3M2

P

! G
2
FT

5 ⇡

s
8⇡⇢rad
3M2

P

! Tdec(⌫) ⇡ 1 MeV

Tdec(⌫e) ' 2 MeV Tdec(⌫µ,⌧ ) ' 3 MeV
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Neutrino decoupling

Expansion of the Universe

Weak
Processes
Effective:
n in eq

(thermal
spectrum)

Collisions less
and less
important:
n decouple
(spectrum
keeps th. form)

f� =
1

exp(p/T ) + 1

27



T~MeV
t~sec

Neutrinos coupled 
by weak interactions

f⌫(p, T ) =
1

exp(p/T ) + 1

28



T~MeV
t~sec

Neutrinos coupled 
by weak interactions

f⌫(p, T ) =
1

exp(p/T ) + 1

Free-streaming neutrinos 
(decoupled):  Cosmic 
Neutrino Background

Neutrinos keep the energy 
spectrum of a relativistic 

fermion with eq form

29



At T~me, 
electron-
positron pairs 
annihilate

heating photons 
but not the 
decoupled 
neutrinos

Neutrino and photon (CMB) temperatures

f⌫(p, T ) =
1

exp(p/T⌫) + 1

T�

T⌫
=

✓
11

4

◆1/3

30



Neutrino decoupling and e± annihilations

Expansion of the Universe

Weak
Processes
Effective:
n in eq

(thermal
spectrum)

Collisions less
and less
important:
n decouple
(spectrum
keeps th. form)

γγ®+ -ee

T�

T⇥
=

�
11

4

⇥1/3

f� =
1

exp(p/T�) + 1

f� =
1

exp(p/T ) + 1
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The Cosmic Neutrino Background

• Number density

• Energy density

 3
23

3

11
3(6

11
3

2 CMBγννν T
π
)ζn)(p,Tf

π)(
pdn === ò

Neutrinos decoupled at T~MeV, keeping a 
spectrum as that of a relativistic species

f⌫(p, T ) =
1

exp(p/T⌫) + 1

n⌫ =

Z
d3p

(2⇡)3
f⌫(p, T⌫) =

3

11
n� =

6⇣(3)

11⇡2
T 3
CMB

Massless

Massive mν>>T

⇢⌫i =

Z q
p2 +m2

⌫i

d3p

(2⇡)3
f⌫(p, T⌫) !

m⌫in⌫

7⇡2

120

✓
4

11

◆4/3

T 4
CMB
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The Cosmic Neutrino Background

• Number density

• Energy density

 3
23

3

11
3(6

11
3

2 CMBγννν T
π
)ζn)(p,Tf

π)(
pdn === òAt present 112               cm-3 per flavour

Contribution to the energy 
density of the Universe

Neutrinos decoupled at T~MeV, keeping a 
spectrum as that of a relativistic species

(� + �̄)

Massless

Massive

mν>>T

f⌫(p, T ) =
1

exp(p/T⌫) + 1

��h
2 =

�
i mi

93.2 eV
�� < 1 �

⇥

i

mi � 46 eV

5
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photons

neutrinos

cdm

baryons

Λ

mn=50 meV

mn=9 meV

mn≈ 0 eV

mn=1 eV

aeq: rr=rm

temperature
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Evolution of the background densities: 1 MeV → now

scale factor a/a0

⌦⌫h
2 =

P
m⌫i

93.2 eV

�i = �i/�crit

34



The radiation content
of the Universe (Neff)

35



Relativistic particles in the universe

Valid for standard neutrinos in the 
instantaneous decoupling approximation

⇢rad = ⇢� + ⇢⌫ = ⇢�

"
1 +

7

8

✓
4

11

◆4/3

⇥3

#
At T<me, the radiation content of the Universe is
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Relativistic particles in the universe

effective number of relativistic neutrino species
(effective number of neutrinos)

At T<me, the radiation content of the Universe is

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#

Neff is a way to measure the ratio 
�⇥ + �x

��

1960s-1970s : Neff = Nn, extra neutrinos would enhance the 
cosmological expansion
>1980s: Neff = additional relativistic particles

Number of light neutrino types (LEP data)
<latexit sha1_base64="EJDky4Mnm0BHkjIi9KR37wwQLmM=">AAAB+nicdVDLSgMxAMzWV62vVQ8evASL4GnZlNJuD0LRiyepYFuhuyzZNNuGZh8kWaGs/Rk9iXrzM/wB/8ZsraCic8lkZgKZCVLOpLLtd6O0tLyyulZer2xsbm3vmLt7PZlkgtAuSXgibgIsKWcx7SqmOL1JBcVRwGk/mJwXfv+WCsmS+FpNU+pFeBSzkBGstOSbB5e+G2fwFNasllOHbhpB27JtxzerxWkjhOYCajZsTVotp4YciApLowoW6PjmmztMSBbRWBGOpRwgO1VejoVihNNZxc0kTTGZ4BEdaBrjiEovnxeYweMwEVCNKZzfv2dzHEk5jQKdibAay99eIf7lDTIVOl7O4jRTNCY6or0w41AlsNgBDpmgRPGpJpgIpn8JyRgLTJReq6Lrf3WE/5NezUINC13Vq+2zxRBlcAiOwAlAoAna4AJ0QBcQMAMP4Bm8GHfGvfFoPH1GS8bizT74AeP1AyFakT8=</latexit>

N⌫ = 2.984± 0.008
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Relativistic particles in the universe

effective number of neutrinos

At T<me, the radiation content of the Universe is

Neff ≠ 3

additional relativistic particles (scalars, pseudoscalars, 
decay products of heavy particles,…)

non-standard neutrino physics (primordial neutrino 
asymmetries, totally or partially thermalized light 
sterile neutrinos, non-standard interactions with
electrons,…)

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�

"
1 +

7

8

✓
4

11

◆4/3

Ne↵

#
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Neff ≠ 3 in the standard case

39



Neff > 3 : small neutrino heating

Expansion of the universe

Weak
processes
effective:
n in eq
(thermal
spectrum)

n decoupling
depends on
n momentum
(small
spectral
distorsions)

γγ®+ -ee

f� =
1

exp(p/T ) + 1

T�

T 0
�

<

✓
11

4

◆1/3

f⌫ = f eq
⌫ + �f⌫↵

Ne↵ = 3.044

J Froustey et al, JCAP 12 (2020) 015
J J Bennett et al, JCAP 04 (2021) 073
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Neutrinos and Primordial 
Nucleosynthesis

41



Primordial abundances of 
light elements: Big Bang 
Nucleosynthesis (BBN)

BBN: last epoch sensitive
to neutrino flavour

Bound on Neff
(typically Neff<4)

42



Produced elements: D, 
3He, 4He, 7Li and small
abundances of others

BBN: Creation of 
light elements

Theoretical inputs:

⌘10 =
nB/n�

10�10
' 274⌦Bh

2

43



Range of temperatures:  from 0.8 to 0.01 MeV

BBN: Creation of light elements

n/p freezing and 
neutron decay

Phase I: 0.8-0.1 MeV
n-p reactions

44



Phase II: 0.1-0.01 MeV
Formation of light nuclei
starting from D

Photodesintegration
prevents earlier formation
for temperatures closer
to nuclear binding energies

BBN: Creation of light elements

45



Effect of neutrinos on BBN
1. Neff fixes the expansion rate during BBN

r(Neff)>r0 ® ­ 4He

3.4 3.2
3.0

2. Direct effect of electron neutrinos and antineutrinos 
on the n-p reactions

Burles, Nollett & Turner 1999

H =

s
8⇡⇢

3M2
p

⌫e + n $ p+ e� e+ + n $ p+ ⌫̄e
49



Bounds on Neff
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Cosmological Observables

Today

Photon density fluctuations
before decoupling 

CMB primary anisotropy 
spectrum (temp+pol)

Recombination

Photon momentum 
after decoupling

CMB secondary anisotropy 
spectrum

Hubble constant H0 & cosmic distances
measurements: SN Ia and Baryon

Acoustic Oscillations (BAO)

matter density fluctuations
Large-Scale Structures [ galaxy 

/ cosmic shear / Lya ] LSS 
spectrum

BBN
Primordial
Abundances
(4He, D, …) 

51



BBN: allowed ranges for Neff

4He and D bounds
PArthENoPE BBN code, S Gariazzo et al, Comp Phys Comm 271 (2022) 108205

⌘10 =
nB/n�

10�10
' 274⌦Bh

2

3.044
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5.6 < ⌘10 < 6.6
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2.3 < Ne↵ < 3.4
<latexit sha1_base64="WBoxJ0S6ATr8xpQMtkEVWmEOdp0=">AAAB8nicbZDLTsJAFIaneEO8UHXpZiIhwQ1pjdcdkY0LF5jIJaENmQ4DTJhpm5lTE9Lgg+jKqDsfxRfwbRywCwX/1Tfn/yc5/wliwTU4zpeVW1ldW9/Ibxa2tnd2i/befktHiaKsSSMRqU5ANBM8ZE3gIFgnVozIQLB2MK7P/PYDU5pH4T1MYuZLMgz5gFMCZtSzi5WrM6/8mHpK4vrt9Lhnl5yqMxdeBjeDEsrU6NmfXj+iiWQhUEG07rpODH5KFHAq2LTgJZrFhI7JkHUNhkQy7afzxae4PIgUhhHD8/fvbEqk1hMZmIwkMNKL3mz4n9dNYHDppzyME2AhNRHjDRKBIcKz/rjPFaMgJgYIVdxsiemIKELBXKlg6ruLZZehdVJ1z6vu3Wmpdp0dIo8O0RGqIBddoBq6QQ3URBQl6Bm9oXcLrCfrxXr9ieas7M8B+iPr4xusKY98</latexit>

(95% CL)
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CMB anisotropies
+ other data

(2018) PlanckNe↵ = 2.99+0.34
�0.33

Ne↵ = 4.2+1.2
�1.7 (2005) WMAP+…

(2001) early CMB dataNe↵ . 17

3.044

8

(2024) CMB+DESI

<latexit sha1_base64="NjfLSA/G/SkpNevdg7IgNBwr25c=">AAACAnicdVDNSgMxGMz6W+tf1aMHg0XQy5LV/l2EohdPUsFWoVtKNn5rg8nukmSFstSTvoyeRL35CL6Ab2NaK6joXDKZmUBmgkRwbQh5dyYmp6ZnZnNz+fmFxaXlwspqS8epYtBksYjVeUA1CB5B03Aj4DxRQGUg4Cy4Ohz6Z9egNI+jU9NPoCPpZcRDzqixUrewcdzNfCUxhOFgf8/1iJ9ITFyverNdqflbO91CkbhlYrFr5eFZKuOxUsbeSCGkiMZodAtv/kXMUgmRYYJq3fZIYjoZVYYzAYO8n2pIKLuil9C2NKISdCcbFRngrTBW2PQAj+7fsxmVWvdlYDOSmp7+7Q3Fv7x2asJaJ+NRkhqImI1YL0wFNjEe7oEvuAJmRN8SyhS3v8SsRxVlxq6Wt/W/OuL/SWvX9Squd1Iq1g/GQ+TQOtpE28hDVVRHR6iBmoihO/SAntGLc+vcO4/O02d0whm/WUM/4Lx+ADb4lKM=</latexit>

Ne↵ = 3.10± 0.17 (68%)
<latexit sha1_base64="NjfLSA/G/SkpNevdg7IgNBwr25c=">AAACAnicdVDNSgMxGMz6W+tf1aMHg0XQy5LV/l2EohdPUsFWoVtKNn5rg8nukmSFstSTvoyeRL35CL6Ab2NaK6joXDKZmUBmgkRwbQh5dyYmp6ZnZnNz+fmFxaXlwspqS8epYtBksYjVeUA1CB5B03Aj4DxRQGUg4Cy4Ohz6Z9egNI+jU9NPoCPpZcRDzqixUrewcdzNfCUxhOFgf8/1iJ9ITFyverNdqflbO91CkbhlYrFr5eFZKuOxUsbeSCGkiMZodAtv/kXMUgmRYYJq3fZIYjoZVYYzAYO8n2pIKLuil9C2NKISdCcbFRngrTBW2PQAj+7fsxmVWvdlYDOSmp7+7Q3Fv7x2asJaJ+NRkhqImI1YL0wFNjEe7oEvuAJmRN8SyhS3v8SsRxVlxq6Wt/W/OuL/SWvX9Squd1Iq1g/GQ+TQOtpE28hDVVRHR6iBmoihO/SAntGLc+vcO4/O02d0whm/WUM/4Lx+ADb4lKM=</latexit>

Ne↵ = 3.10± 0.17 (68%)

https://arxiv.org/abs/1807.06209
https://arxiv.org/abs/2404.03002


Comparison: allowed ranges for Neff and BBN

Planck Coll, A&A 641 (2020) A6

<latexit sha1_base64="KIG2jBbO26D1OL+wxDaJBkkxkWg=">AAAB+nicdVBLSwMxGMzWV62vVQ8evASL4GnZXZe2HoSiF29WsA9o65JNv7ah2QdJVii1f0ZPot78Gf4B/43ZWkFF5zSZmcA3EyScSWXb70ZuYXFpeSW/Wlhb39jcMrd3GjJOBYU6jXksWgGRwFkEdcUUh1YigIQBh2YwOs/85i0IyeLoWo0T6IZkELE+o0RpyTf3OnEIA+IH+BR3Lud0eOP6ZtG2Tiol1yth27LtsuM6GXHL3rGHHa1kKKI5ar751unFNA0hUpQTKduOnajuhAjFKIdpoZNKSAgdkQG0NY1ICLI7mRWY4sN+LLAaAp69v2cnJJRyHAY6ExI1lL+9TPzLa6eqX+lOWJSkCiKqI9rrpxyrGGc74B4TQBUfa0KoYPpKTIdEEKr0WgVd/6sj/p80XMspWc6VV6yezYfIo310gI6Qg8qoii5QDdURRVP0gJ7Ri3Fn3BuPxtNnNGfM/+yiHzBePwAZMpMv</latexit>

!b = ⌦bh
2

4He

D
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Neutrinos as Dark Matter
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The Cosmic Neutrino Background

• Number density

• Energy density

 3
23

3

11
3(6

11
3

2 CMBγννν T
π
)ζn)(p,Tf

π)(
pdn === òAt present 112               cm-3 per flavour

Contribution to the energy 
density of the Universe

Neutrinos decoupled at T~MeV, keeping a 
spectrum as that of a relativistic species

(� + �̄)

Massless

Massive

mν>>T

f⌫(p, T ) =
1

exp(p/T⌫) + 1

��h
2 =

�
i mi

93.2 eV
�� < 1 �

⇥

i

mi � 46 eV

5
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Neutrinos as Dark Matter
• Neutrinos are natural DM candidates

• They stream freely until non-relativistic (collisionless phase mixing)            
Neutrinos are HOT Dark Matter (large thermal motion)

• First structures to be formed when Universe became matter –dominated 
are very large

• Ruled out by structure formation              CDM

��h
2 =

�
i mi

93.2 eV
�� < 1 �

⇥

i

mi � 46 eV

�� < �m ⇥ 0.3 �
�

i

mi � 15 eV

Massive Neutrinos can still be subdominant DM: limits on mν from 
Structure Formation (combined with other cosmological data)
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Neutrinos as Hot Dark Matter
Massive Neutrinos can still be subdominant DM: limits on mν from Structure 
Formation (combined with other cosmological data)

S. Hannestad, Cosmology Group, Univ. Aarhus

�

i

mi = 0 eV
�

i

mi = 6.9 eV
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Cosmological bounds on neutrino mass(es)

A unique cosmological bound on mν DOES NOT exist !

Different analyses have found upper bounds on neutrino masses, 
since they depend on

• The combination of cosmological data used

• The assumed cosmological model: number of parameters 
(problem of parameter degeneracies)

• The properties of relic neutrinos
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Cosmological upper limits on the sum of neutrino masses

Bounds on Smn from Planck (+other cosmo data)

3
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Planck TT, TE, EE + lowE

+ lensing

+ lensing + BAO

Latest analyses with
DESI BAO data

see e.g.
D. Wang et al

arXiv:2405.03368
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Cosmological upper limits on the sum of neutrino masses

Bounds on Smn from Planck (+other cosmo data)
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data dependence
for minimal model

model dependence
for conservative data
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Tritium b decay, 0n2b and Cosmology

Planck TT, TE, EE + 
lowE + lensing + BAO

Smn
Smn

Planck TT, TE, EE + 
lowE + lensing + BAO

KATRIN (sensitivity)
CURRENT 0n2b

IO
NO
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For more details…

Ed. Cambridge Univ. Press, 2013
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End of 2nd lecture
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