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Neutrinos are always relevant in the universe’s evolution!
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(fig. thanks to M. Escudero!)
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mν < 0.2 eV

(fig. thanks to M. Escudero!)
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radiation energy budget:
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(
zeroth order approx. Neff ≃ 3 = number of neutrino species

)

3/12



radiation energy budget:

εν
εγ

≡ 7
8

( 4
11

)4/3
N SM

eff

∆Neff

εγ

εν

(
zeroth order approx. Neff ≃ 3 = number of neutrino species

)

observation


N BBN

eff = 2.86 ± 0.28 [Pisanti, et al (2020)]

N CMB
eff = 2.81 ± 0.12 [SPT+Planck+ACT (2025)]

theory N SM
eff = 3.044 ± 0.001 ⇒ subject of this talk

note: Simons Observatory will target ±0.05 accuracy...
⇒ ∆Neff is a probe of BSM physics!
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https://arxiv.org/abs/2011.11537
https://arxiv.org/abs/2511.04747


Why is Neff in the SM not 3?
quantum kinetic equations: [Sigl, Raffelt (1993)]

ρ̇ ≃ −i
[
H, ρ

]
+ C[ρ] , ρab = eiϕab(t)

〈 ŵ†
aŵb

V

〉
(
approx/numerical solution, e.g. FortEPiaNO [Gariazzo, de Salas, Pastor (2019)]

)
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Why is Neff in the SM not 3?
quantum kinetic equations: [Sigl, Raffelt (1993)]

ρ̇ ≃ −i
[
H, ρ

]
+ C[ρ] , ρab = eiϕab(t)

〈 ŵ†
aŵb

V

〉
(
approx/numerical solution, e.g. FortEPiaNO [Gariazzo, de Salas, Pastor (2019)]

)
• some e+e− → νν̄ heating since Tdec ≈ me

[Dicus, et al. (1982)] [Dolgov, et al. (1997)] δNeff ≃ +0.03

• corrections to equation of state Pint(T )
[Heckler (1994)] δNeff ≃ +0.01
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Why is Neff in the SM not 3?
quantum kinetic equations: [Sigl, Raffelt (1993)]

ρ̇ ≃ −i
[
H, ρ

]
+ C[ρ] , ρab = eiϕab(t)

〈 ŵ†
aŵb

V

〉
(
approx/numerical solution, e.g. FortEPiaNO [Gariazzo, de Salas, Pastor (2019)]

)
• some e+e− → νν̄ heating since Tdec ≈ me

[Dicus, et al. (1982)] [Dolgov, et al. (1997)] δNeff ≃ +0.034

• corrections to equation of state Pint(T )
[Heckler (1994)] [Akita, Yamaguchi (2020)] δNeff ≃ +0.009

• neutrino oscillations
[de Salas, Pastor (2016)] [Froustey, et al. (2020)] δNeff ≃ +0.001

• QED corrections to interaction rates
[Bennet, et al. (2020)] [Cielo, et al. (2023)] δNeff = ??
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https://arxiv.org/abs/2005.07047
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https://arxiv.org/abs/2306.05460


start with simpler problem: interaction rate for “tagged” particle

νL

calculate the rate in thermal field theory Bödeker, et al. [1510.06742]

Γ =
1

2ωTr
[
/K ImΣ(K)

]
, K = (ω, k)

Σ(K) = fermion self-energy
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start with simpler problem: interaction rate for “tagged” particle

νL

calculate the rate in thermal field theory Bödeker, et al. [1510.06742]

Γ =
1

2ωTr
[
/K ImΣ(K)

]
, K = (ω, k)

Σ(K) = fermion self-energy

⇒ EFT of neutrinos, electrons, positrons and photons at T ∼ MeV

L =
GF

4
√

2

{
2 ν̄aγµ(1 − γ5)νa ℓ̄eγµ

[
2δa,e − 1 + 4s2

W + (1 − 2δa,e)γ5
]
ℓe

+ ν̄aγµ(1 − γ5)νa ν̄bγµ(1 − γ5)νb + ieCaν̄aγµ(1 − γ5)νa ∂νFνµ

}
sum over a, b = {e, µ, τ}
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[
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]
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Σ(K) = fermion self-energy

⇒ EFT of neutrinos, electrons, positrons and photons at T ∼ MeV

L =
GF

4
√

2

{
2 ν̄aγµ(1 − γ5)νa ℓ̄eγµ

[
2δa,e − 1 + 4s2

W + (1 − 2δa,e)γ5
]
ℓe

+ ν̄aγµ(1 − γ5)νa ν̄bγµ(1 − γ5)νb + ieCaν̄aγµ(1 − γ5)νa ∂νFνµ

}
sum over a, b = {e, µ, τ} 1-loop level operator!
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start with simpler problem: interaction rate for “tagged” particle

νL

calculate the rate in thermal field theory Bödeker, et al. [1510.06742]

Γ =
1

2ωTr
[
/K ImΣ(K)

]
, K = (ω, k)

Σ = aGF + bG 2
F + . . . =

ν ν

ν, e±

+ + . . .

≡ Πµν(p0, p)

= +

gives QED corrections to Γ︷ ︸︸ ︷
+ + +
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the rate Γ describes the approach to equilibrium: GJ, Laine [2312.07015]

ḟ k ≃ −Γ(k)
[

fk − nF(k)
]

Γ =
G 2

Fk
8π2

(∫
dΩ(t) +

∫
dΩ(s)

)
P2 [ 1 − nF(k − p0) + nB(p0)

]
× Lµν

(
K,K − P

)︸ ︷︷ ︸
leptonic tensor

Im Πµν(p0, p)︸ ︷︷ ︸
self-energy

integration measures are defined by∫
dΩ(s) ≡ − 1

k 3

∫ k

0
dp−

∫ ∞

k
dp+ p

∫
dΩ(t) ≡ 1

k 3

∫ 0

−∞
dp−

∫ k

0
dp+ p

p

p0

t-channel

s-
ch
an
ne
l
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https://arxiv.org/abs/2312.07015


The spectral function ImΠµν neatly encodes many scatterings:
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https://www.tintin.com/fr/characters/le-capitaine-haddock


... but to obtain Neff, need to properly keep track of energy exchanges:3

GJ, Laine [2412.03958]Q ≡ ε̇ν+ν̄

=

∫
kν ,qν̄

(kν + qν̄)Ψ(kν , qν̄) (1 + fkν
)(1 + fqν̄

)

−
∫

kν ,qν̄

(kν + qν̄) Ψ̃(kν , qν̄) fkν fqν̄

+

∫
kν ,qν

(kν − qν)Θ(qν→ kν) fqν
(1 + fkν

)

the “double-differential” rates Ψ, Ψ̃, Θ can be computed
in thermal field theory, from the spectral function!

3 tabulation & interpolation code for the e+e− spectral function made
available in relevant kinematic domains: zenodo.14217713
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Results for ε̇ν+ν̄ at NLO
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]
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[loss]
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×10−1

Tν ≃ 0.714 Tγ

⇒ tiny QED corrections (δNeff ≈ 10−4) [2312.07015] [2412.03958](
numerically much smaller than estimated in Cielo, et al. [2306.05460]

)
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Why is Neff in the SM not 3?
quantum kinetic equations: [Sigl, Raffelt (1993)]

ρ̇ ≃ −i
[
H, ρ

]
+ C[ρ] , ρab = eiϕab(t)

〈 ŵ†
aŵb

V

〉
⇒ transfer rates (Q = ε̇ν+ν̄ and J = ṅν+ν̄) enter as “coefficients”
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Why is Neff in the SM not 3?
quantum kinetic equations: [Sigl, Raffelt (1993)]

ρ̇ ≃ −i
[
H, ρ

]
+ C[ρ] , ρab = eiϕab(t)

〈 ŵ†
aŵb

V

〉
⇒ transfer rates (Q = ε̇ν+ν̄ and J = ṅν+ν̄) enter as “coefficients”

momentum-ave. approach (approx sol): Escudero [1812.05605] , [2001.04466]

fνα ≡ fν̄α ≡ 1
e(q−µνα

)/Tνα + 1
(
Tνα

, µνα
are effective params!

)

dTi
dt

=
−3H

[
(εi + Pi)

∂ni
∂µi

− ni
∂εi
∂µi

]
+ Qi

∂ni
∂µi

− Ji
∂εi
∂µi

∂ni
∂µi

∂εi
∂Ti

− ∂ni
∂Ti

∂εi
∂µi

dµi
dt

=
3H

[
(εi + Pi)

∂ni
∂Ti

− ni
∂εi
∂Ti

]
− Qi

∂ni
∂Ti

+ Ji
∂εi
∂Ti

∂ni
∂µi

∂εi
∂Ti

− ∂ni
∂Ti

∂εi
∂µi
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±
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ν
e

ν
µ
, ν

τ
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Updated framework (fast & flexible):
Escudero, GJ, Laine, Sandner [2511.04747]

Part I, Standard Model4

• improved interaction rates
• factor ∼ 10 speedup
• QED eq. of state, O(e4) & O(e5)

• also: g∗, heff,
∑

mν/[Ωνh2]
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yν = qν × a [comoving momentum]

×10−4 comparison w/ FortEPiaNO

[Tνe
= Tνµ

= Tντ
, µνα

6= 0 ]

νe , ν̄e
νµ , ν̄µ
ντ , ν̄τ

case/setup Neff
FortEPiaNO 3.0439
this work µν = 0 3.0453 [0.044%]
this work µν ̸= 0 3.0446 [0.020%]
this work (w/ osc) 3.0443 [0.012%]

⇒ Part II will consider various BSM implementations (stay tuned!)

4 available in Python or Mathematica: github.com/MiguelEA/nudec_BSM
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https://arxiv.org/abs/2511.04747
https://github.com/MiguelEA/nudec_BSM


Summary
ultimate goal: describe ν, ν̄ decoupling in the SM & beyond

• equilibration rate for T ∼ MeV [2312.07015]

• double-differential energy transfer rates [2412.03958]

• revisit momentum-averaged approach [2511.04747]

... the devil’s in the details!
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QED equation of state

Pem =
π2T 4

γ

45

[
c0+e2c2+e3c3+e4

(
c̃4 ln

µ̄

Tγ

+c4

)
+e5

(
c̃5 ln

µ

Tγ

+c5

)
+...

]
Arnold, Zhai [hep-ph/9410360] Zhai, Kastening [hep-ph/9507380]

where µ̄ is the MS renorm scale µ̄
de2(µ̄)

dµ̄ =
e4(µ̄)

6π2 ⇒ e2(µ̄) =
6π2

ln(Λ/µ̄)

... the coefficients ci = ci

(
me
Tγ

)
Escudero, GJ, Laine, Sandner [2511.04747]

p(0)
em p(2) /ln

em p(2) ln
em p(3)

em p(4,5)
em

δNeff ≈ 10−2 <∼ 3 × 10−5 ≈ 10−3 <∼ 2 × 10−5
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Feynman diagrams
⇒ address perturbatively, expansion in GF

(
and αem =

e2

4π

)

Σ = aGF + bG 2
F + . . . =

ν ν

ν, e±

+ + . . .

= +

QED corrections︷ ︸︸ ︷
+ +︸ ︷︷ ︸

one-particle irreducible

+

GJ [1910.07552]

≃ ℓa
W

W

+ W
ℓa

ℓa
+

γZ

any charged
particle

+

more EFT details in Hill, Tomalak [1911.01493]
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numerical impact of the NLO corrections GJ, Laine [2312.07015]
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⇒ we find tiny QED corrections to Γ, relatively less than ∼ 1 %
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Momentum ave. results
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