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Neutrinos in cosmology

At the time the Standard Model of particle physics 
was constructed, it was assumed that: 
• neutrinos have exactly zero mass; 

• three neutrinos: one for each of the three charged leptons; 

• lepton number is conserved separately for each of the three 
lepton families; 

• neutrinos and antineutrinos are distinct; 

• all neutrinos are left-handed. 

Mass 
• Fermions only have intrinsic mass because of interactions with the Higgs field (but require 

both left- and right-handed) 

• Neutrinos acquire mass through the seesaw mechanism (right-handed neutrinos with very 
large Majorana masses are added) 

Oscillations 
• Neutrino oscillation arises from mixing between the flavor and mass eigenstates of neutrinos

M. Tristram

Neutrinos in particle physics
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Neutrinos in cosmology

• Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix

M. Tristram

Neutrino mixing
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∆m221 ≈ (7.55 ± 0.2) · 10−5 eV2  

| ∆m231 |  ≈ (2.50 ± 0.03) · 10−3 eV2 
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Current constraints 
from global analysis

[de Salas et al., Phys. Letter B 782 633–640 (2018)]
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Neutrino ordering

• constraints on the sum of neutrino masses have consequences 
on the neutrino ordering

∑ mν > 0.06 eV ∑ mν > 0.10 eV

Normal Ordering (NO) Inverted Ordering (IO)

no measurement of the neutrino mass scale,  
but at least two masses neutrinos today
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Neutrinos in cosmology
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contribution to  
early expansion

metric fluctuations 
during non-relativistic 

neutrino transition  
(early ISW)

contribution to  
late expansion rate  

(acoustic angular scale)

neutrino free-streaming 
slows down CMB photon 

clustering

neutrino free-streaming 
slows down late matter 

clustering

[Lesgourgues & Pastor, Phys. Rep. 2016]
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Neutrinos in cosmology
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Neff ≡
ρrad − ργ

ρν
= 3.045

ρν ∝ Σmν(Tν/Tγ)3ρν ∝ (Tν/Tγ)4Neff
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Effective number relativistic species
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[Lesgourgues & Verde, PDG (2019)]
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Effective number relativistic species

• CMB sensitive to the number of relativistic species at decoupling 
- standards neutrinos : Neff = 3.045 

- confuse situation since WMAP + SPT + ACT...

19

Fig. 11.— The one-dimensional marginalized constraint on the e⌅ective number of relativistic species Ne� . The standard value of
Ne� = 3.046 is shown by the vertical dotted line.

TABLE 6
Constraints on Cosmological Parameters using

SPT+WMAP+H0+BAO+Clusters

⇥CDM ⇥CDM ⇥CDM
+ dns/d ln k + Yp + Ne�

Primary 100⇤bh2 2.23± 0.040 2.26± 0.045 2.24± 0.041
Parameters ⇤ch2 0.111± 0.0020 0.111± 0.0020 0.116± 0.0054

100�s 1.04± 0.0016 1.04± 0.0019 1.04± 0.0017
ns 0.9751± 0.0110 0.9787± 0.0123 0.9757± 0.0116
⇤ 0.0897± 0.015 0.0852± 0.014 0.0821± 0.014

109�2
R 2.33± 0.092 2.35± 0.082 2.37± 0.081

Extension dns/d ln k �0.017± 0.012 — —
Parameters Yp (0.2478± 0.0002) 0.288± 0.029 (0.2526± 0.004)

Ne� (3.046) (3.046) 3.42± 0.32
Derived ⇥8 (0.809± 0.014) (0.819± 0.016) (0.823± 0.019)

⌅2
min 7509.3 7509.3 7510.3

The constraints on cosmological parameters using
SPT+WMAP7+H0+BAO+Clusters, where “Clusters” refers to the local
cluster abundance measurement of Vikhlinin et al. (2009). We report the mean
of the likelihood distribution and the symmetric 68% confidence interval about
the mean.

WMAP + SPT

[K
eisler et al. 2011]

Planck

compatible with 3

Planck Collaboration: Cosmological parameters

Fig. 30. Constraints on the sum of the neutrino masses for vari-
ous data combinations.

This is slightly weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO (which is tighter in both the
CamSpec and Plik likelihoods), but is immune to low level sys-
tematics that might a↵ect the constraints from the Planck polar-
ization spectra. Equation (57) is therefore a conservative limit.
Marginalizing over the range of neutrino masses, the Planck con-
straints on the late-time parameters are28

H0 = 67.7 ± 0.6

�8 = 0.810+0.015
�0.012

9>=
>; Planck TT+lowP+lensing+ext. (58)

For this restricted range of neutrino masses, the impact on the
other cosmological parameters is small and, in particular, low
values of �8 will remain in tension with the parameter space
preferred by Planck.

The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to disre-
gard the Planck lensing information while retaining other astro-
physical data. The CMB lensing signal probes very-nearly lin-
ear scales and passes many consistency checks over the multi-
pole range used in the Planck lensing likelihood (see Sect. 5.1
and Planck Collaboration XV 2016). The situation with galaxy
weak lensing is rather di↵erent, as discussed in Sect. 5.5.2. In
addition to possible observational systematics, the weak lensing
data probe lower redshifts than CMB lensing, and smaller spa-
tial scales, where uncertainties in modelling nonlinearities in the
matter power spectrum and baryonic feedback become impor-
tant (Harnois-Déraps et al. 2015).

A larger range of neutrino masses was found by Beutler et al.
(2014) using a combination of RSD, BAO, and weak lens-
ing information. The tension between the RSD results and
base ⇤CDM was subsequently reduced following the analysis
of Samushia et al. (2014), as shown in Fig. 17. Galaxy weak
lensing and some cluster constraints remain in tension with base
⇤CDM, and we discuss possible neutrino resolutions of these
problems in Sect. 6.4.4.

28To simplify the displayed equations, H0 is given in units of
km s�1Mpc�1 in this section.

Fig. 31. Samples from Planck TT+lowP chains in the Ne↵–H0
plane, colour-coded by �8. The grey bands show the constraint
H0 = (70.6 ± 3.3) km s�1Mpc�1 of Eq. (30). Notice that higher
Ne↵ brings H0 into better consistency with direct measurements,
but increases �8. Solid black contours show the constraints from
Planck TT,TE,EE+lowP+BAO. Models with Ne↵ < 3.046 (left
of the solid vertical line) require photon heating after neutrino
decoupling or incomplete thermalization. Dashed vertical lines
correspond to specific fully-thermalized particle models, for ex-
ample one additional massless boson that decoupled around the
same time as the neutrinos (�Ne↵ ⇡ 0.57), or before muon
annihilation (�Ne↵ ⇡ 0.39), or an additional sterile neutrino
that decoupled around the same time as the active neutrinos
(�Ne↵ ⇡ 1).

Another way of potentially improving neutrino mass con-
straints is to use measurements of the Ly↵ flux power spectrum
of high-redshift quasars. Palanque-Delabrouille et al. (2015)
have recently reported an analysis of a large sample of quasar
spectra from the SDSSIII/BOSS survey. When combining their
results with 2013 Planck data, these authors find a bound

P
m⌫ <

0.15 eV (95 % CL), compatible with the results presented in this
section.

An exciting future prospect is the possible direct detection
of non-relativistic cosmic neutrinos by capture on tritium, for
example with the PTOLEMY experiment (Cocco et al. 2007;
Betts et al. 2013; Long et al. 2014). Unfortunately, for the mass
range

P
m⌫ < 0.23 eV preferred by Planck, detection with the

first generation experiment will be extremely di�cult.

6.4.2. Constraints on Ne↵

Dark radiation density in the early Universe is usually parame-
terized by Ne↵ , defined so that the total relativistic energy density
in neutrinos and any other dark radiation is given in terms of the
photon density ⇢� at T ⌧ 1 MeV by

⇢ = Ne↵
7
8

 
4

11

!4/3

⇢�. (59)

The numerical factors in this equation are included so that
Ne↵ = 3 for three standard model neutrinos that were thermal-
ized in the early Universe and decoupled well before electron-
positron annihilation. The standard cosmological prediction is

42



Neutrinos in cosmology

• Current constraints from Planck 

• Allowing for massive sterile neutrino (mv < 2 eV)

M. Tristram

Neff constraints
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[Planck 2018 results. VI]

one thermalised sterile neutrino is excluded at 6σ irrespective to its mass
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• systematics 

- Boltzmann code  

- Likelihood systematics  

- Statistical analysis systematics 

M. Tristram

Neff in practice
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[Henrot-Versillé et al., A&A 623 A9 (2019)]
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Neutrino mass scale
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[Lesgourgues & Verde, PDG (2019)]
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•Huge improvement in the last two decades

M. Tristram

Constraints on Σmν
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[Planck 2018 results. VI]
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Neutrino mass constraints
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Lyman-⍺ [Palanque-Delabrouille et al. (2020)]< 0.09
[Planck 2018 results. VI]
[Planck 2018 results. VI]
[Planck 2018 results. VI]

[Planck 2018 results. VI]
[Planck 2018 results. VI]

[Planck 2018 results. VI]
[Planck 2018 results. VI]

[Planck 2018 results. VI]
[Planck 2018 results. VI]

[Lesgourgues & Verde, PDG (2019)]
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Neutrino ordering
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CMB alone 
Σmν < 0.26 eV

CMB+BAO 
Σmν < 0.13 eV

CMB+BAO+Ly-⍺ 
Σmν < 0.09 eV

95% CL

NO
IO
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• with increasing sensitivity, reaching now σ(Σmν) ~ 0.05 eV

M. Tristram

Neutrino ordering
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Can we already rule-out the Inverted Ordering (IO) ?

Bayesian evidence using cosmology + laboratory (oscillations, KATRIN) data: 

• Jimenez et al. (03.2022) “Strong if not decisive evidence for NO” 

• Gariazzo et al. (05.2022) “No conclusive evidence for NO”

not yet...
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Model dependance

eBOSS [Alam et al. (2020)]

• posteriors peak at negative values of Σmν 

2 * σ(Σmν) > 95% CL

• profile likelihoods depend on the 
neutrino assumptions

[Couchot et al. (2017)]
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Neutrino mass in practice

• CMB tension on AL shows up on the neutrino sector 

– high value for AL ⇾ artificially tighter constraints on ∑m𝛎

[Couchot et al. (2017)]

F. Couchot et al.: Cosmological constraints on the neutrino mass including systematic uncertainties

Figure 7. ⌃m⌫ profile likelihoods derived for the combina-
tion of lowTEB, various Planck high-` likelihoods, BAO
and SNIa: A comparison is made between hlpTT, hlpTTps,
and PlikTT.

PlanckTT+lowTEB ⌃m⌫ AL

BAO+SNIa limit (eV)
hlpTT 0.18 1.16±0.09
hlpTTps 0.20 1.14±0.08
PlikTT 0.17 1.19±0.09

Table 2. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
(i.e. with AL = 1) and results on AL (68% CL) in the
⇤CDM(3⌫)+AL model (i.e. with ⌃m⌫ = 0.06 eV) obtained
when combining the Planck TT+lowTEB+BAO+SNIa.

that the model and the data are in very good agreement.
The information added by the ASZ constraint is of no use in
this particular combination of data within the ⌫⇤CDM(3⌫)
model. The systematic uncertainty on the ⌃m⌫ limit due
the foreground modelling, deduced from this comparison,
is therefore estimated to be of the order of 0.03 eV for this
particular data combination.

As expected, the main improvement with respect to the
Planck only case comes from the addition of the BAO
dataset: the contribution on the ⌃m⌫ limit of the addition
of SNIa is of the order of ' 0.01 eV.

4.2. Impact of low-` likelihoods

While in the previous Section we focused on the estima-
tion of the remaining systematic uncertainties linked to the
choice of the high-` likelihood, a comparison of the low-`
parts is now performed. We already discussed in Sect. 3.3
the impact of this choice on the results derived from CMB
data only; this comparison focuses on the combination of
BAO and SNIa data.

The results are summarised in Fig. 8. For the two
HiLLiPOP likelihoods, tightening the constraints on ⌧reio

with the use of ⌧reio+Commander in place of lowTEBre-
sults in a limit of 0.15 eV (resp. 0.16 eV) for hlpTTps
(resp. hlpTT) and amounts to a few 10�2 eV decrease
compared to the lowTEB case. This decrease is a di-
rect consequence of both the (⌃m⌫ ,⌧reio) correlation

Figure 8. ⌃m⌫ profile likelihoods derived for the combi-
nation of Planck high-` likelihoods (hlpTT and hlpTTps)
with BAO and SNIa, and either lowTEB or the ⌧ auxiliary
constraint at low-`.

PlanckTE+low-` ⌃m⌫

+BAO+SNIa limit (eV)
hlpTE+lowTEB 0.20
hlpTE+⌧reio+Commander 0.19

Table 3. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
obtained with hlpTE+BAO+SNIa in combination with
lowTEB, or an auxiliary constraint on ⌧reio and Commander.

(Allison et al. 2015), and the smaller value of the reion-
isation optical depth constraint from ⇠ 0.07 to 0.058
(Planck Collaboration Int. XLVII 2016).

4.3. Cross-check with TE

As pointed out in Galli et al. (2014) and Couchot et al.
(2017), CMB temperature-polarisation cross-correlations
(TE) give competitive constraints on ⇤CDM parameters.
The leading advantage of using only these data is that one
depends very weakly on foreground residuals and therefore
uncertainty linked to the model parametrisation is reduced.
In practice, only one foreground nuisance parameter is re-
quired: The amplitude of the polarized dust. Nevertheless,
the S/N being lower than in the TT case for Planck, a like-
lihood based on TE spectra is not competitive when con-
straining extensions to the six ⇤CDM parameters. Indeed
an estimation of the TE-only constraint on ⌃m⌫ would lead
to a limit higher than 1 eV. However, as soon as BAO data
are added, one obtains a constraint competitive with TT
as shown in Fig. 9. As in the TT case, all profile likelihoods
are nicely parabolic, and the corresponding limits are sum-
marised in Table 3.

As for temperature-only data, adding the SNIa data
improves only very marginally the results up to 0.01 eV.
Tests of the dependencies on the low-` likelihoods have also
been performed and an example is given in Table 3. As a
final result, we obtain ⌃m⌫<0.20 eV at 95% CL as strong as
in the TT case, showing that the loss in signal over noise of
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AL = 1.16 ± 0.09

AL = 1.14 ± 0.08

AL = 1.19 ± 0.09
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hlpTT 0.18 1.16±0.09
hlpTTps 0.20 1.14±0.08
PlikTT 0.17 1.19±0.09

Table 2. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
(i.e. with AL = 1) and results on AL (68% CL) in the
⇤CDM(3⌫)+AL model (i.e. with ⌃m⌫ = 0.06 eV) obtained
when combining the Planck TT+lowTEB+BAO+SNIa.

that the model and the data are in very good agreement.
The information added by the ASZ constraint is of no use in
this particular combination of data within the ⌫⇤CDM(3⌫)
model. The systematic uncertainty on the ⌃m⌫ limit due
the foreground modelling, deduced from this comparison,
is therefore estimated to be of the order of 0.03 eV for this
particular data combination.

As expected, the main improvement with respect to the
Planck only case comes from the addition of the BAO
dataset: the contribution on the ⌃m⌫ limit of the addition
of SNIa is of the order of ' 0.01 eV.

4.2. Impact of low-` likelihoods

While in the previous Section we focused on the estima-
tion of the remaining systematic uncertainties linked to the
choice of the high-` likelihood, a comparison of the low-`
parts is now performed. We already discussed in Sect. 3.3
the impact of this choice on the results derived from CMB
data only; this comparison focuses on the combination of
BAO and SNIa data.

The results are summarised in Fig. 8. For the two
HiLLiPOP likelihoods, tightening the constraints on ⌧reio

with the use of ⌧reio+Commander in place of lowTEBre-
sults in a limit of 0.15 eV (resp. 0.16 eV) for hlpTTps
(resp. hlpTT) and amounts to a few 10�2 eV decrease
compared to the lowTEB case. This decrease is a di-
rect consequence of both the (⌃m⌫ ,⌧reio) correlation

Figure 8. ⌃m⌫ profile likelihoods derived for the combi-
nation of Planck high-` likelihoods (hlpTT and hlpTTps)
with BAO and SNIa, and either lowTEB or the ⌧ auxiliary
constraint at low-`.

PlanckTE+low-` ⌃m⌫

+BAO+SNIa limit (eV)
hlpTE+lowTEB 0.20
hlpTE+⌧reio+Commander 0.19

Table 3. 95% CL upper limits on ⌃m⌫ in ⌫⇤CDM(3⌫)
obtained with hlpTE+BAO+SNIa in combination with
lowTEB, or an auxiliary constraint on ⌧reio and Commander.

(Allison et al. 2015), and the smaller value of the reion-
isation optical depth constraint from ⇠ 0.07 to 0.058
(Planck Collaboration Int. XLVII 2016).

4.3. Cross-check with TE

As pointed out in Galli et al. (2014) and Couchot et al.
(2017), CMB temperature-polarisation cross-correlations
(TE) give competitive constraints on ⇤CDM parameters.
The leading advantage of using only these data is that one
depends very weakly on foreground residuals and therefore
uncertainty linked to the model parametrisation is reduced.
In practice, only one foreground nuisance parameter is re-
quired: The amplitude of the polarized dust. Nevertheless,
the S/N being lower than in the TT case for Planck, a like-
lihood based on TE spectra is not competitive when con-
straining extensions to the six ⇤CDM parameters. Indeed
an estimation of the TE-only constraint on ⌃m⌫ would lead
to a limit higher than 1 eV. However, as soon as BAO data
are added, one obtains a constraint competitive with TT
as shown in Fig. 9. As in the TT case, all profile likelihoods
are nicely parabolic, and the corresponding limits are sum-
marised in Table 3.

As for temperature-only data, adding the SNIa data
improves only very marginally the results up to 0.01 eV.
Tests of the dependencies on the low-` likelihoods have also
been performed and an example is given in Table 3. As a
final result, we obtain ⌃m⌫<0.20 eV at 95% CL as strong as
in the TT case, showing that the loss in signal over noise of
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ΛCDM+
ΛCDM 

+AL2015

ΛCDM

[Choudhury & Hannestad (2019)]
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Neutrino mass in practice

• Ly-a tension ns-Ωm shows up on the neutrino sector

[Palanque-Delabrouille et al. 2020]
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• Future LSS surveys: DESI, Euclid, LSST, SPHEREx, SKA...  
• Future CMB observations: Simons Observatory (SO), CMB-S4, LiteBIRD 

• better measurement of the CMB lensing 
• cluster count 
• SZ measurement 

• But also "oscillation" experiments 
• beta-decay KATRIN (limited) 
• JUNO, T2HK 
• DUNE through the sign of  and Δm31 δCP

M. Tristram

Prospects

19



Neutrinos in cosmology

• Short-term: ~2025 
- DESI+Euclid+Planck σ(Σmν) ~20 meV 
- limited by σ(𝝉) = 0.006 
- 3-4σ on neutrino masses  

• Mid-term: ~2030 
- DESI/LSST+CMB-S4+LiteBird σ(Σmν) ~15 meV 
- 4-5σ on neutrino masses  

• Long-term: ~2035 
- MSE+CMB-S4 σ(Σmν) ~8 meV 
- Mass hierarchy at ~5σ

M. Tristram

Forecasts Σmν

20

[A
llison et al. (2015)]

[CM
B-S4 Science book (2016)]
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• Light relics

M. Tristram

Forecasts Neff
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σ(Neff) ~ 0.05 (SO) 
σ(Neff) ~ 0.03 (CMB-S4)

σ(Neff ) = 0.013 for 2σ threshold  
sensitivity to any light thermal relic 

(massless particle decoupling at TF) 

[CMB-S4 Science Case (2019)]



Neutrinos in cosmologyM. Tristram

Prospects
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• Cosmological measurements are model dependant 
• Neutrino impact is small and correlated with other type of effects  

(cosmological and systematics) 
• Tensions between datasets can create bias in the neutrino constraints

need to be very conservative and propagate all relevant uncertainties 
when considering cosmological constraints on the neutrino sector

• Future LSS surveys: DESI, Euclid, LSST, SPHEREx, SKA...  
• Future CMB observations: Simons Observatory (SO), CMB-S4, LiteBIRD 

• better measurement of the CMB lensing 
• cluster count 
• SZ measurement 

• But also "oscillation" experiments 
• beta-decay KATRIN (limited) 
• JUNO, T2HK 
• DUNE through the sign of  and Δm31 δCP


