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1 Cosmic Neutrino Background
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B Relic neutrinos in cosmology: N.g
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2 Standard three neutrino scenario
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
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. . . . B G CAP 2021
B v oscillations in the early universe et o Ratiol, 1003]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Dee = fue Oep Oer
density matrix: o(x,y) = Que Oun = fu, Qur
x (al(p. 1) ai(p. 1)) Ore Oru  Orr = fi
off-diagonals to take into account coherency in the neutrino system
de(y, x)

o evolution from xH = —ia[Hes, 0] + bI’

dx

H Hubble factor — expansion (depends on universe content)

effective Hamiltonian H g =

My 2V2Gpymg <m+& L4 E,/>

2y X0 mW 3 m? m%
vacuum oscillations ~———— L———— matter effects

T collision integrals
take into account v—e scattering and pair annihilation, v—v interactions

2D integrals over momentum, take most of the computation time

solve together with z evolution, from xdp(x) - 3P

p, P total energy density and pressure, also take into account FTQED corrections
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B v oscillations in the early universe et o Ratiol, 1003]

comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = fu, Qep QOer
density matrix: o(x,y) = Que Oun = o, Opr
o (al(p. t) ai(p, 1)) Ore o Crr=f,

off-diagonals to take into account coherency in the neutrino system

do(y, x)
dx
FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNQ)
https://bitbucket.org/ahep_cosmo/fortepiano_public

‘ o evolution from xH = —ia[Hes, 0] + bI’

vacuum oscillations ~——— L———— matter effects

T collision integrals
take into account v—e scattering and pair annihilation, v—v interactions

2D integrals over momentum, take most of the computation time

solve together with z evolution, from xdp(x) - 3P

p, P total energy density and pressure, also take into account FTQED corrections
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B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBemett SG+ JCAP 2021]
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M Neutrino momentum distribution and Ng®emet ¢+ JCAP 2021]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]
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B How precise is Nog = 3.04...7

Full 3v mixing results:

3.046 | 3.046 [Mangano+, 2005] i

3.044 :
&

Ne

3.042 :

3.040 2005 2010 2015 2020 2025 2030 2035

year
S Gaibze | “WNaniie cessniling in SencEE o iesaehE caEies” 00 NuiNenlteme, S 7


https://doi.org/10.1016/j.nuclphysb.2005.09.041

B How precise is Nog = 3.04...7

Full 3v mixing results:

3.046 | 3.046 [Mangano+, 2005] i

3.045
[de Salas+, 2016]

3.044 :
&

o (updated collision terms)

Ne

3.042 :

3.040 2005 2010 2015 2020 2025 2030 2035

year
S Gaibze | “WNaniie cessniling in SencEE o iesaehE caEies” 00 NuiNenlteme, S 7


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051

B How precise is Nog = 3.04...7

Full 3v mixing results:

3.046 | 3.046 [Mangano+, 2005] i
3.045 [Akita+, 2020]

[de Salas+, 2016]° [Froustey-+, 2020]
[Bennett, SG+, 2020]
3.044 | (FTQED corrections O(e?®) to plasma e.o.s.)® _
& 3.044

Ne

3.042 :

3.040 2005 2010 2015 2020 2025 2030 2035

year


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073

B How precise is Nog = 3.04...7

Full 3v mixing results:

3.046 | 3.046 [Mangano+, 2005] i
3.045 [Akita+, 2020]

[de Salas+, 2016]° [Froustey-+, 2020]
[Bennett, SG+, 2020]
3.044 | (FTQED corrections O(e?®) to plasma e.o.s.)® _
& 3.044

Ne

(approx. NLO QED correction to interaction rates)® 3.043 [Cie|o+, 2023]

3.042 :

3.040 2005 2010 2015 2020 2025 2030 2035

year


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1103/PhysRevD.108.L121301

B How precise is Nog = 3.04...7

Full 3v mixing results:

3.046 | #3.046 [Mangano+, 2005] i
3,045 [Akita-+, 2020]

[de Salas+, 2016]®-  [Froustey+, 2020]
"~ [Bennett, SG+, 2020]
3.044 | (FTQED corrections O(e®) to plasma e.o.s.)® T
- 3.044

Ne

(approx. NLO QED correction to interaction rate\s).\3_043 [Cie|o+, 2023]

3.042 | |

| | | | | N |
3.040 2005 2010 2015 2020 2025 2030 2035

year


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1103/PhysRevD.108.L121301

B How

precise is Nog = 3.04...7

3.046

3.044
&

Ne

3.042

3.040

Full 3v mixing results:

- ©3.046 [Mangano+, 2005] )
3,045 [Akita-+, 2020]

[de Salas+, 2016]®. [Froustey-+, 2020]

"~ [Bennett, SG+, 2020]
- (FTQED corrections O(e®) to plasma e.o.s.)Q3.O44 03.044 [Drewes+, 2024] N

(approx. NLO QED correction to interaction rates).}é43 [Cie|o+, 2023]

| | | | | N |
2005 2010 2015 2020 2025 2030 2035
year


https://doi.org/10.1016/j.nuclphysb.2005.09.041
https://doi.org/10.1088/1475-7516/2016/07/051
https://doi.org/10.1088/1475-7516/2020/08/012
https://doi.org/10.1088/1475-7516/2020/12/015
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1103/PhysRevD.108.L121301
https://arxiv.org/abs/2402.18481

3 Non-standard: light sterile neutrino

Am3, [eV?]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 03300}

{Do three-neutrino oscillations explain all experimental results?}
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]
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B Short Baseline (SBL) anomalies
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]
Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma

need to produce it through oscillations, but matter effects may block them
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANy = N¥ — N3 ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
ev—25II"I (2’[935) ~ 10 In (1_ANOH‘) ( + approx.)

[Dolgov&Villante, 2004]

eg: Am2, =1eV? sin?(20,6) ~ 1073 = ANyg ~ 1

N2Y = 3.044 [3cAP 2021]
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B Sterile neutrino in the early universe [5G+, JCAP 07 (2019) 014]

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANesr = Neg — N ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
ev—2$II"I (2’[935) ~ 10 In (1—ANC”‘) ( + approx.)

[Dolgov&Villante, 2004]

eg: Am2, =1eV? sin?(20,6) ~ 1073 = ANyg ~ 1

Full calculation: use numerical code!

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNOQ)
https://bitbucket.org/ahep cosmo/fortepiano_public
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: _:> Neg
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B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!
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4 Conclusions
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Thanks for your attention!
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