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1. motivation
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rino masses = SM is not enough

much oscillation data to respect: Esteban, et al. (NuFit-6.0) [2410.05380]
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much oscillation data to respect:

Esteban, et al. (NuFit-6.0) [2410.05380]
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flavour eigenstate =Upmns mass eigenstate

(cij = cosbyj, si; =sinby;)  Am3, = (7.59 £0.19) x 107° eV?;  6;,/° = 33.6870 13
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normal hierarchy (NH): Am3; = (2.51370:921) % 1073 eV?
0.019

my My ms

035/° = 43.3708 5 0,5/° =856 +£0.11 ; §/° =212+

inverted hierarchy (IH): Am3, = (—2.484 £ 0.020) x 1072 eV?
053/ =47.9508 ; 613/°=859+0.11 ; §/°=274132
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Neutrino flux ¢ [eV'ecm™2s™"]

many sources in nature, including cosmological

cf. spectrum on earth: Vitagliano, Tamborra, Raffelt [1910.11878]
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Why do v, 7 decouple?

global expansion
VS.
Microscopic processes

(e, B are flavour indices)
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Why do v, 7 decouple?

global expansion
VS.
Microscopic processes

(a.ﬁ are flavour indices)

e interaction rate I' ~ /dQ|/\/l|2(nFnF - ) ~ GET®

a T2
~Y

e Hubble rate H = —
a

where m,, ~ 10'? GeV (Planck mass)

mPl

) 1 1/3
T = Tdec ~ ~ 2 MeV

rate

[i.e. teng ~ 1 sec]
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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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early radiation energy budget:

R /11\4/3 ¢,y — €
Ne = =(3) ™ V
Y

(zeroth order approx. Neg ~ 3 = number of neutrino species)
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early radiation energy budget:

0\ ANeg
[ 8(11)4/3 Erd — v
eff - 7 4 E’y

NEN =2.93 4£0.08 Yeh, et al. [2601.22239]

€

observation®
NG'® =2.8240.12 SPT+PI+ACT [2506.20707]

theory N3 = 3.044 £ 0.001 = focus of this talk

( hints at Negr < 3... new physics? Escudero, et al. [2601.22239] )

3 Simons Obs will target £0.045 accuracy = A N.¢ probes BSM physics!
8/28


https://arxiv.org/abs/2601.22239
https://arxiv.org/pdf/2506.20707
https://arxiv.org/abs/2603.22391

early radiation energy budget:

QANCH
8 (11N\4/3 €0q — €4
Ny = —<_> -
7\ 4 Exy

NEN =2.93 4£0.08 Yeh, et al. [2601.22239]

€

observation?

NG'® =2.8240.12 SPT+PI+ACT [2506.20707]

theory N3 = 3.044 £ 0.001 = focus of this talk

Q ~ Zl/ mz/ Za(nl/a + nﬁa>

at late times v, 7 non-rel:
3 Ecrit

Y., m, < 0.048 &V  SPT{PI+ACT+DESI [2506.20707]

3 Simons Obs will target 40.045 accuracy = A N, probes BSM physics!
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2. interaction rates at 7' ~ MeV
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theoretical setup

e consider ¢*,~, v, v plasma at temperatures 7' ~ MeV

(all hadrons, p, T leptons suppressed, so v, & v, basically degenerate)

e QED interactions are “fast” (3 temperature T, pressure P, ...)

e as T (1) drops, neutrinos fall out of equilibrium: 7, # T,
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theoretical setup

e consider ¢*,~, v, v plasma at temperatures 7' ~ MeV

(all hadrons, p, T leptons suppressed, so v, & v, basically degenerate)

e QED interactions are “fast” (3 temperature T, pressure P, ...)

e as T (1) drops, neutrinos fall out of equilibrium: 7, # T,

= quantum kinetic equations: [Sigl, Raffelt (1993)] @
: : . (S
p = —i[H,p] +Clp] . pap = <ana/3q> =
where (...) = (0y — Hq,)(...); a, 3 are flavour indices,
1 2 q Sy TPy
H o~ U— | Amx Ul —2v2Gp— - + ...
2q Am§1 my,
and C is a “collisional operator” (in general p # p, hence also p = ...)
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https://doi.org/10.1016/0550-3213(93)90175-O

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

° o o L
°
° o —e
° ° o |o
0| 0o °f o0

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

F==iﬁWmHW,K=%HWM

S(K) = ’S:;L + )JQEE;L\-+ O(G)
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start with a simpler problem: interaction rate for “tagged” particle

° o o L
°
° o —e
° ° o |o
0| 0o °f o0

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

r = %Tr[l)CImE(/C)}v K= (k+i0" k)

ei
QB

G _
H,. (1) :/8\%{2uafyu(l—%)uaKe’y”[26(,(’8—1—4—43%‘,4—(1—2(5&)6)75][6
+ Daru (175 e 77 (=35 s }

sum over a, 8 = {e, j1, T} 11/28
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start with a simpler problem: interaction rate for “tagged” particle

° o o L
)
o o e
° ° o |o
0| 0o °f o0

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

1
= T [KImX(K)], K= (k+i0", k)
et
QED corrections?
X(K) = i/@ + @4’ O(GR) 7i
y > Qem = A

G B
H,. (1) :/8\%{2ya’yu(l—%)uaEe’y”[2(5%8—1+4s%v+(1—2(5a,6)fy5]€e

+ f/a’}/u(l_’yf))ya 1767#(1_75)”,8 + 7:(3(1077(»'\///1(1 - W’S)l/ry OI/FV'“ }

sum over a, B = {e, u, 7} 1-loop level operator!
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— Gizk d»° 2 _ 0 0
= 33 PP dp P? [ 1— ne(k—p°) + ns(p°) |

X Ly (K, K —P) Im II*(p°, p) GJ, Laine [2312.07015]
— —
leptonic tensor self-energy
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https://arxiv.org/abs/2312.07015

N L W e R 0
= o [ W dp P’ [1 (k=) + m(p")]

X Ly (K, K —P) Im II*(p°, p) GJ, Laine [2312.07015]
—_———

leptonic tensor self-energy

’ = 11" (p°, p) gives QED corrections to I’

OO & 0 oo

one-particle irreducible

JOw = i e oBie  hTr o e

=2
(bare) __ o M 1 1%
b = 8(20, . — 1+ 452 )3 (477)2(6 +lnm%> + 0.1

Hill, Tomalak [1911.01493] 12/28
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N L W e R 0
= o [ W dp P’ [1 (k=) + m(p")]

X Ly (K, K —P) Im II*(p°, p) GJ, Laine [2312.07015]

s-channel (inel)  tchannel (el) 0

0 3 > K

phase space:

/dﬁmy»/dm@+/dmﬂ

where measures are defined by

/de = —— dp/ dps p
/dQ(” ﬁ dp /dp+p
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full non-linear evolution equations

time dep. of classical phase space distr. fj = <2LLV &ku>,
fu = [ (900050~ ) = fo o, Uk,
U7

+ [ [Blas Kty (1= f) - O~ 0,05 (1= £,)
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full non-linear evolution equations

time dep. of classical phase space distr. fj = <2LLV &ku>,

oo = [ [e @0 =800~ fo) = i fo, W6 00

v

/ (4, k), (L= ) — Ok, a,)f, (1~ f,,)]

double-differential rates i.t.o. ImII(p", p) evaluated* at...
production: V(k,. q,) o | |
~ p:k+Q7p: kV+qﬁ

annihilation: V(k,, g,)

scattering: O(q, —~ k,) " =k—q, p=1|k — g

4 tabulation & interpolation code for the et e~ spectral function made

available in relevant kinematic domains: zenodo.14217713
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https://doi.org/10.5281/zenodo.14217713

the spectral function ImII,, neatly encodes many scatterings:



https://www.tintin.com/fr/characters/le-capitaine-haddock

the spectral function Tm I1,,, neatly encodes many scatterings:

O ] P >
<o X o X ><}
> K Y K <
D G
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>DM* mﬂ< HTL resummed



https://www.tintin.com/fr/characters/le-capitaine-haddock

= tiny QED corrections to T', relatively less than ~ 1 %

Rve / Tio, (7]

equilibration rate: f;, ~ —Fkéfk—/Tkyqéfqﬁ—O(éQ)
q

percentual effect (for o = ¢)

percentual effect (for o # ¢)

(neglecting m,) GJ, Laine [2312.07015]

“uncertainty” from:

o
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3. v, v decoupling in the SM
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Why is Ny in the SM not 37

several effects well-studied: N —3 =

e some et e” — v heating since Tyec & My 10.03
[Dicus, et al. (1982)] [Dolgov, et al. (1997)] ’

e corrections to ety equation of state Py (T) +0.01

[Heckler (1994)]
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https://doi.org/10.1103/PhysRevD.26.2694
https://arxiv.org/abs/hep-ph/9703315
https://doi.org/10.1103/PhysRevD.49.611

Why is Ny in the SM not 37

several effects well-studied: N —3=
e some ¢t e™ — v heating since Tyec = M, 10.034
[Dicus, et al. (1982)] [Dolgov, et al. (1997)] ’
. :t .
e corrections to e*,y equation of state Per (1) +0.009
[Heckler (1994)] Bennet, et al. [1911.04504]
Akita, Yamaguchi [2005.07047]
e neutrino oscillations +0.001
de Salas, Pastor [1606.06986] Froustey, et al. [2008.01074]
Bennet, et al. [2012.02726]
o QED corrections to interaction rates —0.001

Cielo, et al. [2306.05460]
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Why is Ny in the SM not 37

several effects well-studied: N —3=

e some ¢t e™ — v heating since Tyec = M, 0.034
[Dicus, et al. (1982)] [Dolgov, et al. (1997)] +0.

e corrections to ety equation of state Py (T) +0.009

[Heckler (1994)] Bennet, et al. [1911.04504]
Akita, Yamaguchi [2005.07047]

e neutrino oscillations +0.001
de Salas, Pastor [1606.06986] Froustey, et al. [2008.01074]
Bennet, et al. [2012.02726]

e QED corrections to interaction rates (_0.001?)
Cielo, et al. [2306.05460] 4
Drewes, et al. [2402.18481] g 10

GJ, Laine [2412.03958]
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frameworks for describing v, v decoupling:

instantaneous decoupling (zeroth order approx. NSM ~ 3)
— trivial to implement, but misses dynamics

solve quantum kinetic eqs (e.g. FortEPiaNo code [1905.11290])
— gold standard, very few approximations
— computationally expensive (stiff integrodifferential equations)

momentum-averaged approx ( = focus of this talk )
— flast & flexible (easy to include BSM cases)
— less accurate when spectral distortions are large

monte carlo sim ( Ovchynnikov, Syvolap [2409.15129] [2409.07378] )
— numerical, good for far from equilibrium
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momentum-ave. approach: Escudero [1812.05605] , [2001.04466]

£, (ta) fo. # 1o, . ['no osc”
plt,q) = £, (t:9) .
f, (ta)

A

with thermal phase space distributions®

L. = = [e(qf“”a)/T"a + 1}71 (T, . p, are effective params!)

5 nota bene: p, = iy (= not lepton asymmetries!)
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momentum-ave. approach:

1o, (4,9)
p(t,q) =

Escudero [1812.05605] ,

£, (49

f,, (t:0)

[2001.04466]

fo. # Jow, ['no 05C”

fz/e - fVMJ/T

[“fast osc”]

with thermal phase space distributions

are effective para ms!)

= —Hu T, -1
fo. = 1. [e(q o)/ To,, +1] (T, o,

On; on; de;

dTi _ 73H|:(E+P) nz.fnzau]“er i 7]78,3

dt - dn; de; _ Ony; Oey
Ou; OT;  OT; Op; / \

d H[(sz-"_P)g’;I—nzaT] Q7 8n,+]l BEZ

gy _

dt On; Oe; On; Oe;
Ou; 8T; ~ OT; Oy

= transfer rates® (Q =¢,,, and J =1, ) enter as “coefficients”

6 the @ and J are moments of U, U and © introduced on slide 13
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Updated framework (fast & flexible): Part |, Standard Model”
Escudero, GJ, Laine, Sandner [2511.04747] improved interaction rates

e factor ~ 10 speedup

e QED eq. of state, O(e*) & O(¢€°)

e also: g,, g Y m,,/[Q,h?]

7 available in Python or Mathematica: github.com/MiguelEA /nudec_BSM
20,28
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Updated framework (fast & flexible): Part |, Standard Model”

Escudero, GJ, Laine, Sandner [2511.04747] improved interaction rates

«10~4 comparison w/ FortEPiaNO e factor ~ 10 Speedup
— T T T T T T T T T T T
U =T =7 0] ] e QED eq. of state, O(e*) & O(¢€°)
r ve — vy — T Fug 1
: j o e o j ¢ also: G heff' Z mu/[th2]
1 | - o ° o -
L o802 . o
P 2 L. . . I
I o ° 1 case/setup N
A~ L o _
= 0 e . ] FortEPiaNO 3.0439
© = < X} o .
=] vetel this work 1, =0 3.0453 [0.044%]
t o o ° PPl
Sk ° ve, | this work g, # 0 3.0446 [0.020%)]

PR R S T Ty N q 0
e e s 1w this work (w/ osc)  3.0443 [0.012%)]

Yy = ¢y X a [comoving momentum)|

= Part Il will consider various BSM implementations

7 available in Python or Mathematica: github.com/MiguelEA /nudec_BSM
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evolution in the :

1.5 T T T T T T T T
14 + neutrino decoupling p-n freeze-out i
+ ete” v net < po, 1
1.3 vet < vet NV, <> pe- a0 A
= r VUV &SV VY 7 1
= 1.2 7R 787 & N
&~ L v J
11 - He;ynthesis i
I e |
1.0 ® 9 -

0.9 I I 1 [ ] . ] 1

T T T T T T T T
.000 B
= —.002 -
~ L J
3 —.004 |- E
006 i [“fast oscillations”: T,, = T,, and p,, = /1,,/‘] ]

) ] ] ] [ ] . ] ]

9 5 3 2 108 0.5 0.1 0.07 0.02

T, [MeV]



thermodynamic functions

7.(.24

T -— —
P, = WV |:CU+€2(32+€3(33—|-€4(E4 In ;+C4>—|—65(65 In 1’%—&—05)—1—..}
8! 8!

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

— . m,
.. where i — m, is the MS renorm scale, the coefficients ¢, = ci<f‘>

T,

‘ ngn) ‘ Pgn) ‘ Pe(;ﬁn) ‘ Pe(;ﬁq’s) [c, and ¢; only

inown for m, = 0]

6Akﬁ. . ~ 1072 %10_3. <2x107°
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thermodynamic functions

7T2T4 — _
P, = ?7 [c()+6202+e303+64(224 In j'lf—&—c4>—|—e5(65 In 1’%—&—65)—1—..}
gl 8!

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

. ~a - m
.. where i — m, is the MS renorm scale, the coefficients ¢, = Q( T8>

!

‘ ngn) ‘ Pgn) ‘ Pgﬁq) ‘ Péﬁ{s) [c, and ¢; only
inown for m, = 0]
5A@H‘ . ~ 1072 %10_3‘ <2x107°
3T T3
for neutrinos: ¢, = —2 7r2V Liy(— e“"/T”), n, = —2?ZL13( - e”“/T”)
on _ etc
5T = .
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energy & number exchange rates

use double-differential rates (slide 13), e.g.

Q = éy_t,_p
= [ ) v ) 0RO )
7
- /k; (kl/ + q&) CI}(kua q17> fkuqu/ . \)%
N7

o >
n /k (k, — 4,)O(a0— k) fo (L + fu) m

v,qu

J = hl/—i—ﬂ = ... (exercise for the reader)

= tiny QED corrections (§ Negr &~ 10™%) [2312.07015] [2412.03058]

(numerically much smaller than estimated in Cielo, et al. [2306-05460]) 23/28
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energy & number exchange rates

percentual effect (for o = ¢) percentual effect (for v # €)
T T T T T T
X107 ] X107
1 — — — —
I e
e prm 1 i i
o of . .
S .. !
< L e L .
1 B 4|7 MBSO [gain] NP5 [gain] -
T, ~0.714 T7 """ MBLO loss] NLOZLO [loss]
Jp— MBLBLO [Scat _ NL(E(;LO [Scat]
1 L 1 L 1 ] T I 1 I I I

1 2 3 1 2 3
T,/ MeV T,/ MeV

= tiny QED corrections (0 N ~ 1074) [2312.07015] [2412.03058]

(numerically much smaller than estimated in Cielo, et al. [2306.05460]) 23/28
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4. a few BSM examples
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easy to include additional subsystems:

Ex+3H(ex+ Py) = Qx,

with their own transfer coefficients, e.g.

QX = Z QXei; 1€ {em7 Vg, yw Vr} /"
| @

= need thermal production rates!
K. Bouzoud, (Wed, 15:15)

AUTOTHERM

5
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easy to include additional subsystems:
with their own transfer coefficients, e.g.

Qx = X2 Qe 1€ fem v} X
()

= need thermal production rates! /)/
K. Bouzoud, (Wed, 15:15)

AUTOTHERM

Boltzmann equation for BSM sector: fy, = Z i [fx)
Qxei = QX/ \/ K+ m% CX<—7Z [fx]
k ——
= collision operator

fx(k) w/ Gauss-Laguerre weights, or T'y(t) and p (1)
25,28
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trivial case: () = Jy = 0 during v, v decoupling...

e Py < ey [cold dark matter] = £, = SXJm(aini/aO)S
€

o Py = ?X [extra radiation] =, = EX_ini(a,ini/ao)4

( e.g. light axions: G. Moore, (Mon, 18:00) , E. Weitz, (Wed, 15:30) )
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https://indico.global/event/14246/contributions/157317/
https://indico.global/event/14246/contributions/157060/

trivial case: () = Jy = 0 during v, v decoupling...

o Py < ey [cold dark matter] = £, = exﬂini(aini/ao)g
€ L

e Py = gX [extra radiation] = ey, = s;‘X_ini(a,mi/ao)4

( e.g. light axions: G. Moore, (Mon, 18:00) , E. Weitz, (Wed, 15:30) )

coupled MeV-scale particles: (Q, Jy # 0)

= modified dynamics and observables, Ny etc.

e inflaton, scalar populates the SM bath via Yukawa int.
( cf. next slide, “low reheating” Barbieri, et al. [2501.01369] )

e majoron, pesudo-Goldstone interacting with Majorana v's
( backup slides, “neutrophilic” int. Sandner, et al. [2305.01692] )
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https://indico.global/event/14246/contributions/157317/
https://indico.global/event/14246/contributions/157060/
https://arxiv.org/abs/2501.01369
https://arxiv.org/abs/2305.01692

X = ¢ [inflaton]
L= Lot 5(0°60,0—m36?) — iX, e e0 ¢---<6_
e+

reheating: p () generates SM bath at Try ~ MeV
contour plot of Ng Ay =107, my =10 MeV (o)
1078 L — T T T T
1.0 fo, -
1()—8.5 -
0.75 | .
. E
~< 107 | 1 I 56 _
DR = QL ) TSl
{J‘.od :‘/, T
10795 F N i 0.25 L /"_ v,V
/’II
[ L S—— ) . 0.0 L o
1% 10 10t 107 107% 107 100t 10 108
mg [ MeV t/s



5. summary

e active neutrinos play an important role in cosmology
= test of SM physics around T ~ MeV

e measurements will continue to increase in precision
= from CMB (Simons, ...) and BBN (LBT,...)

e rich theory challenge
= devil is in the details

[péringuey’s adder]



https://www.bbc.com/news/in-pictures-34880592
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L= Lo+ 5(0"00,6—mie?) —i

2 ViV Vi @
i=1,2,3 -
Tok w/ Gauss-Laguerre weights

contour plot of N Ay =107 m, =1 MeV (@)
07 === -

~ T T T T |
1078
1079

10—1[) I
~ 10—11 E

10712

10718

1074 - : ‘
1072 107! 100 10! 1074102 1021000 1 10

m, [ MeV T,/ MeV 30/28



A,

1 .
L= Ly + 5(0"00,0—mie?) —i

. 2 ViV Vi @
i=1,2,3 -
Tok w/ Gauss-Laguerre weights

contour plot of N g Ay =105, m,=1MeV (x)
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Tok w/ Gauss-Laguerre weights

contour plot of N Ao =102 m, =1MeV (a)
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