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the sum can be constrained by decaying processes
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This number may be the door to physics BSM!

2 M.C. Gonzalez-Garcia / Physics of the Dark Universe 4 (2014) 1–5

Table 1

Experiments contributing to the present determination of the NMSM parameters.

Experiment Dominant Relevant

Solar Experiments ✓12 �m2
21, ✓13

Reactor LBL (KamLAND) �m2
21 ✓12, ✓13

Reactor MBL (Daya-Bay, Reno, D-Chooz) ✓13 |�m2
31,32|

Atmospheric Experiments ✓23 |�m2
31,32|, ✓13, �CP

Accelerator LBL ⌫µ Disapp (Minos) |�m2
31,32| ✓23

Accelerator LBL ⌫e App (Minos,T2K) �CP ✓13, ✓23

basis, leptonic CC interactions are given by

�LCC = gp
2
liL � µ Uij ⌫j W+

µ + h.c., (3)

and U is a 3 ⇥ n matrix which verifies UUÑ = I3⇥3 but in general
UÑU 6= In⇥n.

For most of my talk I will be assuming only three massive light
states. (The possibility of light sterile neutrinos to accommodate
some anomalies observed at short baselines beyond those listed
above is discussed in [3].) With only three massive light states,
and neglecting the bound-to-be-small effects of unitarity violation
due to possible admixture with very heavy massive states, U is a
3 ⇥ 3 matrix analogous to the CKMmatrix for the quarks [4,5] but
due to the Majorana (Dirac) nature of the neutrinos it depends on
six (four) independent parameters: three mixing angles and three
(one) phases
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where cij ⌘ cos ✓ij and sij ⌘ sin ✓ij. In addition to the Dirac-
type phase �CP, analogous to that of the quark sector, there are
two physical phases ⌘i associated to the Majorana character of
neutrinos.

A consequence of the presence of the leptonic mixing is the
possibility of flavour oscillations of the neutrinos [6]. Flavour
oscillation probabilities have oscillation wavelengths Losc0,ij = 4⇡E

�m2
ij
,

and amplitudes that are proportional to elements of the mixing
matrix. Thus neutrino oscillations are only sensitive to mass
squared differences and they do not give us information on the
absolute value of the masses. Also the Majorana phases do not
affect oscillations.

The observed oscillation patterns described above require two
distinctive oscillation wavelengths. Thus there are two possible
non-equivalent orderings for the mass eigenvalues, which are
conventionally chosen as

�m2
21 ⌧ (�m2

32 ' �m2
31 > 0),

�m2
21 ⌧ �(�m2

31 ' �m2
32 < 0),

(5)

with�m2
ij ⌘ m2

i �m2
j . I refer to the first option, as Normal ordering

(NO), and to the second one, as Inverted ordering (IO).

2. The parameters of the NMSM

In total the 3-⌫ oscillation analysis of the existing data involves
six parameters: 2mass differences (one of which can be positive or
negative), 3mixing angles, and theCPphase. I summarize in Table 1
the different experiments contributing dominantly to the present
determination of the NMSM parameters.

Fig. 1. Global 3⌫ oscillation analysis. The red (blue) curves are for N(I)O. Results
for different assumptions concerning the analysis of data from reactor experiments
are shown: for solid curves the normalization of reactor fluxes is left free and data
from short-baseline (less than 100m) reactor experiments are included. For dashed
curves short-baseline data are not included but reactor fluxes as predicted in recent
calculations [3] are assumed. Note that as atmospheric mass-squared splitting we
use �m2

31 for NO and �m2
32 for IO. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

At present the determination of the leptonic parameters
requires global analysis of the data which is in the hands of a few
phenomenological groups [7–9]. The result I summarize here are
from updates of Ref. [9]. In Fig. 1 I show different projections of the
allowed six-dimensional parameter space. The best fit values and
the derived ranges for the six parameters at the 1� (3� ) level are
given in Table 2. For each parameter the ranges are obtained after
marginalizing with respect to the other parameters.

The results are shown for two choices of the reactor fluxes. Up
to very recently the interpretation of neutrino oscillation searches
at nuclear power plants was based on calculations of the reactor ⌫̄e
flux dating back to 1985 [3]. Indeed, the observed rates at all re-
actor experiments performed so-far at distances L . 1 km (which
we label as reactor short-baseline experiments (RSBL) are consis-
tent with these fluxes, therefore setting limits on ⌫̄e disappear-
ance. Over the last three years the flux of ⌫̄e emitted from nuclear
power plants has been re-evaluated [3], yielding roughly 3% higher
neutrino fluxes than assumed previously. This might indicate an
anomaly in RSBL experiments, which according to the new fluxes
observe a slight deficit. Motivated by this situation in Ref. [9] the
results are shown for the two limiting assumptions of either taking
the new predicted fluxes of and ignore the RSBL data (labelled in
the figures as ‘‘Huber’’) or to allow for a free normalization of the
reactor fluxes and include the RSBL data to determine its possible
allowed range (labelled as ‘‘Free Fluxes + RSBL’’).

From this analysis we conclude that:

1. The present global analysis disfavours ✓13 = 0 with a ��2 ⇡
100. This is mostly driven by the new reactor data from Daya
Bay and Reno.

2. An uncertainty on ✓13 at⇠1� remains due to a tension between
predicted reactor neutrino fluxes and data from RSBL experi-
ments.

3. The best fit occurs for IO for either choice of the reactor fluxes
but the statistical significance of the preference IO versus NO is
1� .

4. Non-maximal ✓23 is favoured at ⇠1.2–1.5� for either ordering
and choice of the reactor fluxes.

5. The statistical significance of the preference of the fit for the
second (first) octant of ✓23 is 1.5� (1.4� ) for I(N)O for ei-
ther choice of the reactor fluxes.

6. A value of the CP phase of the order of 270 (300) is favoured in
I(N)O. The statistical significance of the effects associated with
�CP is ⇠2.7� (⇠2.3� ) for I(N)O.

Normal       Inverted

(and cosmology has the key!)



(Massive) neutrinos in cosmology

Cosmology is very sensitive to neutrinos properties

CUP 2013
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Bounds
X

m⌫ < 0.49 eV (95% Planck TT, TE, EE + lowP )CMB:

Table 5: Best-fit value and frequentist confidence levels of the cosmological parameters of the model
fitted to the flux power spectrum P(ki, z j) measured with the BOSS Ly↵ data (presented in section 2.1),
combined with several other data sets. In the third to fifth columns, we introduce the ‘Planck’,‘CMB’
and ’BAO’ data mentioned in section 2.2 and 2.3. The last column features the WMAP 9-year data
combined with high-l ground-based experiments (ACT and SPT). For each parameter, we quote the
68% confidence levels, except for the total neutrino mass, for which we quote the 95% upper bound.
We do not show the results for the 6 astrophysical and 14 nuisance parameters varied simultaneously
with these 5 cosmological parameters. For the Ly↵ data, we include 10 redshift bins only (z =
[2.1 � 4.1]), as in the last column of table 3.

Parameter Ly↵ + HGaussian
0 Ly↵ + Planck Ly↵ + CMB Ly↵ + CMB Ly↵ +WMAP9

(H0 = 67.4 ± 1.4) + BAO + ACT + SPT

ns 0.928 ± 0.012 0.958 ± 0.006 0.954 ± 0.005 0.954 ± 0.005 0.950 ± 0.007

H0 (km s�1 Mpc�1) 67.2 ± 1.4 67.9 ± 1.0 68.0 ± 1.0 67.8 ± 0.5 67.8 ± 1.1
P

m⌫ (eV) < 1.1 (95%) < 0.22 (95%) < 0.15 (95%) < 0.14 (95%) < 0.31 (95%)

�8 0.846 ± 0.039 0.822 ± 0.018 0.832 ± 0.009 0.837 ± 0.011 0.789 ± 0.025

⌦m 0.296 ± 0.017 0.296 ± 0.016 0.303 ± 0.014 0.308 ± 0.007 0.288 ± 0.016
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Figure 6: 2D confidence level contours for the (�8, ns) , (�8,
P

m⌫) and (⌦m,
P

m⌫) cosmological
parameters with a frequentist interpretation. The 68% and 95% confidence contours are obtained
with di↵erent combinations of the BOSS Ly↵ data presented in section 2.1 using the 10 redshift bins
z = [2.1 � 4.1], of the Gaussian constraint H0 = 67.4 ± 1.4 km s�1 Mpc�1 and of CMB data (Planck
+ WP + ACT + SPT).
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Neutrino mass and        affect many other LSS observables 
Ly-α, Shear, Mass function,…

Palanque-Delabrouille et al 2014

Neff

Figure 3: Left -Confidence contours at 68% and 95% CL in the �8� (⌦m, H0,
P

m
⌫

) planes
when combining WMAP9 (upper panels) or Planck (lower panels) with many di↵erent probes
of the low redshift Universe within a ⇤CDM+

P
m

⌫

model. Right - Posterior probability
distribution for

P
m

⌫

from the same datasets.

upper limits on the neutrino mass:
P

m
⌫

< 0.27 eV and
P

m
⌫

< 0.24 eV for Planck+Ly-↵
and Planck+BAO, respectively. In this case the CMB+BAO combination does not show
preference for large neutrino mass thanks to the larger value and tighter constraints on �8
provided by Planck. Conversely, the addition of shear or cluster data, which prefer lower �8,
shifts the contours outside the region allowed by Planck by 1� and 2�, respectively. This
indicates that the extension to massive neutrino is not su�cient to bring the two datasets
in agreement with Planck measurements. The shear measurements does not improve the
constrains on

P
m

⌫

, while clusters number counts yields an upper limit of 0.34 eV . Including
in the cluster analysis the baryon correction to the HMF increases by few percents the �8
and ⌦m values improving the fit by ��2 ' 2, but it is not su�cient to relieve the tension
between the two datasets. Allowing the bias to vary causes the contours to move towards
the region allowed by Planck bringing the datasets in better agreement at the expense of a
large mass bias, B

M

⇠ 0.8. In this case the best fit �2 is reduced by ⇠ 9 with respect to the
standard Planck+Cluster analysis and, as expected for consistent datasets, the errors shrink
giving an upper limit of

P
m

⌫

< 0.27 eV.
As above we start now to combine di↵erent probes of the low redshift Universe at

the same time. The main results are shown in the lower panels of Fig. 3. Similar to the
previous results the inclusion of cluster or shear datasets in the Planck+BAO joint analysis
results in a preference for massive neutrinos at more than 2�. We obtain

P
m

⌫

= 0.32 ±
0.17 eV combining Planck, BAO and cluster data and

P
m

⌫

= 0.26+0.20
�0.21 eV replacing the

latter with shear data. However, looking at the lower panels of Fig. 2 it is clear that the
large mean value of

P
m

⌫

= 0.32 eV obtained from Planck+BAO+Cluster is driven by
the tension between Planck+BAO and cluster constraints. In other words, the resulting

– 9 –
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X
mi < 0.14 (95%)



 ⌫(⌘; x̄, p̄) =
f⌫(⌘; x̄, p̄)

f⌫0(⌘, p)
� 1

thermal background

Massive: when                  , neutrinos become cold (cluster)p ⌧ E(p) ⇠ m

(linear) Boltzmann equation (                         )E(p) =
p
p2 +m2

⌫

�⇢⌫ =

Z
d

3
pE(p)f⌫(⌘, x̄, p̄)

Massless neutrinos             free-stream and do not clusterE(p) = p

�⇢⌫(k)
00 = (c2(⌘)k2 � 3a2H2/2)�⇢⌫(k) + ...,

1/3

c(⌘) ⇠ T⌫(⌘)/m⌫kfs ⇠ aH/c ,

f⌫0(⌘, p) ⌘
⇣
ep/T⌫ + 1

⌘�1

distribution function

known law e.g. Shoji, Komatsu 2010

Description of neutrinos

they fall into DM potentials!



Effects of     on the linear power spectrumm⌫
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Figure 6.4 Matter power spectrum at redshift zero for a !CDM model with three
degenerate massive neutrino species (mν = 0.3 eV), compared to the individual
power spectrum of CDM, baryon and neutrino density perturbations. In this model
knr is equal to 5.1 × 10−3h/Mpc (see Eq. (5.94)). For wavenumbers k > knr, neu-
trino perturbations remain smaller than CDM and baryon perturbations, because
of their low growth rate after the nonrelativistic transition.

same #M and primordial power spectrum). Indeed, before the Hubble radius
is crossed, all perturbations are subject to the usual universal relations given
by Eq. (5.24) for adiabatic initial conditions. After Hubble crossing, if k < knr,
neutrino free-streaming can be neglected: massive neutrinos share the same evo-
lution as CDM and fall into the same potential wells, with δν quickly reaching the
asymptotic value of Eq. (6.57). Hence all quantitites evolve exactly as described
in Section 5.24, with neutrinos being counted as part of the cold dark matter
component. Because the matter power spectrum depends only on #M and PR(k)
for wavenumbers k < keq, and because knr < keq, two models with different
neutrino masses but the same total matter fraction and primordial spectrum are
indistinguishable on those scales.! for k ≫ knr, we can use the fact that at low redshift and for the cosmological
scales of interest in this book, |δν | ≪ |δC| = |δB|. If we expand the total matter
fluctuation as

δM = fCδC + fBδB + fνδν (6.58)
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m⌫ = 0.3 eV ⇠ (m⌫/T⌫)
1/2

at least 
5% effect
Audren et al. 2013
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WiggleZ, SDSS

Audren et al. 2013 EUCLID Forecast
based on HALOFIT

spectrum realization corresponding to the same model. As illustrated in [22], the two

options lead to the same forecast errors, so for simplicity we assume an observed power

spectrum equal to the theoretical power spectrum of the fiducial model.
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Figure 1: Observable spectrum (top) and relative error on this spectrum (bottom), for the first
redshift bin (left) and last redshift bin (right) of a Euclid-like galaxy redshift survey. The quan-
tity displayed in the top is the galaxy power spectrum Pg(kref , µ, z) as a function of the fiducial
wavenumber k

ref

, for fixed redshift and perpendicularly to the line of sight (µ = 0), rescaled by the
inverse squared bias b(z)�2 and by a factor H(z)/DA(z)2: it is therefore a dimensionless quantity.
The upper plots show a comparison between a model with massless neutrinos and our fiducial model
(M⌫ = 3m⌫ = 0.21 eV). Solid lines are derived from the non-linear matter power spectrum using
the updated halofit version of ref. [24], while dashed lines are derived from the linear power spec-
trum. The lower plots show the part of the relative error coming from observational or theoretical
errors only (cosmic variance is included in the observational error). In these plots, the individual
1-� error on each data point has been rescaled by the square root of the number of points, in such
a way that the edges of the error bands correspond to a shift between theory and observation lead-
ing to ��2 = 1, when only the observational or theoretical error is incorporated in the likelihood
expression. In these lower plots, we also show for comparison the ratio between a massless model
and a model with the minimum total mass allowed by neutrino experiments, M⌫ = 0.05 eV.

We fit the mock and Euclid-like spectra using the MCMC code MontePython [27].

MontePython uses the Metropolis-Hastings algorithm like CosmoMC [28], but is in-

terfaced with class [29, 30] instead of camb [31], is written in python, and has extra

functionality; it will soon be released publicly, including the Euclid-like likelihood codes

– 4 –
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FIG. 2: Theoretical errors for the linear theory and one-loop
power spectrum (see Eq. (42)) as a function of k. The cosmic
variance is plotted for the redshift bin 1 < z < 2. Three solid
lines are relative suppression of the power spectrum for three
di↵erent M⌫ .

case of the power spectrum

Eb(k1, k2, k3, z) = Btree(k1, k2, k3, z)

⇥ 3b31

✓
D+(z)

D+(0)

◆2l
(
(k̂t/3/0.31)1.8 l = 1 ,

(k̂t/3/0.23)3.3 l = 2 ,

(43)

where k̂t = (k1 + k2 + k3)/hMpc�1. This is just an ap-
proximation which certainly does not capture the full
shape of higher loop corrections. However, it provides
a good estimate for the error. We checked it against ex-
plicit one-loop calculation of [25] and an estimate of the
two-loop bispectrum from the N -body simulations in the
same study. As an additional check we compared our
error estimate in the squeezed configuration with the ap-
proximate equations for the squeezed limit bispectrum
[28, 29] and found a good agreement.

Parameters and priors.— To summarize, in our joint
analysis we use the following set of parameters

p = {fNL,M⌫ , A,Rp, Rb, b1, b2, bG
2

, b�
3

} . (44)

In most of our forecasts, unless otherwise specified, we
use the following fiducial values

p0 = {0, 0.06 meV, 1, 1 h�1Mpc, 1 h�1Mpc,

2, 0.5, 0.1, 0.1} .
(45)

There are no priors on fNL and M⌫ . Priors for other

parameters are

�A = 0.02 , �b
1

= 4 , �b
2

= 2 ,

�Rp = �Rb = 1 h�1Mpc , �bG
2

= �b
�

3

= 1 .
(46)

For simplicity, we assume that a single galaxy sample
with specific bias parameters spans the whole range from
z = 0 to z = 5. We are aware that this is a unrealistic
scenario, but it is in line with our general approach for
giving lower bounds on the errors of primordial NG. In-
creasing the number of free parameters can only degrade
the constraints. For neutrino mass only the relatively low
redshifts (z < 2) are relevant where the results should be
more robust.
We are also going to use di↵erent values of shot noise.

We will always set sp(z) = sb,2(z) = 1/n(z) and sb,1(z) =
1/n2(z) with priors of 10% in both cases. Here n(z) is
the number density of galaxies at redshift z. In reality,
the redshift dependence should account both for the fact
that distant galaxies are dimmer and that they evolve
in time. Therefore, it is a function both of the survey
properties, selection criteria, formation history and evo-
lution of di↵erent types of galaxies or other tracers. To
roughly get an idea how this redshift dependence a↵ect
the results, we will use a simple power law

n(z) = n0(1 + z)↵ , (47)

with di↵erent values of ↵. For the number density at
redshift zero n0, we use a range of values of n0 = (10�2�
10�3) h3Mpc�3.
In a couple of examples we will make forecast without

the theoretical errors. In these cases it is important to
specify what is kmax that is used. Our choice is

kmax(z) = 0.2 hMpc�1

✓
D+(z)

D+(0)

◆�4/3

. (48)

This coincides with the usual choice of kmax =
0.2 hMpc�1 at redshift zero as the scale where the per-
turbation theory breaks down. The time dependence is
chosen to mach the evolution of the nonlinear scale for a
scaling universe with n = �1.5.
For forecasts which include the theoretical error, kmax

is automatically determined as the point at which the
signal stops to grow. In order to avoid checking this
condition at each step, we will always use kmax given by
Eq. (48). We have checked that in all our examples the
signal saturates below kmax = 0.2 hMpc�1.
For all our forecasts we use a sky fraction of fsky = 0.5.

III. RESULTS

In this section we apply the method described above to
see how much the theoretical error degrades the con-
straints and what are the realistic values of the sum of
neutrino mass and primordial NG that one can hope to
get from future surveys.

Baldauf et al 2016

Forecasts PS



N-body (with warm components)
Demanding (hard for MC)
Halo model (~10% precision)

The effect is 5% at BAO scales
(mildly non-linear regime): 
Non-linear perturbation theory

DM as a non-linear pressureless perfect fluid 
(SPT or ‘beyond’)

 DB, Garny, Konstandin, Lesgourgues’14
(also Führer-Wong’14, Dupuy-Bernardeau’14

Archidiacono-Hannestad’15)
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Figure 6.4 Matter power spectrum at redshift zero for a !CDM model with three
degenerate massive neutrino species (mν = 0.3 eV), compared to the individual
power spectrum of CDM, baryon and neutrino density perturbations. In this model
knr is equal to 5.1 × 10−3h/Mpc (see Eq. (5.94)). For wavenumbers k > knr, neu-
trino perturbations remain smaller than CDM and baryon perturbations, because
of their low growth rate after the nonrelativistic transition.

same #M and primordial power spectrum). Indeed, before the Hubble radius
is crossed, all perturbations are subject to the usual universal relations given
by Eq. (5.24) for adiabatic initial conditions. After Hubble crossing, if k < knr,
neutrino free-streaming can be neglected: massive neutrinos share the same evo-
lution as CDM and fall into the same potential wells, with δν quickly reaching the
asymptotic value of Eq. (6.57). Hence all quantitites evolve exactly as described
in Section 5.24, with neutrinos being counted as part of the cold dark matter
component. Because the matter power spectrum depends only on #M and PR(k)
for wavenumbers k < keq, and because knr < keq, two models with different
neutrino masses but the same total matter fraction and primordial spectrum are
indistinguishable on those scales.! for k ≫ knr, we can use the fact that at low redshift and for the cosmological
scales of interest in this book, |δν | ≪ |δC| = |δB|. If we expand the total matter
fluctuation as

δM = fCδC + fBδB + fνδν (6.58)
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Beyond linear theory



Massive neutrinos in SPT
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Figure 6.4 Matter power spectrum at redshift zero for a !CDM model with three
degenerate massive neutrino species (mν = 0.3 eV), compared to the individual
power spectrum of CDM, baryon and neutrino density perturbations. In this model
knr is equal to 5.1 × 10−3h/Mpc (see Eq. (5.94)). For wavenumbers k > knr, neu-
trino perturbations remain smaller than CDM and baryon perturbations, because
of their low growth rate after the nonrelativistic transition.

same #M and primordial power spectrum). Indeed, before the Hubble radius
is crossed, all perturbations are subject to the usual universal relations given
by Eq. (5.24) for adiabatic initial conditions. After Hubble crossing, if k < knr,
neutrino free-streaming can be neglected: massive neutrinos share the same evo-
lution as CDM and fall into the same potential wells, with δν quickly reaching the
asymptotic value of Eq. (6.57). Hence all quantitites evolve exactly as described
in Section 5.24, with neutrinos being counted as part of the cold dark matter
component. Because the matter power spectrum depends only on #M and PR(k)
for wavenumbers k < keq, and because knr < keq, two models with different
neutrino masses but the same total matter fraction and primordial spectrum are
indistinguishable on those scales.! for k ≫ knr, we can use the fact that at low redshift and for the cosmological
scales of interest in this book, |δν | ≪ |δC| = |δB|. If we expand the total matter
fluctuation as

δM = fCδC + fBδB + fνδν (6.58)
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Phase space CDM-like

Q1: Since    is small, can it be treated as linear?�⌫

DB, Garny, Konstandin, Lesgourgues 2014

Neutrinos

✓̇cb +H✓cb +
3

2
H2⌦m[f⌫�⌫ + (1� f⌫)�cb] = ���cb✓cb (+ UV)L

violates conservation of momentum!

�k ⇠ k2 at low     from loops spoiled!

A1: NO! (it introduces a spurious large effect at NLO)

k

(Dupuy talk, or wait for a few slides)



Shoji, Komatsu 2009
Blas, Lesgourgues, Tram 2011

A2:  At low-redshift (                 ) the fluid is very cold
non-cold corrections are

z < znr ⇠ 102

O(T⌫/m⌫)

⌫

✓̇⌫ +H✓⌫ +
3

2
H2⌦m[f⌫�⌫ + (1� f⌫)�cb]� k2cs(t)

2�⌫ = ���⌫✓⌫

�̇⌫ + ✓⌫ = �↵✓⌫�⌫

Neutrinos at late times

i.c. from the Boltzmann equations at 
linear physics
10 > z > 102

 (even linear order is NOT a fluid at all redshift)

+O(T⌫/m⌫)

Q2: How to include    non-linearities?

Linear vs Non-linear 𝜈’s II
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Results at NLO
DB, Garny, Konstandin, Lesgourgues 2014

Scale dependent growth factor : better solved with

@⌘Babc ⇠ �⌦(k, ⌘)adBdbc +

Z
�PP

@⌘Pab[k, ⌘] ⇠ �⌦(k, ⌘)acPcb +

Z
�acdBcdb(k � q,�k, q)

Pietroni 2008
Audren Lesgourgues 2011 
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Schemes with linear 𝜈
Wong 2008

�P = P � PL

Ansatz �⌫ ! �cb
�L⌫
�cb

no momentum
conservation

No     (modified Linear PS) �⌫

Lesgourgues et al 2009

Saito et al 2008, Beutler et al 2014

Pc(0, k) NNLO?



NLO-SPT is not enough for 5% accuracy at BAO

NNLO and resummations/EFT more sensitive
to the short mode/long mode (de)coupling

Does it matter?

Predictive descriptions require a good        behaviour⇠ k2

Neutrino Masses from Relative Velocities
Zhu et al. 2013



Two point correlation function

⇠(x, z) =
4⇡

x

Z 1

0
dk kP (k, z) sin(kx)

Peloso et al 2015

Linear CF

DB, Dupuy, Desjacques, Garny, Ivanov, Sibiryakov (under study)
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Smooth vs wiggly linear CF
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Two point correlation function

⇠(x, z) =
4⇡
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Z 1

0
dk kP (k, z) sin(kx)

Peloso et al 2015
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IR-resummed CF

RPT in Peloso et al 2015 

We use TSPT* final formula for the single fluid approach

* Perturbation theory based on the field PDF

DB, Garny, Ivanov, Sibiryakov 2016
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(Senatore-Zaldarriaga 14, Baldauf et al 15 yield similar results)
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IR-resummed CF
data from Peloso et al 2015
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IR-resummed CF
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Non-trivial dependence (also at NNLO/EFT?)

Peloso et al 2015  also considered RSD and halos



Conclusions

LSS is in an advantageous situation to fix 
    the mass of     (missing parameter in the PDG)!

Influence in LSS for whole mass range of            
at mildly non-linear scales

SPT with two fluids: required from precision and 
    momentum conservation (relative velocities?)

Large impact on CF close to BAO peak:                  
peak height/position, dip height/position, and shape!

𝜈

𝜈



Future

Understanding other observables/systematics (PS)

More comparison with N-body

NNLO/EFT/UV effects: impact on forecast!

Multi-fluids in TSPT, relative velocities


