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neutrino decoupling

at T ∼ O(MeV)
due to insufficient

νe ↔ νe & e−e+ ↔ νν̄
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Relic neutrinos in cosmology: Neff

ρr =
[
1 + 7

8

( 4
11

)4/3
Neff

]
ργradiation density:

ργ photon energy density, 7/8 for fermions, (4/11)4/3 due to photon reheating after neutrino decoupling

prediction:

instantaneous decoupling:
Neff = 1 for each ν family

> 3 because of entropy transfer
to photons when electrons

become non-relativistic

recommended value (3ν):

Neff = 3.044
[Bennett+, 2020]

[Akita+, 2020]
[Froustey+, 2020]

measurement:
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Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (ναν̄α ↔ e+e−, νe ↔ νe)

time
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before BBN: neutrinos coupled to plasma (ναν̄α ↔ e+e−, νe ↔ νe)

time

oscillations blocked
by matter effects

ν decoupling

ν decouple mostly before e+e− → γγ annihilation!

Tν ≃ (4/11)1/3Tγ

after e+e− → γγ

fν : frozen Fermi-
Dirac distribution

Today:
Tν,0 = 1.945 K ≃
1.676 × 10−4 eV
⟨Eν⟩ ≃ 3.1Tν,0 ≃

5 × 10−4 eV
n0 = nν,0 = nν̄,0 ≃
56 cm−3 per family
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ν decoupling

ν decouple mostly before e+e− → γγ annihilation!

Tν ≃ (4/11)1/3Tγ

after e+e− → γγ

fν : frozen Fermi-
Dirac distribution

Today:
Tν,0 = 1.945 K ≃
1.676 × 10−4 eV
⟨Eν⟩ ≃ 3.1Tν,0 ≃

5 × 10−4 eV
n0 = nν,0 = nν̄,0 ≃
56 cm−3 per family

actually, the decoupling T is momentum dependent!
distortions to
equilibrium fν!
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Neutrino momentum distribution and Neff

Distortion of the momentum distribution (fFD: Fermi-Dirac at equilibrium)
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Effect of neutrino oscillations
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within 3σ ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only θ12 affects Neff , at most by δNeff ≈ 10−4
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Short Baseline (SBL) anomalies
Do three-neutrino oscillations explain all experimental results?
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Possible common explanation:
Additional squared mass difference

∆m2
SBL ≃ 1 eV2
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ν oscillations in the early universe
comoving coordinates: a = 1/T x ≡ me a y ≡ p a z ≡ Tγ a w ≡ Tν a

density matrix: ϱ(x , y) =

 ϱee ≡ fνe ϱeµ ϱeτ ϱes
ϱµe ϱµµ ≡ fνµ ϱµτ ϱµs
ϱτe ϱτµ ϱττ ≡ fντ ϱτs
ϱse ϱsµ ϱsτ ϱss ≡ fνs


dϱ(y , x)

dx =
√

3m2
Pl

8πρT

{
−i x2

m3
e

[
MF

2y − 2
√

2GFy
x6/m6

e

(
Eℓ + Pℓ

m2
W

+ 4Eν

3m2
Z

)
, ϱ

]
+ m3

eG2
F

(2π)3x4y 2 I(ϱ)
}

mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator
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MM = diag(m2
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U = R34R24R14R23R13R12 e.g. R13 =
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0 1 0 0
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. . . . . . . . . cos2 θ14 cos2 θ24 sin2 θ34
. . . . . . . . . cos2 θ14 cos2 θ24 cos2 θ34


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ν oscillations in the early universe
comoving coordinates: a = 1/T x ≡ me a y ≡ p a z ≡ Tγ a w ≡ Tν a

density matrix: ϱ(x , y) =

 ϱee ≡ fνe ϱeµ ϱeτ ϱes
ϱµe ϱµµ ≡ fνµ ϱµτ ϱµs
ϱτe ϱτµ ϱττ ≡ fντ ϱτs
ϱse ϱsµ ϱsτ ϱss ≡ fνs


dϱ(y , x)

dx =
√

3m2
Pl

8πρT

{
−i x2

m3
e

[
MF

2y − 2
√

2GFy
x6/m6

e

(
Eℓ + Pℓ

m2
W

+ 4Eν

3m2
Z

)
, ϱ

]
+ m3

eG2
F

(2π)3x4y 2 I(ϱ)
}

mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator

MF = UMMU†

Eℓ = diag(ρe , ρµ, 0, 0) Eν = Sa

(∫
dyy 3ϱ

)
Sa with Sa = diag(1, 1, 1, 0)

lepton densities neutrino densities (only for active neutrinos)

take into account matter effects in oscillations
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ϱτe ϱτµ ϱττ ≡ fντ ϱτs
ϱse ϱsµ ϱsτ ϱss ≡ fνs


dϱ(y , x)

dx =
√

3m2
Pl

8πρT

{
−i x2

m3
e

[
MF

2y − 2
√

2GFy
x6/m6

e

(
Eℓ + Pℓ

m2
W

+ 4Eν

3m2
Z

)
, ϱ

]
+ m3

eG2
F

(2π)3x4y 2 I(ϱ)
}

mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator

MF = UMMU† Eℓ = diag(ρe , ρµ, 0, 0) Eν = Sa

(∫
dyy 3ϱ

)
Sa

I(ϱ) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino–neutrino interactions

2D integrals over momentum, take most of the computation time
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comoving coordinates: a = 1/T x ≡ me a y ≡ p a z ≡ Tγ a w ≡ Tν a

density matrix: ϱ(x , y) =
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+ 4Eν
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)
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]
+ m3

eG2
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(2π)3x4y 2 I(ϱ)
}

mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator

MF = UMMU† Eℓ = diag(ρe , ρµ, 0, 0) Eν = Sa

(∫
dyy 3ϱ

)
Sa

I(ϱ) collision integrals

dz
dx

=

∑
ℓ=e,µ

[
r2
ℓ

r
J(rℓ)

]
+ G1(r) −

1
2π2z3

∫ ∞

0
dy y3

s∑
α=e

dϱαα

dx∑
ℓ=e,µ

[
r2
ℓ

J(rℓ) + Y (rℓ)
]

+ G2(r) +
2π2

15

from continuity
equation

ρ̇ = −3H(ρ + P)

r = x/z, rℓ = mℓ/me r J(r), Y (r) from non-relativistic transition of e±, µ±

G1(r) and G2(r) from electromagnetic corrections
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ν oscillations in the early universe
comoving coordinates: a = 1/T x ≡ me a y ≡ p a z ≡ Tγ a w ≡ Tν a
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ϱµe ϱµµ ≡ fνµ ϱµτ ϱµs
ϱτe ϱτµ ϱττ ≡ fντ ϱτs
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mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator

MF = UMMU† Eℓ = diag(ρe , ρµ, 0, 0) Eν = Sa

(∫
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)
Sa

I(ϱ) collision integrals
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=
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[
r2
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r
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]
+ G1(r) −
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0
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dx∑
ℓ=e,µ

[
r2
ℓ

J(rℓ) + Y (rℓ)
]

+ G2(r) +
2π2

15

from continuity
equation

ρ̇ = −3H(ρ + P)

initial conditions: ϱαα = Fermi-Dirac at xin ≃ 0.001, with z ≃ 1

S. Gariazzo “Neutrino decoupling in standard and non-standard scenarios” HEP 2023, 12/01/2023 7/16

[Bennett, SG+, JCAP 2021]

https://doi.org/10.1088/1475-7516/2021/04/073
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mPl Planck mass – ρT total energy density – mW ,Z mass of the W , Z bosons – GF Fermi constant – [., .] commutator

MF = UMMU† Eℓ = diag(ρe , ρµ, 0, 0) Eν = Sa

(∫
dyy 3ϱ

)
Sa

I(ϱ) collision integrals

dz
dx

=

∑
ℓ=e,µ

[
r2
ℓ

r
J(rℓ)

]
+ G1(r) −

1
2π2z3

∫ ∞

0
dy y3

s∑
α=e

dϱαα

dx∑
ℓ=e,µ

[
r2
ℓ

J(rℓ) + Y (rℓ)
]

+ G2(r) +
2π2

15

from continuity
equation

ρ̇ = −3H(ρ + P)

initial conditions: ϱαα = Fermi-Dirac at xin ≃ 0.001, with z ≃ 1

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNO)

https://bitbucket.org/ahep_cosmo/fortepiano_public
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Neff and the new mixing parameters
We can vary more than one angle:
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Neff and the new mixing parameters
We can vary more than one angle:
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Comparing constraints
Cosmological constraints are stronger than most other probes
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But much more model dependent (as all the cosmological constraints)!
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Cosmological constraints are stronger than most other probes
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But much more model dependent (as all the cosmological constraints)!

Warning: tension between reactor experiments and CMB bounds!
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Non-unitarity of the 3 × 3 mixing matrix
Consider we have Nν neutrino states

Unitary Nν × Nν mixing matrix: V =


Ve1 Ve2 Ve3 . . .
Vµ1 Vµ2 Vµ3
Vτ1 Vτ2 Vτ3

... . . .


the 3×3 sector (N)

describing mixing among lightest neutrinos
is non-unitary

N =

 α11 0 0
α21 α22 0
α31 α32 α33

 U

αii real, αij (i ̸= j) complex ⇒ CP violation

U = R23R13R12 is the standard unitary mixing matrix
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Non-unitarity of the 3 × 3 mixing matrix
Consider we have Nν neutrino states

Unitary Nν × Nν mixing matrix: V =


Ve1 Ve2 Ve3 . . .
Vµ1 Vµ2 Vµ3
Vτ1 Vτ2 Vτ3

... . . .


the 3×3 sector (N)

describing mixing among lightest neutrinos
is non-unitary

Neutrino interactions depend only on kinematically accessible states
Oscillations depend on all states

Oscillations with states n > 3 much heavier than n ≤ 3
are averaged out at experiments
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Non-unitarity and neutrino decoupling
Neutrino density matrix evolution in mass basis:

dϱ(y)
dx

∣∣∣∣
M

=

√
3m2

Pl
8πρ

{
−i x2

m3
e

[
MM
2y − 2

√
2GF ym6

e
x6 EM, ϱ

]
+ m3

e
x4 I(ϱ)

}

Unitary case
interactions:

(YL)ab ≡ g̃LI + (U†)eaUeb

(YR)ab ≡ gRI

matter effects:
EM = ρe+Pe

m2
W

U†diag(1, 0, 0)U

Fermi constant:
Gµ

F = GF

Non-unitary case
interactions:

(YL)ab ≡ g̃L(V †V )ab + (V †)eaVeb

(YR)ab ≡ gR(V †V )ab

matter effects:
ENU ≡ ρe+Pe

m2
W

(YL − YR)

Fermi constant:
Gµ

F = GF
√

α2
11

(
α2

22 + |α21|2
)

Gµ
F = 1.1663787(6) × 10−5 GeV−2 [CODATA]

I(ϱ) ∝ G2
F
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Non-unitarity parameters and Neff
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α31 α32 α33

 U
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[CODATA] 0.10.20.30.40.50.60.70.80.91.0
ii

3.00

3.05

3.10

3.15

3.20

3.25

3.30

3.35

3.40

N
ef

f

Neff = 3.044

11
22
33

0.10.20.30.40.50.60.70.80.91.0
ii

3.0
3.1
3.2
3.3
3.4

N
ef

f

GF fixed in Hamiltonian

0.10.20.30.40.50.60.70.80.91.0
ii

3.02

3.03

3.04

3.05

N
ef

f

GF fixed in collision term 

terrestrial bounds

S. Gariazzo “Neutrino decoupling in standard and non-standard scenarios” HEP 2023, 12/01/2023 12/16

[arxiv:2211.10522]

https://doi.org/https://doi.org/10.1103/RevModPhys.93.025010
https://arxiv.org/abs/2211.10522


Non-unitarity parameters and Neff

N =

 α11 0 0
α21 α22 0
α31 α32 α33

 U

Gµ
F = GF

√
α112 (α222 + |α21|2)

= 1.1663787(6) × 10−5 GeV−2

[CODATA] 0.10.20.30.40.50.60.70.80.91.0
ii

3.00

3.05

3.10

3.15

3.20

3.25

3.30

3.35

3.40

N
ef

f

Neff = 3.044

11
22
33

0.10.20.30.40.50.60.70.80.91.0
ii

3.0
3.1
3.2
3.3
3.4

N
ef

f

GF fixed in Hamiltonian

0.10.20.30.40.50.60.70.80.91.0
ii

3.02

3.03

3.04

3.05

N
ef

f

GF fixed in collision term 

0.1 0.2 0.5 1
11

0.2

0.5

1

22

3.044

3.0643.084
3.104

α21 = 0 0.1 0.2 0.5 1
11

0.2

0.5

1

22

3.044

3.064

3.0843.
10

4

α21 ̸= 0

(α21 marginalized over)

Confidence regions from future CMB measurements with δNeff = 0.02
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Additional particles in the early universe?
Sterile neutrinos are coupled via oscillations to the thermal plasma

(photons, electrons, neutrinos, (muons), . . . )

What if we add a decoupled particle?
let us assume a non-standard evolution of the energy density: ρ̄Rs ∝ anRs+4

nRs = 0 → radiation; nRs = −1 → matter; nRs = −2 → curvature, . . .

effect on early universe phenomena is purely gravitational

total energy density: ρ = ργ + ρe + ρν + δρFTQED+ρRs

Hubble factor: H2 = 8πρ/(3M2
Pl)

S. Gariazzo “Neutrino decoupling in standard and non-standard scenarios” HEP 2023, 12/01/2023 13/16

[in preparation]



Additional particles in the early universe?
Sterile neutrinos are coupled via oscillations to the thermal plasma

(photons, electrons, neutrinos, (muons), . . . )

What if we add a decoupled particle?
let us assume a non-standard evolution of the energy density: ρ̄Rs ∝ anRs+4

nRs = 0 → radiation; nRs = −1 → matter; nRs = −2 → curvature, . . .

effect on early universe phenomena is purely gravitational

total energy density: ρ = ργ + ρe + ρν + δρFTQED+ρRs

Hubble factor: H2 = 8πρ/(3M2
Pl)

neutrino decoupling: dϱ(y)
dx = 1

xH

{
−i x3

m3
e

[Heff , ϱ] + m3
e

x3 I(ϱ)
}

BBN abundances: dXi
dx = Γi

xH
Xi = ni /NB abundance relative to total baryons, Γi effective reaction rate for nuclide i
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Results from Neff
consider ρRs = ρrad at xRs = me/TRs for the new particle

Evolution of the energy density:
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Results from Neff
consider ρRs = ρrad at xRs = me/TRs for the new particle

From neutrino decoupling we obtain:

10 3 10 2 10 1 100 101 102

TRs [MeV]

3.00

3.01

3.02

3.03

3.04

3.05

N
ef

f

nRs = 2
nRs = 1
nRs = 1
nRs = 2
nRs = 3
nRs = 4

10 210 1100101102
xRs

numerical
uncertainty

possible future
1σ error from
CMB probes

prelim
inary!
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Results from BBN
consider ρRs = ρrad at xRs = me/TRs for the new particle

Compare to current measurements (Deuterium, Helium):
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error bands (gray) are current constraints on the abundances
barely visible!! even current precision can strongly constrain TRs

calculations ongoing with prof. D. Aristizabal and A. Villanueva (UTFSM)

preliminary!
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Thanks for your attention!
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