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Neutrinos coupled
by weak interactions

2
<
3

AURN AN

o
o
2]
2
o
(0]
o
Q
- =
T

3
Q
~—

<l
=
SIO.IIGJ 19)
a@
»

(o))
S/q1s
= Uoneipe; snemosoiw o1wso?
W
<

®f 24 ?zﬂ

Key: W, Z bosons AN\/\, photon

q quark %) meson # galaxy
g gluon ;) & ® baryon

star
€ electron a® ion *
LI.muon T tau

tri atom black )
V neutrino hole | Particle Data Group, LBNL, © 2008. Supported by DOE and




v Decoupling and e* annihilations

1/3
] Weak & — (E)
Processes Collisions less 1, 4
i Effective: and less 1
vin eq important: f, =
(thermal v decouple exp(p/T,) + 1
. spectrum) (spectrum i

keeps th. form)
1

"= ) o




W P Py -t

Decoupled neutrinos
(Cosmic Neutrino
Background or CNB)
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Neutrino cosmology is interesting because Relic neutrinos are very abundant

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

e Cosmological observables can be used to test standard or non-standard
neutrino propertles
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The Cosmic Neutrino Background

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

1

fv(pl T) = ep/TV
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The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a f ( T) _ 1
spectrum as that of a relativistic species VAP e 4
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At present 112 (v + V) cm3 per flavour
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Contribution to the energy density of the Universe

thz ~ 1.7%x107° Massless Qi = pi/Perit




The Cosmic Neutrino Background

Neutrinos decoupled at T~MeV, keeping a
spectrum as that of a relativistic species
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Background densities: 1 MeV - now
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Neutrinos as Dark Matter



We know that flavour neutrino oscillations exist

From present evidences of oscillations from experiments measuring
atmospheric, solar, reactor and accelerator neutrinos
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Neutrino masses

A Normal Inverted
m, m,
/ 2
} AmZ
N m,
E 'y
(@)
O
Am?
= Ve
m,
l \,

3
Vol = E Univi, (o =e,j,T)
i=1




Neutrino masses

Data on flavour oscillations do not fix the absolute scale of neutrino masses
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Neutrino masses

Data on flavour oscillations do not fix the absolute scale of neutrino masses
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The Cosmic Neutrino Background

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

e Neutrinos are natural DM candidates

thQ _ Zz m;
93.2 eV

Q, <1—) m;<46eV

(

Qy<Qm:O.3%Zmi<15eV

Y

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

e First structures to be formed when Universe became matter —.dominated
are very large

e Ruled out by structure formation mmm=) CDM

Massive Neutrinos can still be subdominant DM: limits on m, from
Structure Formation (combined with other cosmological data)




Neutrinos as Hot Dark Matter

Massive Neutrinos can still be subdominant DM: limits on m,, from Structure
Formation (combined with other cosmological data)

S. Hannestad, Cosmology Group, Univ. Aarhus




The radiation content
of the Universe (N_4)



Relativistic particles in the Universe

At T<m_, the radiation content of the Universe is
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Effective number of relativistic neutrino species

Traditional parametrization of p stored in relativistic particles
Py T Px
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> standard neutrinos only: N_-~~ 3 (3.046)
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N.4 & Active-sterile neutrino oscillations
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N. 4 & Active-sterile neutrino oscillations
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Cosmological
Observables



BBN: last epoch sensitive -

Primordial abundances of e T

light elements: Big Bang Bound on N,
Nucleosynthesis (BBN) - (typically N y<4)
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Hubble constant H, & cosmic distances
measurements: SN |a and Baryon
Acoustic Oscillations (BAO)

matter density fluctuations

LSS [ galaxy / cosmic shear /
Ly | spectrum

Cosmological Observables

T
SCP 2003
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Photon momentum
after decoupling
CMB secondary anisotropy
spectrum

Photon density fluctuations
before decoupling
CMB primary anisotropy
spectrum (temp+pol)

from J. Lesgourgues




CMB data from Planck

Angular scale
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Bounds on neutrino properties from
Planck (& other cosmo data)



The minimal ACDM model fits very well Planck data

TT+lowP TT+lowP+lensing  TT+lowP+lensing+ext

Parameter 68 % limits 68 % limits 68 % limits
Qb 0.02222 £ 0.00023  0.02226 + 0.00023 0.02227 + 0.00020
Qh* ... 0.1197 £ 0.0022 0.1186 + 0.0020 0.1184 + 0.0012
1006 .. . oo oL 1.04085 + 0.00047  1.04103 + 0.00046 1.04106 + 0.00041
T oo e e e 0.078 £ 0.019 0.066 + 0.016 0.067 £ 0.013
In(10"°A). . ... ... 3.089 + 0.036 3.062 + 0.029 3.064 + 0.024
Mg oo i e i e e 0.9655 + 0.0062 0.9677 + 0.0060 0.9681 + 0.0044
Hyo ... ... ..... 67.31 £ 0.96 67.81 £ 0.92 67.90 + 0.55
L 0.685 £ 0.013 0.692 + 0.012 0.6935 + 0.0072
L 0.315+£0.013 0.308 + 0.012 0.3065 + 0.0072

TT,TEEEE+lowP TT.TE.EE+lowP+lensing TT.TE.EE+lowP+lensing+ext
Parameter 68 % limits 68 % limits 68 % limits
Qh?. . 0.02225 +0.00016 0.02226 + 0.00016 0.02230 + 0.00014
Qh* . ... 0.1198 + 0.0015 0.1193 £ 0.0014 0.1188 +£ 0.0010
1000 - . oo oot 1.04077 + 0.00032 1.04087 + 0.00032 1.04093 + 0.00030
S 0.079 £ 0.017 0.063 + 0.014 0.066 +0.012
In(10"4;). . . ... .. 3.094 £ 0.034 3.059 + 0.025 3.064 +0.023
Ms o oiie e 0.9645 + 0.0049 0.9653 + 0.0048 0.9667 + 0.0040
Hy . ... ..., 67.27 £ 0.66 67.51 + 0.64 6774 +0.46
Qp o oi i 0.6844 + 0.0091 0.6879 + 0.0087 0.6911 + 0.0062
Q.o 0.3156 + 0.0091 0.3121 + 0.0087 0.3089 + 0.0062



1-parameter extensions of the ACDM model

Parameter TT TT+lensing  TT+lensing+ext
Qg oo —0.05279042  —0.005+991¢ —0.0001+:9033
Zmy[eV].......... < 0.;/01654 < 0.6;152 < 0.%03:11 95% CL
Ne o oooeeeeeaenn. 3.13:%:%%] 3.13;%:%!‘0 3.15;((,)%%5 limits
Yp o 0.252_06,8% 0.25 1_2603?5 0.25 1'0608?5
dng/dInk.......... —-0.008"0c  —0.003*;5:2 —0.003%; 012
FO002 « « o oo veeee < 0.103 <0.114 <0.114
W e e ~1.54%082 ~1.4170% ~1.00610:0%
Parameter TT,TE,EE TT,TE,EE+lensing TT, TE, EE+lensing+ext
Qg oo —0.040%0:03% —0.004+2012 0.0008*0-0030
Imy[eV].......... < 0.1109‘% < 0.50839?3 < 0. 1093%
Neﬂ‘ .............. 299:%%9)6 2.94;%%826 3-04;%%35
) Y 0.250_(%,(5)¥4 0.247_2(:%13 0.249_% 026,
dng/dInk.......... —0.0067 0,4 —0.002%;4:3 —0.002%;0:3
FO002 - = =« v oo veenn s < 0.0987 < 0.112 <0.113
+0. +0.62 07
W ~1.550% ~1.42704 ~1.0197201

Ext =BAO +JLA + H, Planck collaboration, arXiv:1502.01589



1-parameter extensions of the ACDM model
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Measuring N_

N« is @ parameter for the relativistic density in general

“background effects” (change in expansion history) versus “perturbation
effects” (gravitational interactions between photons and relativistic
species)

“effect of N~ depends on what is kept fixed.

Fixing quantities best probed by CMB (angular peak scale, redshift of
equality, ...):
e possible with simultaneous enhancement of radiation, matter, A densities,
with fixed photon and baryon densities

* thenincrease in N goes with increase in H,: positive correlation between the
two



[(I+1)C,/2r (uK?)

[(I+1)C,/2n (uK?)

Measuring N_g

Multipole moment [

Multipole moment [

Hinshaw et al, arXiv:1212.5226
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Measuring N '
g eff 0.900
8 I h 0.885
"T_‘ - 0.870
8‘ 72
L 4 |dosss
=
Indirect detection of Tm H 0840
CNB at 10-176 -
=, 66 |- | |os82s
T 0.810
’ 0.795
60 - -- ~
- 0.780
|
2.0 45

Neg = 3.13 +£0.32 Planck TT+lowP;

Neg = 3.15+0.23 Planck TT+lowP+BAO;

Neg = 2.99 +0.20 Planck TT, TE, EE+lowP ;

Neg = 3.04 £0.18 Planck TT, TE, EE+lowP+BAO.
All 68%CL



Probing neutrino masses with cosmo data

Indirect probe of HDM fraction primary CMB spectrum
Massive neutrinos matter 7| __
today but radiation ateq. |
Galaxy P(k) / BAO Not probing directly
neutrino masses
Direct probe of . but removing
free-streaming | CMB / galaxy lensing parametgr
(via scale-dependent — degeneracies
growth factor) Clusters
Lyman-o

H,, SNe-la




Measuring m,, with the CMB

Neutrinos contribute to radiation at early times and non-relativistic matter
at late times

If m, < 0.6 eV, neutrinos are relativistic at photon decoupling. In principle
the primary CMB TT spectrum sensitive to Zm,, > 1.5 eV

“effect of m” depends on what is kept fixed

Leave both “early cosmology” and angular diameter dist. to decoupling
invariant:
* Possible by fixing photon, cdm and baryon densities, while tuning H,, €2,

* thenincrease in m,goes with decrease in H,: negative correlation between the
two

* “base model” in Planck has (0.06, 0, 0) eV masses: shifts best-fitting H, by -0.6
h/km/Mpc with respect to massless case



Measuring m, with Planck

CMB alone (Planck TT+lowP): 8 | | T I
" = Planck TT+lowP
! _\“ = +lensing 7]
va< 0.72 eV 6L —  text i
\ ==+ Planck TT,TE,EE+lowP
T 5 ==+ +lensing |
+ TE,EE+ lensing: o rent

¥m, < 0.59 eV

Probability density [eV ']

Planck TT+lowP+lensing+ext:

2m, <0.23 eV

0.00 0.25 0.50 0.75 1.00

All 95% CL.

Planck collaboration, arXiv:1502.01589



Measuring m,, with Planck

Cosmological upper limits on the sum of neutrino masses
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Some combination of data leads to m >0

71 1 1 1 1 Ll
CMB+DR11 +BAO+HST+SZ Clusters

CMB+DR11 +BAO+HST+CFHTLens

CMB+DR11+BAO+HST+SZ Clusters
CMB+DR11+BAO+HST+CFHTLens A
CMB+DR11+BAO+HST

CMB+DR11+BAO+HST

€ 06 012 018 0.24 0.30 036 0.06 0.12 0.18 0.24 0.30 0.36
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FIG. 1: Left panel: the blue contours show the 68% and 95% CL allowed regions from the combination of CMB data, BOSS
DR11 BAO measurements, additional BAO measurements and a prior on the Hubble constant from HST in the (3 m. (eV),
Hj) plane. The red (green) contours depict the results when the og — (2, weak lensing (galaxy number counts) constraint is
added in the analysis. Right panel: as in the left panel but in the (3} m, (eV), os) plane.

Giusarma et al, PRD 90 (2014) 043507 [arXiv:1403.4852]



Probing the absolute neutrino mass scale

1/2
Tritium B decay | mg = (Z Ui |*m > 2.2¢eV

. 1/2
b[cn 12m] + c]3 121712 + s13m;]
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Tritium P decay, 0v2f3 and Cosmology
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Future CMB
Polarization

cosmological (Planck
2014,...)
data

21-cmH

i CMB lensing
ine surveys

Galaxy Cosmic
Cluster Shear
Surveys Surveys



Future sensitivities to N4 and Zm,

Example of forecast: PLANCK + Euclid-like photometric galaxy cluster survey

005 T T T T T T T T T T T T T T T
0.148 | -
0.04 -
0144 | -
0.03 -
3 "
> e 0.14 -
=
w002 - -
0.136 -
0.01 -
Planck
Planck+Euclid-Cl ===
0.132 -
0 i i 1 i L i 1 i 1
3 3.05 31 3.15 3 31 32 33 34
Neff Neﬁ
Data Planck+Euclid-Cl M.C.A. Cerbolini et al,
Model wCDM+m,+N.,g ACDM+m,+N g+ JCAP 06 (2013) 020
S m, [eV] 68% CL < 0.024 < 0.024 [arXiv:1303.4550]
v 95% CL < 0.046 < 0.046

Neg 95% CL < 3.16 < 3.17




Future sensitivities on neutrino masses

5-7 years 7-15 years
Probe Potential sensitivity (short term) | Potential sensitivity (long term)
CMB 0.4-0.6 0.4
CMB with lensing 0.1-0.15 0.04
CMB + Galaxy Distribution 0.2 0.05-0.1
CMB + Lensing of Galaxies 0.1 0.03-0.04
CMB + Lyman-« 0.1-0.2 Unknown
CMB + Galaxy Clusters - 0.05
CMB + 21 em - 0.0003-0.1

Table 1. Future probes of neutrino mass, as well as their projected sensitivity to neutrino mass. Sensitivity

in the short term means achievable in approximately 5-7 years, while long term means 7-15 years.

Hannestad, Progr. Part. Nucl. Phys. 65 (2010) 185




v With Planck data, including CMB lensing, we can measure
combinations of cosmological parameters with high precision.
Still ACDM fits very well the data

v No evidence yet for nonzero neutrino masses or an enhanced
radiation density (N). Bounds Zm,, < 0.2-0.7 eV (95% CL)
and N_.= 3.15%0.23 (68% CL), depending on data

v Improved sensitivities from a variety of future cosmological data
toreachm, < 0.1 eV



For more details...
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