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Neutrinos are always relevant in the universe’s evolution!
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Neg =3.0£0.3 > m, <0.2eV
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radiation energy budget: o

t ANer
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e, 8\l11 eff

(zeroth order approx. Neg =~ 3 = number of neutrino species)
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radiation energy budget: 0
t ANesr
R R
e, 8\l11 eff

(zeroth order approx. Neg =~ 3 = number of neutrino species)

NngN = 2.86 + 0.28 [Pisanti, et al (2020)]
observation
NSMB =299 +0.17  [Planck Collab. (2018)]

theory NSM = 3.044 +0.001 = subject of this talk
note: CMB S4 could measure N with sub-1% accuracy...

= ANy is a probe of BSM physics! J. Ghiglieri, (Wed, 15:20)
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https://arxiv.org/abs/2011.11537
https://arxiv.org/abs/1807.06209
https://indico-dpt.unige.ch/event/1/contributions/12/

~ competition between interaction and expansion !
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e the interaction rate is ' ~ /dQ M2 (nFnF - ... ) ~ GET®
2

e the Hubble rate is H ~ where m,,, ~ 10'? GeV (Planck mass)
mPl
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Why is Ny in the SM not 37

quantum kinetic equations: [Sigl, Raffelt (1993)] @

0

, Wt
p = —i[H,p| +Clp] , pau= ez¢“b(t)<—w“;vb>

(approx/numerical solution, e.g. FortEPiaNO [Gariazzo, de Salas, Pastor (2019)])
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https://doi.org/10.1016/0550-3213(93)90175-O
https://arxiv.org/abs/1905.11290

Why is Ny in the SM not 37

quantum kinetic equations: [Sigl, Raffelt (1993)] @

0

, Wt
p = —i[H,p| +Clp] , pau= ez¢“b(t)<—w“;vb>

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

e some ¢t e” — v heating since Tyec & M,

[Dicus, et al. (1982)] [Dolgov, et al. (1997)] O Negr >~ +0.03

e corrections to equation of state Py (7)
[Heckler (1994)] [Bennet, et al. (2020)] 0Ny ~ +0.01

e neutrino oscillations
[Mangano, et al. (2005)] [de Salas, Pastor (2016)] (SNeff ~ +0.001

e QED corrections to interaction rates
[Bennet, et al. (2020)] [Cielo, et al. (2023)] (5Neff =77
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https://doi.org/10.1016/0550-3213(93)90175-O
https://arxiv.org/abs/1905.11290
https://doi.org/10.1103/PhysRevD.26.2694
https://arxiv.org/abs/hep-ph/9703315
https://doi.org/10.1103/PhysRevD.49.611
https://arxiv.org/abs/1911.04504
https://arxiv.org/abs/hep-ph/0506164
https://arxiv.org/abs/1606.06986
https://arxiv.org/abs/2012.02726
https://arxiv.org/abs/2306.05460

start with simpler problem: interaction rate for ‘tagged’ particle
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calculate the rate in thermal field theory [Bodeker, et al. (2016)]

1
r = %tr[CKImE(IK)], K = (w, k)

2(K) = —o—.—o— fermion self-energy
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https://arxiv.org/abs/1510.06742

start with simpler problem: interaction rate for ‘tagged’ particle
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calculate the rate in thermal field theory [Bodeker, et al. (2016)]

ro— itr[ﬂ(lmE(ﬂ()], % = (w, k)

——Q@—— fermion self-cnergy

= EFT of neutrinos, electrons, positrons and photons at 7'~ MeV

4\[{ 21/&’7#(1 - 75)Va Ee’)/u [25a,e -1+ 4SQI/V'*_ (1 - 25(1,6)75]68

+ Uavu (1 = 75)Va Dy (1 — v5)v }

sum over a, b= {e, u, 7}
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start with simpler problem: interaction rate for ‘tagged’ particle
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calculate the rate in thermal field theory [Bodeker, et al. (2016)]

ro— iu[c;«mz(g@], % = (w, k)

——Q@—— fermion self-cnergy

= EFT of neutrinos, electrons, positrons and photons at 7'~ MeV

4\[{ 21/&’7#(1 - 75)Va Ze’)/u [25a,e -1+ 4SQI/V'*_ (1 - 25(1,6)75]68

+ Da’yp,(l - 75)”(1 Db’Yu(l - '75)”() + 7:60(177(17#(1 - "/5)1/(1 OVFZI/J }

sum over a, b= {e, u, 7} 1-loop level operator!
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https://arxiv.org/abs/1510.06742

Feynman diagrams

2
e
= address perturbatively, expansion in Gp (and Qem = )

47
v, et
S = aGr+bGE+ ... _Q+/Q+...
1% v

QED corrections

@ OO & 0 oo

one-particle irreducible [1910.07552]
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https://arxiv.org/abs/1910.07552

Feynman diagrams

2
. . . €
= address perturbatively, expansion in Gp (and Qo = >

4
v, e*
Y = aGp+bGE+... :Q+/®\+...
14 v

QED corrections

@ OO & QO oo

one-particle irreducible [1910.07552]

w l, “astidie
X)V\A ~ Al +w + >V\'V\ + >V\>§/"
W l, A

more EFT details in [Hill, Tomalak (2020)]
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https://arxiv.org/abs/1910.07552
https://arxiv.org/abs/1911.01493
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numerical impact of the NLO corrections

percentual effect (for a = e)

percentual effect (for a # e)

[GJ, Laine (2024)]
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= we find tiny QED corrections to T, relatively less than ~ 1 %
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https://arxiv.org/abs/2312.07015

the rate I" describes the approach to equilibrium:
fi = =T(R)[fi — ne(R)]
GRk 0 [ 106 ) 2 0 0
r = ) dQW + [ dQ® )P [ 1= n(k—p°) + ny (p°) |
X

X Ly (P, XK — P) Im T1* (5°, p)
. ———

leptonic tensor self-energy

integration measures are defined by
40 = ,L 1 “a
| = i) A P+ P

/ a0 = o f dp / dps p
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the rate I" describes the approach to equilibrium:
fi = LB [fe = (B)]

... but to properly obtain N, energy transfer rates are needed:

fyan = /k (i + 40) W (ko @) (1+ fi ) (1 + o) ?ﬁ;

v,dp

- -
_ \/kwqu(ku + qﬂ) \I/(ku-, qD)fkyqu ; /ét
+ /kl”qu(ku - qy) @(quﬁ kz/)fqy(l +fku) N

the “double-differential” rates U, \I’, © can be computed
in thermal field theory, from the spectral function!

[GJ, Laine (2025)]
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https://arxiv.org/abs/2412.03958

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

Results for £, at NLO

= reaffirms tiny QED corrections to energy transfers  [GJ, Laine (2024)]
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in the figure above, s2, ~ 0.2386 and T, ~ 0.714 T,
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https://arxiv.org/abs/2312.07015

Results for £, at NLO

double-differential rates i.t.o. ImII(p°, p) evaluated? at...
production: V(k,, q,)
- P’ =k+q, p=k +q
annihilation: V(k,, q,)
scattering: O(q,— k,) p"'=k—q, p=|k —q)

dNegr ~ 10~ after inserting these coefficients into
momentum-averaged code [Escudero (2019)] [Escudero (2020)]

3 tabulation & interpolation code for the et e~ spectral function made
available in relevant kinematic domains: zenodo.14217713

10/11


https://arxiv.org/abs/1812.05605
https://arxiv.org/abs/2001.04466
https://doi.org/10.5281/zenodo.14217713

Summary

era of precision neutrino cosmology ...

ultimate goal: N in the Standard Model at NLO

e equilibration rate at decoupling [2312.07015]

e double-differential energy transfer rates [2412.03958]

... the devil's in the details!
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https://arxiv.org/abs/2312.07015
https://arxiv.org/abs/2412.03958
https://www.bbc.com/news/in-pictures-34880592
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A N projections from CMB A. Challinor, (Tue, 14:30)

10 e my my mw mg
gz 2 L
_\ §§ o
°3
50
_\ E
1 A \ Excluded at 95% by
N Planck-LB
I P-ACT-LB
=
<

0.1 1 Adv-SO 26

CMB-$4 26
(reference design

)

Boson (g=1, ANs = 0.027)
Boson (g=2, AN.s = 0.055)
Fermion (g=2, AN = 0.047)|
Fermion (g=4, AN = 0.095)|

1072 10°% 10° 10 102 10® 10* 10° 10°
T, [MeV]

13/11


https://indico-dpt.unige.ch/event/1/contributions/31/

