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B The Standard Model of Particle Physics
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B The Standard Model of Particle Physics
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B Neutrino oscillations

Major discoveries:

[SuperKamiokande, 1998] [SNO, 2001-2002]
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first discovery of ve — v, V7
first discovery of v, — vr oscillations from solar v
oscillations from atmospheric v

[Nobel prize in 2015}
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https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.87.071301
https://www.nobelprize.org/prizes/physics/2015/summary/

B Two neutrino bases

[ﬂavor neutrinos VOJ []yo) =3 Uak]yk>} [massive neutrinos Vk}
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B The mixing matrix
U can be parameterized using 3 angles (¢12, ¢13, t»3) and
max 3 (1 Dirac 0, 2 Majorana [3 only for Majorana v|) phases

1 0 0 C13 0 si3 e_ié C12 s1o 0
U= 0 23 523 0 1 0 —S12 C12 0 M
0 —S523 (23 *5136“S 0 C13 0 0 1

~ _

mainly atmospheric mainly LBL reactors and  mainly solar and

and LBL LBL accelerator VLBL reactors

accelerator appearance

disappearance

Majorana phases irrelevant for oscillation experiments ~———

Relevant for example in neutrinoless double-beta decay

sij = sin8j;; cjj = cos b
LBL = long baseline; VLBL = very long baseline;

Copernicus Webinar, 05/05/2026
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B Three Neutrino Oscillations
3

Vo = Z Uakvi (O[ =6, T)
k=1

U,k described by 3 mixing angles 015, 013, 0)>3 and one CP phase

Current knowledge of the 3 active v mixing: [JHEP 02 (2021) update]]

NO/NH: Normal Ordering/Hierarchy, mi < my < ms3 IO/IH: Inverted O/H, m3 < m; < my

Am3y = (7.507555) - 107° V2 : : | :
|AmZ| = (2.54£0.03)- 1073 eV? (NO) &
= (244 £0.03) - 1073 &V (10)

\
10sin”(012)  =3.184+0.16

102sin2(0y3) = 2.2oot§;§§§ (NO) ’ L e e
= 2.22513%% (10) 1
10sin?(fa3) = 4.55 + 0.13U5.71 £ 0.12 (NO) %0 \
= 5717513 (10) ;
()‘/7_‘_ — llotg%; (NO) 65 72,"%‘[;05—55\/2?0 8523 2"2m§1”213'35\/§|6 2.7 0.0 05 g/g 15 2.0
=1.5440.14 (10) ;
mass ordering - L.
. o still unknown
still unknown

see also: http://globalfit.astroparticles.es
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https://doi.org/10.1007/JHEP02(2021)071
http://globalfit.astroparticles.es

. Neutrinos and their masses [de Salas+, Frontiers 5 (2018) 36]

Normal ordering (NO) Inverted ordering (10)
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[Absolute scale unknown !J
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Can we constrain the mass ordering using bounds on >_ m,?
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https://doi.org/10.3389/fspas.2018.00036

E Neutrinosin the Early Universe

Based on

JCAP 04 (2021) 073

& |I” Planck 2018

\ JCAP 02 (2025) 021
N



https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1088/1475-7516/2025/02/021
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B The oldest picture of the Universe

The Cosmic Microwave Background, generated at t ~ 4 x 10° years
COBE (1992) WMAP (2003) Planck (2013)
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B CMB spectra as of 2018
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

B Big Bang Nucleosynthesis (BBN)

[PDG 2018]
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B Big Bang Nucleosynthesis (BBN)

[PDG 2018]
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time
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Courtesy P. F. de Sal.
[Courtesy e Salas] T/ MeV
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time
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[Courtesy e Salas] T/ MeV
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
time

109 T T r"J,LIJ;LV»V;KVI\; 7[ TTT |||| T L ||TI T T T T TTFT
105 -
L | oscillations blocked ———_
= or | by matter effects
= L v decouplin o
o¢
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Courtesy P. F. de Sal.
[Courtesy e Salas] T/ MeV

v decouple mostly before eTe~ — 7~ annihilation!
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (v, > ete™, ve + ve)

time
109 T r»oA,UELM;VVxxrlr>rlrlr;l|||| T T T T T T T T T Ty ~ (4/11)1/37’7
T after eTe™ — vy
1ot B f,. frozen Fermi-
L e — Dirac distribution
L L oscillations blocked ——_
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ot 1.676 x 10™* eV
1073 0sc <El,> ~ 3.1 Ty70 ~
| | 5 x 1074 eV
Ng = nNyo = Npo =
0.01 0.1 1 10 100

Courtesy B F de Sal 56 cm~3 per family
[Courtesy P. F. de Salas] T/ MeV

v decouple mostly before eTe~ — 7~ annihilation!
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (v, > ete™, ve + ve)

time
109 T r»oA,UELM;VVxxrlr>rlrlr;l|||| T T T T T T T T T Ty ~ (4/11)1/37’7
T after eTe™ — vy
1ot B f,. frozen Fermi-
L e — Dirac distribution
L L oscillations blocked ——_
= or | by matter effects Today:
= L v decouplin o T,o0=1945 K ~
ot 1.676 x 10™* eV
1073 0sc <El,> ~ 3.1 Ty70 ~
| | 5 x 1074 eV
Ng = nNyo = Npo =
0.01 0.1 1 10 100

Courtesy B F de Sal 56 cm~3 per family
[Courtesy P. F. de Salas] T/ MeV

v decouple mostly before ete~ — ~v annihilation! distortions to
equilibrium f£,!

actually, the decoupling T is momentum dependent!
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. . . . B G CAP
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) = Oue Oun = fu, Our
x <3}(P, t) a,'(,D, t)) Ote Oru Orr = fu.,.
off-diagonals to take into account coherency in the neutrino system
, do(y, x .
o evolution from xH(d);’) = —ia[Hes, 0] + bZ

H Hubble factor — expansion (depends on universe content)

effective Hamiltonian H.x =

Mp _ 2V2Gpymg Lﬂrh +4E
2y X6 3m

vacuum oscillations ~——— % 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 xdﬁ—(;) =p— BPJ

p, P total energy density and pressure, also take into account FTQED corrections
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https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0550-3213(93)90175-O

. . . . B G CAP
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) = Oue Oun = fu, Our
x <3}(P, t) a‘.(p7 t)) Ote Oru Orr = fu.,.
off-diagonals to take into account coherency in the neutrino system
, do(y, x .
o evolution from xH(d);’) = —ia[Hes, 0] + bZ

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNOQ)
https://bitbucket.org/ahep_cosmo/fortepiano_public

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

dx

[solve together with z evolution, from x 200 — , — 3PJ

p, P total energy density and pressure, also take into account FTQED corrections
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https://bitbucket.org/ahep_cosmo/fortepiano_public
https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0550-3213(93)90175-O

B Neutrino momentum distribution and N, gBenett S6+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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https://doi.org/10.1088/1475-7516/2021/04/073

B Neutrino momentum distribution and N, gBenett S6+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBenett S¢+ JCAP 2021]

A 8 [11\*3 p 8 /11\*/3 1 d*p
Nf:ll_lzll — = ( > v_ = (-) — ,'/ E fui
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B Neutrino momentum distribution and N g2 56+ JCAP 20211
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B Effect of neutrino oscillations [Bennett, SG+, JCAP 2021]

----- no vv — sin%9;;  —— Am3;
- in2 2
vy, GL — sin?%613 — Mm%,
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]

..... no vv — sin2912 R Am%l
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within 3o ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Nqg, at most by O /N.g
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https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1088/1475-7516/2021/04/073

. N " and CMB [Planck Collaboration, 2018]
€
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https://www.cosmos.esa.int/web/planck/publications#Planck2018

B What is N.g?

radiation density: | p, =

7 (4\Y3
1+ 8 (11> Neff] Py

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

8 /11\*3p, 8 /11\*3 1 d3p
Ny === (= —N g | —=E(p)f,;
eff 7 < 4 > P, 7 < 4 ) P, Z[:g / (271')3 (p) ) (p)

It is a measurement of the energy density of relativistic neutrinos!
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B What is N.g?

radiation density: | p, =

7 (4\Y3
1+ 8 (11> Neff] Py

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

8 /11\*3p, 8 /11\*3 1
Ng=-(=] 2= , ZE(p) f.i
eff 7<4> P 7< ) Zg/ (p) 1,i(P)

It is a measurement of the energy density of relativistic neutrinos!

Nothing to do with [LEP (2006)]
N = 2.9840 + 0.0082

Gyyaq [MD]

S. Gariazzo
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https://doi.org/10.1016/j.physrep.2005.12.006

B What is N.g?

radiation density: | p, =

7/ 4\Y3
1+8(11> Neff‘| Py

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

8 /11\*3p, 8 /11\*3 1 d3p
NZ/. o e v [ — — i 7E fyi
eff 7 < 4 > p- 7 < 4 > P, Z[:g / (271')3 (p) » (p)

!

It is a measurement of the energy density of relativistic neutrinos!

Nothing to do with [LEP (2006)] instantaneous decoupling:

(Z2) _
Ny™7 = 2.9840 + 0.0082 Y = 1 for each v family

Gyyaq [MD]

non-instantaneous decoupling:
Y+ > 3 because of entropy transfer
to photons and neutrinos when
electrons become non-relativistic

Non-standard physics? see later!
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. Zm and CMB [Planck Collaboration, 2018]
v

0.84

TT,TE,EE+lowE+lensing ——

0.82

- 0.80

- 0.78

80

- 0.76

0.74

Ho [km s~ Mpc™]

62 - 0.72

0.70

with BOSS DR16 BAO:
¥m, < 0.09 eV (95% CL)
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B Constraints on the sum of neutrino masses [PRD 108 (2023)]

—— ACT marg. —— SPT marg. = Planck marg.
ACT models SPT models

P/Pmax

0.0 w \__ e —
0.0 0.1 0.2 0.3 0.4 0.5

>m, [eV]

Copernicus Webinar, 05/05/2026
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B DESI BAO data from DR1 [JCAP 2025]

21 -4 2.0
1.8
20
= =
Es ==== Planck + lo 9\) L6
<19 best-fit ACDM =
= BGS < ==== Planck + 1o
Q LRG S 14 best-fit ACDM
—— LRG LRG
18 —#— LRG+ELG 1.2 —4— LRG
—$— ELG : —$— LRG+ELG
—— QSO —$— ELG
1.0 —+ Ly
17 _
Srofbo Q11
3 B e ) B 3
=1.00 1T | =
= =10 1
~
50.98 * 2 t
= S
0.5 1.0 1.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
Redshift z Redshift z
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B DESI BAO data from DR1 [JCAP 2025]

} T e 0.6 B CMB (no CMB lensing) .
1.0 o (no C) ensing) e :.:
0.51 mmm CN GY
—— CMB + DESI BAO CMB + DESI BAO )
0.8 7
04 g
> m
é 0.6 <N &
[\ane 203 a
< g
R~ A
0.4 0.2
0.2 0.1
0.0 \ 0.01— . .
0.00 0.05 0.10 0.15 0.20 62 64 66 68
Smy, [eV] Hy [kms™t Mpc™}

Y m, < 0.072 eV (95%, DESI BAO+CMB)

close to disfavoring normal ordering minimum value
>my, ~ 0.06 eV
at 95%!
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B Negative neutrino masses? [[Gcrrea;fi,’ PRD 111 §§8§§H

"Effective v mass 2, " by extrapolating the effect of Xm, on lensing

“Negative neutrino mass”: increased matter clustering
compared to a model with only massless neutrinos

—— ACDM+>"m, 1
—— ACDM+(X s, > 0)
—— ACDM+Y 7,

P/ Pax

e

—0.400 —0.200 000 0.058 0.200

2.y [eV]

Planck 2018 CMB, ACT+-Planck lensing, DESI BAO
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https://doi.org/10.1007/JHEP09(2024)097
https://doi.org/10.1103/PhysRevD.111.083507

[Craig+, JHEP 09 (2024)]
[Green+, PRD 111 (2025)]

B Negative neutrino masses?

- ACDM+ Y m,

B ACDMA (S i, > 0)
 ACDMAY i,

"Effective v mass 2, " by extrapolating the effect of Xm, on lensing

TR

=
S,

G775 0s00 082 0%
Sy

3
A
[}

0 0m 00
it

Planck 2018 CMB, ACT+Planck lensing, DESI BAO
“Testing new physics scenarios with neutrino decoupling and BBN'" Copernicus Webinar, 05/05/2026
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B What is ¥m,?

normal ordering (NO): inverted ordering (10):
my 2 9 meV, my 2 50 meV mio 2 50 meV
- Ve - v/-l VT
+v; I v, - IAmz
v, I 2
2
v, I
Am%ll
vv, I vs M

NO 10

[Valencia global fit]
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B What is ¥m,?

normal ordering (NO): inverted ordering (10):
my 2 9 meV, my 2 50 meV mio 2 50 meV

relic neutrinos have a Fermi-Dirac distribution with 7, ~ O(0.1) meV!

many relic neutrinos are non-relativistic today!

energy denSity Pv,non—rel - Z,- mjnj
i min; >m
fractional energy density w, = th2 _ 2_i min; _ v
Per 94.1eV

Background measurements are sensitive to w,, not Zm,,!}

“Cosmological” >m, measures the energy density of non-relativistic vs

Note: directly depends on my:
Ars < vgp/H o< (p)/(m,H) o~ 3T,/(m,H)
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N Neff ~ 37

Neutrino physics can have small impacts on Ng!

3.09

3.08
3.07

- 3.06

: e.g.
= Non-Standard Interactions (NSI) [PLB 820 (2021)]

3.03

-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
e


https://doi.org/10.1016/j.physletb.2021.136508

B Non-standard neutrino-electron interactions [PLE 820 (2021)]

Can neutrinos have interactions beyond the SM ones?

e.g.: L = ESM + ENSIQ, with ﬁNSIe X GFZF(L‘"\If(ﬂa"y”PLZ/B)(E"}/“PL,RG)
see e.g. [Farzan+, 2018] a,B

coupling strength governed by the ({L\F coefficients (o = e, u, 7)

)

new interactions affect all phenomena involving neutrinos and electrons
including neutrino decoupling:

matter effects in oscillations

inant!
GL, = diag(eL, 81, 21) (subdominant!)

GRy = diag(gr. gr- &R) Hett M O k - diag(pe + Pe,0,0)
gr=sin’0w, g =gr+1/2, & =gr—1/2 l
(LR LR LR 1+cee €ep €er
ee e er .
(L-R (L/.R L,R Het D k(pe + ’De) €ep €up €ur
LR _ ~LR ep o T cee - B .
G =0Ggy | LR Lk LR €er  Eur Er

ur
H _ L R
with €5 = ¢, + ¢,
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B NSI effects on Nog [PLB 820 (2021)]

LR LR LR o future CMB
€ee €ep €er . g T T T i ! !
LR (LR (LR 3.08 g /1
LR LR AP
G =Gsy+| LR Lr LR 3.07 T
er 6;1,7' 6‘1'7' e
+ 3.06 ]
=
3.05f T
e.g.. 3.04 - ]
Gé‘e — 0.727 + Ele'e 3.03 T
I L , . . . . .
G%r — —0.273 +’§T-,- ~1.00-0.75-0.50-0.25 0.00 0.25_0.50 0.75 1.00
€y .
Gaoo — 0.233 + €4, current terrestrial

1.00
0.75

0.50

0.25

<£ 0.00
-0.25
-0.50
-0.75
-1.00)

L
SYT

.4 -0.3 -0.2 -0.1 0.0 . . . 0.4
£R
ee
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B Reactions governing BBN

BBN abundances are determined by a complex

network of weak and nuclear reactions.

The lightest elements involved are:
e
Lithium (anomaly)
i
][

Deuterium bottleneck:
controls beginning of nucleosynthesis

n < p reactions (weak rates): noe pre T
(=) n+ve < p+te
depend on e momentum distribution ntet o piie

“He: most abundant element
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B NS| effects on BBN

[JCAP 08 (2025)]

NSI with electrons, such as £LXS. o< 3 - (Zay" PLig) (87, PLreE),

have secondary effect on BBN rates because there are no've interactions!

WR depend on n <> p processes, for which it is more relevant
L8§1, < GFVig Y etdV(uy" Prd)(8vuPLRVa)!
«

Effect of /9"

on BBN abundances

can be exploited o — :

to derive constraints:

Bounds are comparable and
complementary to the ones
from terrestrial experiments!

D/H [x107%]

S. Gariazzo

43V, NACRE Il rates
£49V, PRIMAT rates
-=- €4V, NACRE Il rates
€49V, PRIMAT rates
—— Observational measurements

o
°

TLiH [x1071]
N
o

3He/H [x107%]
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L L L

95% Planck 2018 ]
95% Simons Obs

L

1 2 3 5
T [MeV]

10

e.g. low-temperature reheating scenarios
[PRD 92 (2015) 123534], [arxiv:2501.01369]


https://doi.org/10.1103/PhysRevD.92.123534
https://arxiv.org/abs/2501.01369

Bl Scenarios with low reheating temperature [PRL 135 (2025)]

Reheating: phase ending inflation

during inflation, the inflaton (non-rel. scalar) dominates the energy density
during reheating: inflaton decays into standard model particles

—> photons, electrons, ... are populated directly

[radiation domination begins after reheating}
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Bl Scenarios with low reheating temperature [PRL 135 (2025)]

Reheating: phase ending inflation

during inflation, the inflaton (non-rel. scalar) dominates the energy density
during reheating: inflaton decays into standard model particles

—> photons, electrons, ... are populated directly

[radiation domination begins after reheating}

neutrinos are populated by weak interactions with electrons!

if reheating occurs too late, neutrinos are not generated and Neg < 3
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B Scenarios with low reheating temperature [PRL 135 (2025)]

Reheating: phase ending inflation

during inflation, the inflaton (non-rel. scalar) dominates the energy density
during reheating: inflaton decays into standard model particles

= photons, electrons, ... are populated directly

[radiation domination begins after reheating}

neutrinos are populated by weak interactions with electrons!

if reheating occurs too late, neutrinos are not generated and Neg < 3

Low reheating temperature: when reheating occurs at Ty, < 20 MeV

[notice: if Ton <3 MeV, BBN is broken!]

3 neutrino oscillations start to be affected when T,, < 8 MeV
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B N.g with low reheating [PRL 135 (2025)]

Ng as a function of Ty:

3.0 ——

2.5 F -

Neff

1.5 .

0.5k 95% Planck 2018 |
' 95% Simons Obs.

O'01 2 3 ) 10

TRH [MeV]

Planck constraint: N.g = 2.927035 (95%, TT,TE,EE-+lowE)
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B BBN and low reheating [PRL 135 (2025)]

Light element abundances depend on Ty:

0.27F —— RHO ]

— WR

—— Tot.
0.26 - 1

>(R

0251 e b
0.24 1

n 6 10 20 n 6 10 20

Tru [MeV] Tru [MeV]
= RHO: total energy density, = VVR:( v)veak rates
expansion rate (n <> p, Ve interactions)
. l . (- o
neutrino energy density, Neg V)e momentum distribution

Both effects are important to get Helium right!
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B Constraints on low reheating scenarios [PRL 135 (2025)]

B Planck-+lensing+BOSS/eBOSS

I BBN+Planck+lensing+BOSS/eBOSS
B Planck-+lensing+DESI

B BBN-+Planck+lensing+DESI

0.120

Y/

AN

<

0.112

Combining probes helps in
reducing degeneracies and
strengthening bounds!

0.120 68 300 305 300 095 0970 004 006 008 4 6 8
y Hy log(10°A4,) n, Treio Tin
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B Constraints on low reheating scenarios

[PRL 135 (2025)]

Tru sampling Neg sampling

T T T T T T
| — Planck+lensing+DESI
~—— BBN+Planck+lensing+DEST

= Planck+lensing+DESI

~—— BBN+Planck+lensing+DES:
1

0.0
4 6 8 1 2.2 2.4 2.6 2.8 3.0
TRH [MeV} Neﬁ"

Ton > 5.96 MeV (95%)

T > 3.79 MeV (95%)

BBN occurs at ea(rli)er time than CMB and is more sensitive
to Negg (RHO) and ve momentum distribution functions (WR)
as a function of T,!

S. Gariazzo

“Testing new physics scenarios with neutrino decoupling and BBN'" Copernicus Webinar, 05/05/2026 29/35


https://doi.org/10.1103/j5rj-dz1k

B Constraints on low reheating scenarios [PRL 135 (2025)]

T T T T
10 F Planck-+lensing+DESI L J
0 = (this work) o

1.0 : L
H ﬁ ~——— Simons Observatory
0.8 0.8 F—— OMB-s4
A :
6

0.4 :
Planck-+lensing+DEST ' /_/
(this work) .

—— Simons Observatory
—— CMB-S4

:

8 10 2.2 2.4 2.6 2.8 3.0
TRH [MeV} Neﬁ

Greater sensitivity will come with future CMB probes
(more precise in determining Nog)

Future CMB alone will reach the precision of
current BBN++CMB (Planck)+BAO (DESI) observations
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E Ng> 37

NACRE Il

e.g. non-standard electron mass [arxiv:2602.05720]


https://arxiv.org/abs/2602.05720

B The electron mass m,

From [PDG 2024]:

Citation: 5. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update

LEPTONS

Mass m = 0.51099895000 + 0.00000000015 MeV
im_ — m_|/m< 8x107", CL = 90%
g+ +q.-|/e < 4x1078
Magnetic moment anomaly

(g—2)/2 = (1159.65218062 + 0.00000012) x 10~°
(ge"' - ge—) / Eaverage = (_0-5 + 2'1) x 10712
Electric dipole moment d < 0.041 x 1028 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% [2]
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B The electron mass m.

From [PDG 2024]:

Citation: 5. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024) and 2025 update

LEPTONS

Mass m = 0.51099895000 + 0.00000000015 MeV tOda |
im_ — m_|/m< 8x107", CL = 90% y:
g+ +q.-|/e < 4x1078
Magnetic moment anomaly
(g—2)/2 = (1159.65218062 + 0.00000012) x 10~°
(ge"' - ge_) / Eaverage = (_0-5 + 2'1} x 10712
Electric dipole moment d < 0.041 x 1028 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% [2]

was it the same at early times?
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. m. and prF [arxiv:2602.05720]
In the early Universe, neutrino decoupling occurs at 7 ~ 1 — 2 MeV

Electron-positron annihilation occurs slightly later if me = 0.511 MeV

Decoupled neutrinos do not receive energy from e" e~ annihilation, which
only goes to photons

A — Pu
- ﬁvu
, ; — Dy
g L
—_— pe
<
‘22 Dot
—— m = 0.511 MeV
- N s L me = 0.100 MeV
0 | e me = 5.000 MeV
107° 102 1010 10" 107 10°
/

X

Energy density of neutrinos relative to photons depends on m,!
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. m. and prF [arxiv:2602.05720]

In the early Universe, neutrino decoupling occurs at 7 ~ 1 — 2 MeV

Energy density of neutrinos relative to photons depends on m,!
but N.g is the ratio!

10}
e}
Z”G x 10"
4 % 10°
_________ m, = 0.511 MeV
3 x 10" . :
107 10" 107

me[MeV]
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[arxiv:2602.05720]
. me and BBN [BBN code: PRyMordial]

Different m, shifts kinematics of neutron S-decay and expansion rate!

NACRE II

10! —
- Y,
— Y
— Yy
%He
I Y:‘He
— Yy
— m, = 0.300 MeV
........ me = 0.511 MeV
............... me = 1.270 MeV

Abundances Y;

Time [s]

NACRE II (shown) and PRIMAT: alternative nuclear reaction networks
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[arxiv:2602.05720]
. me and BBN [BBN code: PRyMordial]

Main abundances as a function of m,:

x10~° 102107 ]
—— Ypu PRIMAT —— Ypyu NACRE 1T ANy —— YiumPRIMAT ~ ==- PRyMordial Liz/H x 1010
4.0 —— YpuNACREI  —eer Observed D/H x10° —— Yi,mNACREIl - Observed Liz/H x 10710
—— Ypu PRIMAT AN = m, = 0.511 MeV 0.8 —— ¥;,.u PRIMAT ANq me = 0511 MeV
35 I — —— Yiiu NACRE 11 ANg
= — =060
53, - =
>~ e = 04
2.5
///
Y 0.2
2.0 //
01 06 03 10 12 00757 06 03 10 13
me [MeV] me [MeV]
0.40 | I |
) — = Litium problem! unsolved
— Yp NACREIl  ==--- Observed Yp (LBT)
— Yp PRIMAT ANy = m, = 0.511 MeV/
0.35 .
= Expansion effect (ANeg)
o0 is marginal wrt weak rates
0 = PRIMAT vs NACRE 1|
nuclear reaction network give

0.4 0.6 0.8 1.0 1.2 H H H
. [MeV] differences in Deuterium!
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M m. and BBN

0.7 x10" 3 15
3.00
2.85%
2.700
<
2,557
2.40.8
2.25
2.10

m, [MeV]
<
[=2]

0.0225
Qh?
0.7 0.30
0.29
0.28,_
0.2723
0.262

b
>

m, [MeV]

0.24>~

0.23

0.0225 0.0230 0.22

b
[
/H

T
0257

[arxiv:2602.05720]
[BBN code: PRyMordial]

Deuterium abundance also depends
on baryon density!

Helium abundance does not!
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B Which constraints do we get on m.? [ariv:2602.05720]
CMB:
Ne = 2.99 £ 0.17 (fixed Y,)

Neg = 2.97 + 0.29 (free Y))
[Planck Collaboration, 2018]

- Negt

; /

neutrino decoupling (fixed He)

—— neutrino decoupling (free *He)

»»»»»»»»» me = 0511 MeV
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B Which constraints do we get on m,? [ariv:2602.05720]

CMB: Deuterium and Helium:
Neg = 2.99 £ 0.17 (fixed Y})

. Deuterium
— 6
Neg = 2.97 £ 0.29 (free Y,,)
-
[Planck Collaboration, 2018] ?
4 : —— PRIMAT
= NACRE II
- Negt -5 AU N N I Lo
< R T U | U PO R R 2
/ 9  m, = 0.511 MeV
4
1
neutrino decoupling (fixed He)
3 —— nheutrino decoupling (free ‘He)
NX ,,,,,,, o (?,40 045 0.5 0.55  0.60 0.65 0.70
<y 20 me [MeV]
””””” m, = 0.511 MeV/
1 .
6 Helium-4
0 : 3 )
bl
Mme [MOV] —— PRIMAT (LBT)
4 NACRE II (LBT)
. PRIMAT (PDG)
H =3 —— NACREII (PDG)
[Neﬁ‘ irrelevant wrt BBN} a I
2 20
= m, = 0.511 MeV
1

[5!4[] 0.45 0.5 0.55  0.60 0.65 0.70
m. [MeV]
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B Which constraints do we get on m,? [arxiv:2602.05720]

Combination:

D+ ‘He + Qth—leeff

—— PRIMAT (LBT)

) NACRE II (LBT)
N —— PRIMAT (PDG)
Lol 1 —— NACRE II (PDG)
<l ------- lo
ol [ ===ees 20
......... me = 0.511 MeV
1 \M//

046 048 050 052 054
me [MeV]

Qph?: marginalization over baryon density from CMB
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B Constraints on m,. - summary [arxiv:2602.05720]

Results mostly dominated by BBN observations:
Lo
ol
I o ‘I
06 X 5
= ' T — e NACREII
= I | R T {4 | © PRIMAT
§0.5— | P Yy YTy LR B e me = 0.511 MeV

9 0O (7 o0 w s
»e@\\) Q@@ A‘Q@K\) wae@ ﬂeﬁ Qbﬁ s Q\)
\X \X
m(\e@ ‘e@\?

= | BT: Yp = 0.2458 4+ 0.0013 (most precise) [LBT, arxiv:2601.22238];
= PDG: Yp = 0.245 £ 0.003 (conservative) [PDG 2024];

1 — 2.5% precision on m, at earliest epoch ever!
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/ Conclusions



B What did we learn from v decoupling and BBN?

C

S. Gariazzo

PP

All cosmolog|ca| and partlcle physics models matter!

10 A E :
1 ®
g ol —i— |elae
. Zm 1 @ 8se
" S ST ol8la/|@
| | 7]

NACRE 11

-100-0.75-050-025 000 0.25 050 075 1.00

3
Tt [Me? \

Combmmg different probes helps to break degeneracies!

Ti samplng

6
Tian [MeV]
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4 10°)
i m, = 0511 MeV/
10—
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me[MeV]
+Nogt
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NACRE 1l (LDT)

0% 0w 050

m, [MeV]
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B What did we learn from v decoupling and BBN?
C

All cosmolog|ca| and partlcle physics models matter!

NACRE 11

000 ﬁl@?
> &
LY

o001 01 10
[Couresy P. F.de Salas]

N Wi(leﬁ» is N

100

L
OT the number of neutrinos!

3. 35
3.08 30 10)
3.07 25
saaf T = 10 Y 4 10°)
3.03 05 § q’,;s“"‘ e I 100_/’/— —————— m, = 0511 MeV
-100-0.75-050-025 000 0.25 050 075 1.00 007 23 07 07 0%
T (VY] m[MeV]
M Combmmg different probes helps to break degeneracies!

D+ 'He + Ok’ + Nog
Ty sampling op L1 e L 0y D% T

AN e
Thanks for your attentlonI
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