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Neutrino decoupling inconlexl
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Neutrino decoupling inconlexl
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Effective number of neutrinos in @ nulshell

At T < m_, the cosmological radiation density is

7 A 4/3
Prad = P~ T Pv T Pz = P~ 1+8<11) Negr

where N_¢ is the effective number of relativisitic species.

In the Standard Model, deviations from N_,.= 3 are due to:

* Non-instantaneous neutrino decoupling and e*e- annihilation.
* Finite temperature QED corrections.

* Neutrino oscillations.




Standard calculation of Ni%

° ° Bennett et al. JCAP 04 (2021) 073
Recent CGICUIGHOHS Yleld Froustey et al. JCAP 12 (2020) 015

N_ =3.0440 £ 0.0002 Akita et al. JCAP 08 (2020) 012

A precise determination of N_¢ is expected for the forthcoming CMB
observations in this decade, such as:

= Simons Observatory, o(N_g) = 0.05-0.07,
= CMB-54 project, o(N_q4) = 0.02-0.03



NLO corrections

Standard Model

Neutrino
self-inferactions

Non-unitary = | - physics
three-neutrino mixing Finite temperature
QED correctians

Standard benchmark value
- ‘ N_. = 3.0440 % 0.0002
Neutrino non-standard .

interactions (NSI)

Neutrino Flavour oscillations

magnetic moment

Non-standard Additional neutrino Non-standard
neutrino sector Species . | cosmology

Low-temeperature
reheating

Benchmark value from Froustey et al. JCAP 12 (2020) 015, v - Primordial
Akita et al. JCAP 08 (2020) 012, and Bennet et al. JCAP 04 (2021) 073 asymmetries




Non-unitary
three-neutrino mixing

Neutrino non-stondord
interactions (NSI)




A non-unitary 3x3 lepton mixing matrix (LMM) is
expected in some neutrino mass models.

Mixing between active flavour
states and mass states

N S

(e

arametrisation

11 0 0
Y = 91 G99 0 U
(31 Qg9 33

\where U is the usual unitary 3x3 LMM. /
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NU effectively changes the strength and flavour structure of weak

interactions

Lo = —2V2Gr Y (KD iKe; (i7" Prv;) (€7, Pre)
2,J

Lnc=—2V2Gr Y  gx Z[(K* K) ] vt Prvj) (€vuPxe)

X=L,R 1,7
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The contribution of heavy states is Boltzmann-suppressed.
Decoupling has to be computed in the mass basis.

Loc = —2V2Gr Y (ND)ieNej(#y" Pry;) (€, Pre)

2,J

Lxe = —2/3Gr Y x Z[(Nw) ] iy PLv;) (&9, Pxce)

X=L,R 1,7
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Non-unitarity |

o& Uniree-neulirine mixingy maliix

One can derive bounds on NU parameter
from the requirement that electroweak and
cosmological observables (G¢ and N_g
are consistent.

After Planck:

a1 > 0.07

Future prospects:

a1 > 0.29

oo > (.15

oo > (.90



Non-unitarity (NU)
o&ﬁ/m&—nw[rw mixingy malkix

There exist degeneracies
between parameters.
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Neutral-current non-standard interactions (NSI) between neutrinos and electrons

can be parametrised as follows:

LNSe = —2\f2GF Z egfﬂ (?Oﬁ/‘PLuﬁ) (EWMPXEB)
. with X € {L,R}
a,B € {e u, 7}

Dimensionless coefficients ggfﬁ quantify the strength of the interactions with respect

to the SM.
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NSI can:

*- cancel out SM interaetions; leading to
a smaller

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00

L
EO.'CY

e enhance SM interactions, leading to a
delayed decoupling (larger N_)




Degeneracies between parameters can
also be explored inthis scenario.

ors
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Forthcoming cosmological observation will
allow to study neutrino properties using a
complementary approach to terrestrial
experiments.
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Forthcoming cosmological observation will
allow to study neutrino properties using a
complementary approach to terrestrial
experiments.

Accurate calculation of neutrino decoupling
is feasible in standard and non-standard
scenarios.
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In the presence of NSI, the picture of neutrino decoupling changes because:

* Oscillations are modified
* Interactions keeping neutrinos in thermal contact with the rest of the plasma are
enhanced or supressed.

, 2 ,
: - L 2
9%. ? (QL + Egaz) + E : |€al,8|

B
¢ 2 ¢ .
9k — (gR + Eff&) + ) |l SM coeffcients are
f#a effectively shifted

grLgr — (gL + Egn) (QR + Efﬂ-)+2,{3#n- En;b" ‘EﬂRﬁ
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Minima correspond to

Cee = _(_1 + QL)
— —— —sin? Oy ~ —0.72
2
and
ek = —9I
= % — sin? Oy ~ 0.28
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FLAVOUR-CHANGING NSI enhance the 398
interactions between neutrinos and the

cosmic plasma, delaying the decoupling %
and leading to a larger value of N_g. 3.06

3.07
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VARYING THREE PARAMETERS AT A TIME

3.062 3.06
3-06 3.058
3.058

3.056
3.056

3.054
3.054

3.052
3.052

3.05
3.05
3.048 3.048
3.046 3.046
3.044 3.044

INTERACTIVE VERSIONS HERE & HERE
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https://www.astroparticles.es/NSI_Neff/GL33_GR33_GL13.html
https://www.astroparticles.es/NSI_Neff/GL11_GR11_GL13.html

B _
GL = GF\/(NNT)ee = Groaai

Gt =G
4 = Gy /(NN e (NN),,, = Gry/a?, (03, + [am ?)



3.40 3.4

a1y Gr fixed in Hamiltonian
3.35 33 [
a2 =9 3.2 :
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