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History of the Universe

Role of
neutrinos?




Prologue: the physics
of (massive) neutrinos
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Neutrinos in the Standard Model of particle physics

Each type (flavour) of neutrino is
associated to a charged lepton

They belong to SU(2) lepton doublets
(), (), (7)
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Neutrinos are only sensitive to the
weak force

In the SM, there exist (eg, g, Tz) but no SU(2) neutrino singlets

Neutrinos are massless in the SM



Weak interactions conserve flavour

Neutrinos are always produced together with an associated charged lepton (e, u, 1)

FLAVOUR IS PRESERVED
W

or

NEVER




Production and detection of neutrinos

Neutrino detection at experiments is related to the corresponding charged lepton
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Flavour neutrino conversions?

Some experimental data can only be explained if
neutrinos change type (flavour) during their propagation

______________ 9
long enough distance ... Vu
Source Detector
Maybe v, D
etected
Born as v, > >
Maybe v, as vy

Flavour neutrinos are produced and detected,
but mass eigenstates propagate (v,, v,)



Flavour neutrino conversions?

Some experimental data can only be explained if
neutrinos change type (flavour) during their propagation
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We know that flavour neutrino oscillations exist

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

v—’\v

N4

) (e u7) < (,v,,v;)

3
Vol = Z Uaivir, (o =e,u, 1)

x diag(e?®1/2

¢i02/2,

i=1
V1 ) V3
— _'(S —
Ve c12€13 $12€13 size” "
vy | —s12023 — c12593513€0  c1ac23 — s12523513€°  sa3c13
vr | 812523 — €12¢23513€" 0 19893 — s10c23513€ 23013

1) .




Illllllllll

O

R R N T A I

lllllllllllllllll

| l | 1

|

.0
0.2

025 03 035 04
)
sin (-)12

o
EIII'III]III
W

0.02
)
sin 913

0.025

2.7

[10” eV’

2
31

Am

lllllllllllllll

LI | LI | LI I T

I S N

| I | I l 11

I I LI | LI L | I

o -
i
i))lllllllllllllll

lllllllllllllll

lllllllllllllll

de Salas et al, arXiv:1708.01186
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parameter 30 range
Am3; [107°eV?] 7.05-8.14
|Am3,| [10~3eV?] (NC 2.43-2.67
|Am3; | [1073eV?] (10 2.37-2.61
sin® f12/1071 2.73-3.79
012/° 31.5-38.0
sin? f23/10~* (NO) 3.84-6.35
623 /° 38.3-52.8
sin® 623 /107! (10) 3.88-6.38
023 /° 38.5-53.0
sin? #13/1072 (NO) 1.89-2.39
613/° 7.9-8.9
sin® 013/1072 (10) 1.89-2.39
613/° 7.9-8.9
§/m (NO) 0.00-2.00
8/° 0-360

§/m (10) 0.00-0.17 & 0.79-2.00
8/° 0-31 & 142-360

see also Capozzi et al, PRD 95 (2017) 096014; Esteban et al, JHEP 01 (2017) 087




Neutrino masses
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Possible neutrino mass hierarchy patterns



Neutrino masses

Neutrino masses (Dirac or Majorana):

m(v;) ~107° —1 eV




Neutrino masses

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

eV
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atm

T
‘ atm
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What is the value of m, ?
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Neutrino masses

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



The Cosmic Neutrino Background

Role of
neutrinos?




The Cosmic Neutrino Background

Neutrinos coupled
by weak
interactions




Neutrino decoupling
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Neutrino and photon (CMB) temperatures

fo(p,T)

exp(p/T,) + 1




Neutrino decoupling and e* annihilations
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The Cosmic Neutrino Background

Neutrinos coupled
by weak
interactions

Decoupled neutrinos
(Cosmic Neutrino Background or CNB)

Neutrinos keep the energy
spectrum of a relativistic
fermion with eq form




The Cosmic Neutrino Background

At least 2 NR neutrino states

Relativistic neutrinos (radiation) today (matter)




The Cosmic Neutrino Background

At least 2 NR neutrino states

Relativistic neutrinos (radiation) today (matter)

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
properties




Background densities: 1 MeV - now
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The radiation content
of the Universe (N_)



Relativistic particles in the Universe

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

) 7 /4 4/3 i
v — P4 9y 0, = |14+ - | — )~
Pr = P~y T Pv T P. +5 (11)/' PA

7
Effective number of relativistic neutrino species
Traditional parametrization of p stored in relativistic particles

Pv t Pz

Py
> standard neutrinos only: N_;~~3 (3.045)

Bounds on N from
Primordial Nucleosynthesis
and other cosmological
observables (CMB+LSS)

N.+ is @ way to measure the ratio

> N_¢> 3 (delays equality time) from additional relativistic particies (scalars,
pseudoscalars, decay products of heavy particles,...) or non-standard neutrino
physics (primordial neutrino asymmetries, totally or partially thermalized light
sterile neutrinos, non-standard interactions with electrons,...)




N_¢ > 3 : small neutrino heating

1
T, _ ( 11 ) /3
Weak v decoupling ng !
Processes d d
Effective: epends on €q
. ' v momentum f,/ — f,/ + 5f,/a

vineq (small spectral
(thermal distorsions) @
spectrum)

o Neg = 3.045

Y exp(p/T) +1 P.F. de Salas & SP,
JCAP 07 (2016) 051
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Cosmological bounds on neutrino properties

BBN: last epoch sensitive

to neutrino flavour
light elements: Big Bang Bound on N

Nucleosynthesis (BBN) (typically N y<4)

Primordial abundances of




Neutrinos as Dark Matter



Neutrino masses

Data on flavour oscillations do not fix the absolute scale of neutrino masses
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Evolution of the background densities: 1 MeV - now
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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)



Structure formation after equality

baryons and

CDM (matter)
experience

gravitational
clustering




Structure formation after equality

baryons and

CDM (matter)
experience

gravitational
clustering




Structure formation after equality

baryons and
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Structure formation after equality

baryons and

CDM (matter) .*
experience )

gravitational
clustering

growth of dp/p (k,T) fixed by
gravity vs expansion balance

= 0p/p X a




Structure formation after equality

baryons and

CDM (matter)
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Structure formation after equality

baryons and

CDM (matter)
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Structure formation after equality

baryons and

CDM (matter)
experience

gravitational
clustering

neutrinos cannot cluster below a diffusion length

A=fvdt <[ cdt




Structure formation after equality

baryons and

CDM (matter)
experience

gravitational
clustering

for 2n/k) < A ,

free-streaming supresses growth of structures during MD

= 8p/p o« q1-3/5 fv with f = p /p, & (Em )/(15 eV)




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



Effect of massive neutrinos on P(k)

Observable signature on P(k) :

P(k) massive

P(k) massless ' various

fy

m, = 0.05, 0.1, 0.15, ..., 0.50 eV

| 1 Ll 1 L al ] Ll ] ' | ]
103 1072 10! 10° 10"
k (h/Mpc)

+ non-linear calculations: additional suppression at large k
Brandbyge et al 2008, Viel et al 2010, Villaescusa-Navarro et al 2013




Effects of neutrino masses
on cosmological observables



‘L 1| Cosmological Observables
= \{“HNIII Recombination
R ‘“ Hubble constant H, & cosmic distances | :
rlrs ™ measurements: SN la and Baryon e
Acoustic Oscillations (BAO) T Ry
o3 | S Tt
<J| o | | i
matter density fluctuations Photon momentum Photon density fluctuations
Large-Scale Structures after decoupling before decoupling
[ galaxy / cosmic shear / Lya. ] CMB secondary anisotropy CMB primary anisotropy
LSS spectrum spectrum spectrum (temp+pol)

from J. Lesgourgues



Effects of m, on 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 only to Xm,, > 1.5 eV

“effect of m” depends on what combination of parameters 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



[I(1+1)/27) C,

Effects of m, on the CMB

Mv= ......

M, =3x0.3eV, same Zog Ipeak

M,=3x0.6eV, same z

eq’ Ipeak

10 100 1000



Effects of m, on the CMB

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

unlensed C,'" for degenerate masses vs massless: _
Perturbation

Not fully
relativistic
before
decoupling: less
free-streaming
and shifting

A + different lensing
Perturbation

: | effect
zm, Feature coming from zm,
early ISW: ¢ evolution

at non-relativistic
transition

Background
Later M/A equality,
less “late ISW”




Effects of N_.. on
cosmological observables



Effects of N_.. on the CMB

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



Evolution of the background densities: 1 MeV - now

0.1 ¢

& 001 |

0.001

1e-04




Effects of N_.. on the CMB

Hinshaw et al, arXiv:1212.5226



Effects of N_.. on the CMB

* Fixing quantities best probed by CMB (angular peak scale, redshift of
equality, ...):

simultaneous enhancement of radiation, matter, L densities, with fixed photon and baryon densities

unlensed C," for N_¢=3 vs N =0 :

N

Perturbation Background
Neutrino free- A Change in
streaming: less f diffusion

gravitational driving of; : ~___ damping scale:
acoustic oscillations Per_turbanon extra Silk
Neutrino drag: c < damping
c,, influence on

phase of
oscillations




Present bounds on neutrino
properties from cosmology



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 parameter
(via scale-dependent — degeneracies
growth factor) Clusters
Lyman-o

H,, SNe-la
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Measuring N

Indirect detection of
CNB at 10-170

Neg = 3.13 +£0.32
Neg = 3.15+0.23
Neg = 2.99 +0.20
Neg = 3.04 £0.18

All 68%CL

2.0

Planck TT+lowP ;

Planck TT+lowP+BAO ;

Planck TT, TE, EE+lowP ;
Planck TT, TE, EE+lowP+BAO .

0.900

0.885

0.870

0.855

0.840

0.825

0.810

0.795

0.780

80



Neutrino masses

Data on flavour oscillations do not fix the absolute scale of neutrino masses
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Measuring m, with Planck (+other cosmo data)

Cosmological upper limits on the sum of neutrino masses

3 ——rry ——————
NIR| - cemmonse:
= |H N o
Planck TT+lowP
1 ¢ -
E Planck TT+lowP+ TE,EE+ lenging E Latest analyses
. | | Planck 2016 +
E 03 Planck TT+lowP+lensjrg+ext | BAO / Ly-
A see e.g.
I e /\/agnozzi et al
1701.08172
__—// ,;f»"’:; .
0.1 // - Capozzi et al
i - 1703.04471
0.001 0.01 0.1 1



Measuring m, with Planck (+other cosmo data)

Cosmological upper limits on the sum of neutrino masses

- model ¢gépendence
0.3 - data dependence for conservative data
| for minimal model ’
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Probing the absolute neutrino mass scale

Searching for non-zero neutrino mass in laboratory experiments

e Tritium beta decay: measurements of endpoint energy
H — "He+e + 1,
m, <2.2eV (95% CL) Mainz
Current experiment (KATRIN) m(v,) ~ 200-300 meV

» Neutrinoless double beta decay: if Majorana neutrinos

(A, Z) = (A, Z+2) 4 2e”

experiments with "°Ge, 130Te, 136Xe and other isotopes:
m;, < 60-800 meV , depending on NME




Probing the absolute neutrino mass scale

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

. 1/2
b[cn 12m] + c]3 121712 + s13m;]
Neutrinoless

double beta megp = Z Ufz-mi < 60-800 meV

decay i
g 22 22 iby 4 2 o id
|cT3¢T,my + C38T,mpe'®? + s7ymze’ 3|

Cosmology ~ E T < 110-590 meV




Tritium P decay, 0v2p3 and Cosmology

Zm m,

v

22 2., 22 .2, .2 22 2 2 2 2 i 2 i
[clsciamy + ciysiym; + 513m3]/ |c13012m1 T ci38Tmpe ™2 1 s{3mze 3|




Future sensitivities on neutrino
physics from cosmology



Future CMB

Polarization

cosmological (beyond
Planck)
data

CMB lensing

Galaxy Cosmic
Cluster Shear
Surveys Surveys



Future sensitivities on N_¢4 and neutrino masses

Sensitivity Dark Energy
(uK2) o(r) O(Net) o(Zm,) EO.M

: ; 0ss S+

S stage 2 {
2016 |pusedll =105 0035 014  0.15eV ~180

2017

2018 Stage 3
10,000

2019 detectors Boss BAO DES + DESI
prior 8Z Clusters

0.006 0.06 0.06eV ~300-600

DESI BAO_ DESI +LSST
+Ts prior S4 Clusters

108 0.0005 0.027 0.015eV 1250

2020

2021

2022 Stage R
CMB-S4

~500,000
2023 detectors

Target

CMB-S4 Science Book, 1610.02743



Future sensitivities to N_¢ and Zm,,

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

M.C.A. Cerbolini et al,
JCAP 06 (2013) 020
[arXiv:1303.4550]



Conclusions

v With Planck, including CMB lensing, and LSS data, 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, < 0.12-0.7 eV (95% CL)
and N_.= 3.15%0.23 (68% CL), depending on data

v Improved sensitivities from a variety of future cosmological data
to reach the minimal values Zm, = 60 or 100 meV



For more details...



Exercises: try to calculate...

The present number density of massive/massless neutrinos n % in
cm3

The present energy density of massive/massless neutrinos €2 °and
find the limits on the total neutrino mass from €2 %<1 and €2 °< € _°

The final ratio TY/TV using the conservation of entropy density
before/after e* annihilations

The decoupling temperature of relic neutrinos using I',,=H

The evolution of Q(v,y,b,cdm) with the expansion for neutrino
masses (3,0,0), (1,1,1) and (0.05,0.009,0) [masses in eV]

The photon temperature / redshift of the matter-radiation equality
form,=1eV



The end, thanks!





