Bounds on 3+1 active-sterile neutrino
oscillations in very low reheating scenarios
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Neutrino decoupling and e* annihilation

Collisions less
and less / 1
important: v —

v decouple exp(p/Ty) +1
(spectrum
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Relativistic particles in the universe

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

Prad — P~ + Py = P~
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Valid for standard neutrinos in the
instantaneous decoupling approximation




Relativistic particles in the universe

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

7

prad:p7+pu+px:p7 1_|_§

Dy

effective number of relativistic neutrino species
(effective number of neutrinos)

N, IS @ way to measure the ratio

Pv t Pz

P~

1960s-1970s : N = N,, extra neutrinos would enhance the

cosmological expansion

>1980s: N4 = additional relativistic particles
M Lattanzi’s plenary talk



CMB anisotropies + other data
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https://arxiv.org/abs/1807.06209

Relativistic particles in the universe

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

7 /4N
Prad = Py T Pv T Pz = P~ 1‘|—8(11>/

effective number of neutrinos

additional relativistic particles (scalars, pseudoscalars,

decay products of heavy particles,...)
non-standard neutrino physics (primordial neutrino
asymmetries, totally or partially thermalised light

sterile neutrinos, non-standard interactions with
electrons,...)



N+ with active-sterile
neutrino oscillations



Neutrino mixing and oscillations: 3 flavours

3

flavour neutrinosv,, | Ya =) Uak (a=ep,7)| massive neutrinos v.

k=1

U,k described by 3 mixing angles /1>, 613, t}»3 and one CP phase o

[ Current knowledge of 3 active v mixing: de Salas et al, JHEP 02 (2021) 071 & update }

NO/NH: Normal Ordering/Hierarchy, m; < mpy < mj

Am3, = (7.507023) 1075 eV?
|Am3,| = (2.54+0.03)-1073 eV? (NO)
= (2.44+0.03) - 1073 eV? (10)

10sin”(#,) =3.18+0.16
102sin2(f13) = 2.200$§;§§§ (NO)

10sin?(f23) = 4.55+0.13U5.71 £ 0.12 (NO) 3w

= 5.711013 (10)

5/ =1.1013% (NO)
= 1.54 4+ 0.14 (10)

IO /IH: Inverted O/H, m3 < my < my
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mass ordering
still unknown

/

J [(i still unknown

See also http://globalfit.astroparticles.es



http://globalfit.astroparticles.es/

Mixing of four neutrino states?

Additional neutrino (sterile) states introduced in order
to explain some anomalies in experimental data
L Wen’s plenary talk

4 flavour neutrinos, 4 massive neutrinos

/ Uet Ue2 Ues U \

. . . U,ul U,_,,Q Uﬂg ( 4

4x4 mixing matrix U, U, Us L.
\ U511 U512 U513 U'slé )

We consider 3 (active) + 1 (sterile), a perturbation of the 3-neutrino case
|Ueq4 2 = sin? O4.
9 .
Upal® = cos? 614 sin” foy.

U-4> = cos? 014 cos® Oy sin® Hay.

Usil? = cos? 014 cos® Ooy cos” Oay.



N.+ & active-sterile neutrino oscillations

L
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Oscillations effective
BEFORE decoupling: the
additional species can be

Oscillations effective

AFTER decoupling:
spectrum of active

neutrinos distorted
but Neff=3

Weak brought into eq: N =4
Processes
Effective:
| vineq
thermal
s(pectrum) Collisions less
i and less
important:
v decouple
(spectrum
i keeps th. form)
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3+1 case: equations for the neutrino density matrix

o(p,t) =

Ose Osuy Osv_Oss

off-diagonal
terms

Boltzmann evolution equations (matrix form)

(0 — Hpdy) gplt) = —i

Mg = UM UT

M = diag(m?,m2, m2, m2)

U = R34 R24 R14 R23 R13 R12

Code: FORTran-Evolved PrimordIAl
Neutrino Oscillations (FortEPiaNO)
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Results: final value of N4 and sterile mixing parameters

Only e14 or I Ue4 I 2 31 3.3 35 3.7 3.'9> Neff
102 .

|Upal? = |Una2 = O

101 Additional
. < neutrino in
N> e | fUI| €0, N =4
L 100 — _
— — E
<
&
< 101 —
102 —

10-° 10> 104 103 102 101
|U94|2

S Gariazzo, PF de Salas & SP JCAP 07 (2019) 014 12



https://doi.org/10.1088/1475-7516/2019/07/014

Results: final value of N4 and sterile mixing parameters
We can vary more than one angle: <41l = > g4

Y RN B R RN A |
5 |Upa|? = 1073, [Ura|?=1073 F
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|Ue4|2

S Gariazzo, PF de Salas & SP JCAP 07 (2019) 014 13



https://doi.org/10.1088/1475-7516/2019/07/014

Results: final value of N4 and sterile mixing parameters

Sort of ternary plot (sum of |Ua4|? does not add up to 11):




coWewould need
©~ = a mechanism to suppress oscillations and full thermalization of v

o = to compensate AN.g = 1 with additional mechanisms in Cosmology
" Some ideas (an incomplete list!):

O Iarge Iepton asymmetry [Foot et al., 1995; Mirizzi et al., 2012; many more]

® new neutrino interactions [Bento et al., 2001; Dasgupta et al., 2014;

Hannestad et al., 2014; Saviano et al., 2014; Archidiacono et al. 2016; many more]

© = entropy production after neutrino decoupling [Ho et al., 2013]

S [ very low reheating temperature |Gelmini et al., 2004; Smirnov et al., 2006]

" time varying dark energy components [Giusarma et al., 2012
" larger expansion rate at the time of vs production [Rehagen et al., 2014]



https://doi.org/10.1088/1475-7516/2020/08/015

Very low-reheating scenarios

16



Cosmological scenarios with low-rehating temperature

Reheating: phase ending inflation

during inflation, the inflaton (non-rel. scalar) dominates the energy density
during reheating: inflaton decays into standard model particles

— photons, electrons, ... are populated directly

[radiation domination begins after reheating}

neutrinos are populated by weak interactions with electrons!

if reheating occurs too late, neutrinos are not generated and Nqg < 3

Low reheating temperature: when reheating occurs at Ty, < 20 MeV

[notice: if T.n <3 MeV, BBN is broken!J

3 neutrino oscillations start to be affected when T.;, < 8 MeV
what about sterile neutrinos?

17



Ng<3?

LOW-REHEATING SCENARIO
If latest reheating phase of the
Universe ends in this region
(Try<10 MeV), interactions not
enough to bring the standard
neutrinos into equilibrium

ollisions less

nd less
portant:
decouple




Nes

3v in very low-reheating scenarios
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http://dx.doi.org/10.1103/PhysRevD.92.123534

3+1 case in very low-reheating scenarios

Neg as a function of Ty, (3 or 3+1 neutrinos):
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3+1 benchmark case: Am3; = 1eV?, |Ur4|? = 0.01, |Uns|? = |Upa|> = 0

T Brinckmann et al, in preparation
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N.¢ With varying mixing

for low T,},, mixing parameters are irrelevant
angle / mass splitting

for higher Amj3,, T, has more impact
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Am3, = 10eV? Am3, = 0. 1ev2
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|Ues|? = 107°

lower bound on the
reheating temperature

TRH Z 4 MeV
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Conclusions

v If a fourth (sterile) neutrino state exists in order to explain the
anomalies in oscillation measurements, it would have important
implications for the cosmological scenario (Ngg, M, o)

v We solved the momentum-dependent kinetic equations in the
early Universe in the 3+1 neutrino scheme, including for the first

time all neutrino mixings (three active-sterile: 644, 6,4, 03,)

v The tension with the cosmological measurement of N_¢ can be
alleviated in very low reheating scenarios. The lower bound on T,
is almost independent of the existence of active-sterile mixing

24



	pastor_TAUP20231
	pastor_TAUP2023



