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B Neutrino oscillations

Major discoveries:

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

[Nobel prize in 2015}
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B Two neutrino bases
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B The mixing matrix
U can be parameterized using 3 angles (¢12, 013, ¢»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 3 523 0 . 1 0 —S12 C12 0 M
0 —S23 (23 *5136“) 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 = sinf;; cjj = cos b

LBL = long baseline; VLBL = very long baseline;
Shanghai, 19/11/2024
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B Three Neutrino Oscillations
3

= Z Uakvk (=6, p,7)

k=1

U,k described by 3 mixing angles 015, 013, (/>3 and one CP phase

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

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mo
Am3, = (7.507033) 107 eV? ‘ \
|Am3,| = (2.54+0.03)- 1073 eV? (NO) & \
= (244 £0.03) - 1073 &V (10)

10sin’(¢12)  =3.18+0.16
10%sin?(f13) = 2.20013:9%2 (NO)

0.7 0016 ~ 0020 0024 ~ 0.028
sin6;3

= 2.22570:858 (10) 1
10sin%(6a3) = 4.55+0.13U5.71 £ 0.12 (NO) 1
= 5717513 (10) ;
(5/71_ — llotg%; (NO) 65 7(;’”%‘ [;05—5 EVZ?.O 8523 2‘2’“ ‘[210 s ovs ‘6 2.7 0.0 05 g/g 15 2.0
= 1.54+0.14 (10) X
mass ordering - L.
) o still unknown
still unknown

see also: http://globalfit. astroartlcles es
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. Neutrinos and their masses [de Salas+, Frontiers 5 (2018) 36]

Normal ordering (NO) Inverted ordering (10)
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Can we constrain the mass ordering using bounds on >_ m,?
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E Neutrinosin the Early Universe

Based on

JCAP 04 (2021) 073

& |I” Planck 2018

\ PDU 40 (2023) 101226
v \ ,



https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1016/j.dark.2023.101226
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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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[Planck Collaboration, 2018]

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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G2 TS ]
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Courtesy P. F. de Sal.
[Courtesy e Salas] T/ MeV

Shanghai, 19/11/2024
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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

gy Shanghai, 19/11/2024
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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
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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,7, <> 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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= 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™ — 7~ annihilation!
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (v,7, <> 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, £) ai(p, 1) Ore Oru  Orr =h,
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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. . . . 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, £) ai(p, 1) Ore Oru  Orr =h,
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 x2%) — , — BPJ

p, P total energy density and pressure, also take into account FTQED corrections
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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 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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10° b —— no oscillations
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B Neutrino momentum distribution and N, gBenett S¢+ JCAP 2021]
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B Effect of neutrino oscillations [Bennett, SG+, JCAP 2021]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]
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within 30 ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Nqg, at most by 0 /N.g

~ 1074
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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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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!

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’ Shanghai, 19/11/2024



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
Negg=s{—) —= E j fui
eff 7<4> P 7< ) g/ (P) (P)

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

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

Oiaq [MD]

e
86 88 9 92 94
E,, [GeV]
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B What is N.g?

radiation density: | p, =

7 (4\Y3
1+8(11> Neﬁ“}’”

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
NU~ - o 711 . o < 7E fyl
eff 7 < 4 > p- 7 < 4 > P, Z[:g / (27T)3 (P) ) (p)

!

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

Nothing to do with [LEP (2006)] instantaneous decoupling:
NS?) = 2.9840 + 0.0082

v

g = 1 for each v family

Oiaq [MD]

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

e w W Non-standard physics? see later!
‘em e
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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

\

0.2 0.3 0.4 0.5
Zmu [eV]
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https://doi.org/10.1103/PhysRevD.108.083509

[arxiv:2404.03002]

B DESI BAO data from DR1
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https://arxiv.org/abs/2404.03002

B DESI BAO data from DR1 [anxiv:2404.03002]

K 061 Il CMB (no CMB lensing) .
1.0 — glltig (no CMB lensing) OMB ?_
& 0.5+ y =
CMB + DESI BAO N CMB + DESI BAO ;ﬁ
0.8 +
— 0.41 =
g 0.6 i %
Qf : X 0.3 a
~ S
& A
0.4 0.2
0.2 0.1
0.0 ‘ \\ ‘ 00— ‘ ‘
0.00 0.05 0.10 0.15 0.20 62 64 66 68
Smy V] Hy [kms™! Mpc™]

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

close to disfavoring normal ordering minimum value
>my, ~ 0.06 eV
at 95%!

S. Gariazzo “Standard and non-standard neutrino properties from cosmology' Shanghai, 19/11/2024


https://arxiv.org/abs/2404.03002

. . Craig+, JHEP 09 (2024
B Negative neutrino masses? [[G,fe'ni, arxiv:2407.(07872)3%

"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+Ym, .
—— ACDM+(3"m, > 0)
—— ACDM+Y i,

P/Pmax

—0.400 —0.200 0.000 0.058 0.200

22 my [eV]

Planck 2018 CMB, ACT+-Planck lensing, DESI BAO
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https://doi.org/10.1007/JHEP09(2024)097
https://arxiv.org/abs/2407.07878

[Craig+, JHEP 09 (2024)]

B Negative neutrino masses? [Green-t. arxiv:2407.07874]

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

- ACDM+ Y m,
L ACDMA (S, > 0)
 ACDM+Y i,

TR

Yo,

0.30 032 0775 0R00 082 0850 04

G s 60 10 028
D Ss

Planck 2018 CMB, ACT+-Planck lensing, DESI BAO
Shanghai, 19/11/2024
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B Can a cosmological limit on ¥ m, disfavor [Q? [PV 40 (2023)]
/

standard factor
Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)
NO: £m, > 0.06 eV Current: ¥m, < 0.1 eV (95%) 10: £m, > 0.1eV

~ ~

Future sensitivity: o(Xm,) =~ 0.02 eV

Still preferring ¥m, = 07 Will measure e.g. ¥m,, = 0.06 eV?
V/ —— terrestrial —— future NO —— NO \
tension even — current — future 0 ——- 10 confirm NO,
with NO! 1.0 ===t ———o————i——— disfavor 10
1
0.8 | -
]
1
5 0.6 - i -
g ]
a ]
S 0.4 1 i -
1
0.2 A r
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B Can a cosmological limit on ¥ m, disfavor [Q?  [PPY 40 (2023)]
/

standard factor

Cosmology measures w, = Q,h* = ¥m,/(94.12 &V)

[Is there a tension between cosmology and oscillations?}

or will there be a tension?
several possible tests can be considered, similar results

Ym, <0.1eV (95%) @ current m NO

¥m, =0.06+0.02¢eV (lo) @ future NO A IO
Ym, =0.00+0.02¢eV (lo) @ futureO

o

3v

o

>

No(a)

4

]
No(Qomar)

~

2

currently only mild tension between cosmology and oscillations

future 0 can be at ~ 2 — 30 tension with NO, = 40 with 10

S. Gariazzo

0

0

future NO can be at ~ 20 tension with 10

“Standard and non-standard neutrino properties from cosmology’
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M Can a cosmological limit on ¥ m, disfavor 10?7 [PPY %0 (2023)]
4 )
preference for NO vs |07

Cosmology measures w, = £, h]

® prior terr. + current cosmo
® terrestrial terr. + future NO

[Is there a tension between cosmd e currentcosmo terr. + future 0

[ ]
[ ]
[ ]
12f 3v * T ]

or will there be at| 1!l |

<40
several possible tests can be cor  °f “
s =35 . L 4
Ym, <0.1eV (95%) @ current £ 4 _
¥m, =0.06+0.02¢V (lo) @ future NO | 2%, o
Ym, =0.00+0.02¢eV (lo) @ futureO e & LK)
- J
. 3v z ol 3v z | ol 3v T N
'y A A A g
g4 §4 A g4 —
2 L Yy s § _ = - L - n . A A
2 7y = 2 N & 2 - B
] L] . w - ,

currently only mild tension between cosmology and oscillations

future NO can be at ~ 20 tension with |0
future 0 can be at ~ 2 — 30 tension with NO, = 40 with 10

Shanghai, 19/11/2024
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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
- . - v, Ve
4 v v, I 1Am3
v, I 2
2
v, I
Am§II
v v, I v v

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)

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’ Shanghai, 19/11/2024



R Neff

= energy density of relativistic neutrinos

Neg > 37
e.g. sterile neutrino [JCAP 07 (2019) 014]

Neff ~ 37
e.g. NSI [PLB 820 (2021)]

Neg < 37
e.g. low-reheating [PRD 92 (2015) 123534], [update in prep.]



https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1016/j.physletb.2021.136508
https://doi.org/10.1103/PhysRevD.92.123534

‘ Neff

= energy density of relativistic neutrinos

Neﬁ‘ > 37
e.g. sterile neutrino [JCAP 07 (2019) 014]

Nef-'f‘ ~ 37
e.g. NSI

Negg < 37
e.g. low-reheating



https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1016/j.physletb.2021.136508
https://doi.org/10.1103/PhysRevD.92.123534

B Sterile neutrino in the early universe [5G JCAP 07 (2019) 014

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
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B Sterile neutrino in the early universe [5G JCAP 07 (2019) 014

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma

need to produce it through oscillations, but matter effects may block them

time
109 T T rll,lljlx; Vl;l TllYllI T L llllTl ] T T T T 17T beginning of
o oscillations
depends on /7,
10° |-
N later oscillations
= 10 H— 3 l
osc. atm. ——— - less time before
osc. Sun v decoupling!
103 osc. 1 eV2 B
G2 TS ]
ol | ol Lo
0.01 0.1 1 10 100
Courtesy P. F. de Sal
[ ourtesy e aas] T/ MeV

Shanghai, 19/11/2024
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B Sterile neutrino in the early universe [5G JCAP 07 (2019) 014

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANe = Nggg — Nt ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
eV—2$|n (2’[935) ~ 10 In (1—ANO”') ( + approx.)

[Dolgov&Villante, 2004]

eg: Am2, =1eV? sin? (20,5) ~ 1073 = ANeg ~ 1

N2Y = 3.044 [3cAP 2021]
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B Sterile neutrino in the early universe [5G JCAP 07 (2019) 014

Four neutrinos — new oscillations in the early Universe

sterile = no weak/em interactions in the thermal plasma
need to produce it through oscillations, but matter effects may block them
when are they enough to allow full equilibrium of active-sterile states?
0 ANesr = Neg — N ~1

no sterile production active&sterile in equilibrium

Amgs - 4 —57..2 141
eV—2$|n (2’[935) ~ 10 In (1—ANC”') ( + approx.)

[Dolgov& Villante, 2004]

eg: Am2, =1eV? sin? (20,5) ~ 1073 = ANeg ~ 1

Full calculation: use numerical code!

FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNOQ)
https://bitbucket.org/ahep cosmo/fortepiano_public
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B \.¢ and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 3.9

[Uual? = U=l = O

101 —

10° _

Am3, [eV?]
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B N+ and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 39

f [1Upal? =107, Una? =0

10% 3

100

Am3, [eV?]

1076 107 1074 1073 1072 1071
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B N+ and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
3.0 3.1 33 3.5 3.7 39

|Upal? = 10, |Uesl? = 10-2]f

101 = 1+1 with |Ueff|2 =3 |Uoé4|2 —
] is equivalent to full 3+1 analysis :

_ i

100 -

Am3, [eV?]

1076 107 1074 1073 1072 1071

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’ Shanghai, 19/11/2024


https://doi.org/10.1088/1475-7516/2019/07/014

B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

Ovgps v, disappearance
KATRIN

Cosmo

1.6

0.8

log,o(Am3, /eV?)
o

—6 -5 —4 -3 -2 -1 -6 -5 —4 -3 -2 -1
logyo |Ue4|2 logyo |Uu4|2
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B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

Ovgps v, disappearance
KATRIN

Cosmo

1.6

0.8

log,o(Am3, /eV?)
o

—6 -1 -6 -5 —4 -3 -2 -1
logy, |Uu4 |2



https://doi.org/10.1103/PhysRevD.104.123524

B Comparing constraints [PRD 104 (2021) 123524]

Cosmological constraints are stronger than most other probes

But much more model dependent (as all the cosmological constraints)!

Ovgps v, disappearance

16 KATRIN

0.8

log,o(Am3, /eV?)
o

—6 -1 -6 -5 —4 -3 -2 -1
logy, |Uu4 |2



https://doi.org/10.1103/PhysRevD.104.123524

R Neff

= energy density of relativistic neutrinos

‘ Neff ~ 37
\ e.g. NSI [PLB 820 (2021)]



https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1016/j.physletb.2021.136508
https://doi.org/10.1103/PhysRevD.92.123534

B Non-standard neutrino-electron interactions

[PLB 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]

coupling strength governed by the (,L\’R

a,B

coefficients (o = e, u, 7)

)
o)

new interactions affect all phenomena involving neutrinos and electrons

including neutrino decoupling:

GSLM = diag(gngL7gL)
Gy = diag(gr. gr: &R)

gr=sin0w, g =gr+1/2, EL=8r—1/2

L,R L,R L,R
€ee €en €er

L,R
LR LR €ep (/Lfﬁ /L/'TR
G = GSM + (,L.R LR (LR
er wr

matter effects in oscillations
(subdominant!)

Heﬁ"SM D) k . dlag(pe + Pe, 0, 0)

i

1+ cee €eu Cer
Hef‘f o k(pe + Pe) €ep €up Eur
€er €ur  Err

R

af

. L
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 A
G =Gsy+| LR LrR 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 .
Gao — 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

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’


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

R Neff

= energy density of relativistic neutrinos

. ‘ Neg < 37
: —.| e.g. low-reheating [PRD 92 (2015) 123534], [update in prep]



https://doi.org/10.1088/1475-7516/2019/07/014
https://doi.org/10.1016/j.physletb.2021.136508
https://doi.org/10.1103/PhysRevD.92.123534

[in preparation]

Bl Scenarios with low reheating temperature

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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[in preparation]

Bl Scenarios with low reheating temperature

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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[in preparation]

B Scenarios with low reheating temperature

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

what about sterile neutrinos?

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’ Shanghai, 19/11/2024



[in preparation]

B N with low reheating

Neg as a function of Ty, (3 or 3+1 neutrinos):

{preliminary} |

Trh [ MEV]

Planck constraint: N.g = 2.92f8§? (95%, TT,TE,EE+lowE)
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COS110
M Xm

= energy density of non-relativistic neutrinos

YmfPs™Me < ¥ m, by time-varying masses?
€.g. [Lorenz+, PRD 104 (2021) 123518]

Ce ical vs. Physical Neutrino Mass
o5 <
S e meww | Ym0 < T m, by invisible decay?
S-0.06f 2% DESI/Euclid 10
R oo / €.g. [Escudero+, JHEP 12 (2020) 119]
o o o



https://doi.org/10.1103/PhysRevD.104.123518
https://doi.org/10.1007/JHEP12(2020)119

COS110
M Xm

= energy density of non-relativistic neutrinos

YmfPs™Me < ¥ m, by time-varying masses?
€.g. [Lorenz+, PRD 104 (2021) 123518]

2 e | T mOSTO < T m, by invisible decay?
. = 7/ esukudid e.g.



https://doi.org/10.1103/PhysRevD.104.123518
https://doi.org/10.1007/JHEP12(2020)119

B Time-varying neutrino masses
How to make neutrino masses non-constant in time?

new coupling!

a scale factor
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B Time-varying neutrino masses
How to make neutrino masses non-constant in time?

To new scalar field
(early) dark energy?
e.g. [Avaita+, PRD 2016]

m, = 0 at early times, then

phase transition generates
m,, at late times (a 2 0.2)

Masses can grow up to
m, = 06eVata = 1

v may decay to radiation later

if supercooled transition, data
prefer it at a ~ 1 [Lorenz+, PRD 2019]

|
Massless v at all times!

a scale factor
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B Time-varying neutrino masses
How to make neutrino masses non-constant in time?

To new scalar field To dark radiation
(early) dark energy? e.g. [Dvali+, PRD 2016]
e.g. [Ayaita+, PRD 2016]

assume anomalous symmetry

m, = 0 at early times, then (“axial” neutrino lepton number)

phase transition generates
m,, at late times (a 2 0.2)

{s.b. generates effective ml,J

Masses can grow up to
m, = 06eVata = 1 m, = 0 at early times, then
generation of masses at Tp < m,

vV may decay to radiation later (TA < Tcomp in order to preserve recombination)

if supercooled transition, data Massive v may decay into lightest v
prefer it at @ ~ 1 [Lorenz+, PRD 2019]  and annihilate into Goldstone bosons
| '

Massless v at all times! cosmological mass bound is avoided!

a scale factor
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. ConStraining Zml/(Z) [Lorenz+, PRD 104 (2021) 123518]

Phenomenological approach: ¥m,(z) = const in 6 redshift bins
5
— 68%CL
— 95% CL

—— Imy(z)=const.

Im, (eV)

0
1071 10° 10! 102 103
z

CMB: very high redshift, poor constraints on late universe
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[Lorenz+, PRD 104 (2021) 123518]

B Constraining ¥ m,(z2)

Phenomenological approach: ¥m,(z) = const in 6 redshift bins
> T CMB + CMBL
— 68% CL
95% CL
4 —— Imy(z)=const.
=31
>
@
§
2 <
1 B
0 . . ; ;
1071 10° 10 102 103

z

CMBL.: lensing affects CMB evolution until today
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. ConStraining zmy(z) [Lorenz+, PRD 104 (2021) 123518]

Phenomenological approach: ¥m,(z) = const in 6 redshift bins
5
CMB + CMBL + BAO 68% CL
95% CL
4 —— Imy(z)=const.
=31
>
®
§
2 <
1 <
0 . : : .
1071 10° 10! 102 10°

z

BAO: SDSS BAO-+Lyman-a+quasars measurements at z < 2.3
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[Lorenz+, PRD 104 (2021) 123518]

B Constraining ¥ m,(z2)

Phenomenological approach: ¥m,(z) = const in 6 redshift bins
5
CMB + CMBL + BAO + SN 68% CL
— 95% CL
4 —— Imy(z)=const.
=31
>
®
§
2 <4
1 <4
0
1071 10° 10! 102 10°

z

SN: Pantheon SN samples at z < 2.3 from SDSS, SNLS, HST
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[Lorenz+, PRD 104 (2021) 123518]

B Constraining ¥ m,(z2)

Phenomenological approach: ¥m,(z) = const in 6 redshift bins
2.00
CMB + CMBL + BAO + SN — 68% CL
I —— 95% CL
1.754 1 — = Non-relativistic transition
: == DE domination
1.50 4 : —— Imy(z)=const. (95% CL) }
1 1
1 ]
1.25 - i !
— 1 1
> 1
C 1
~ 1.00 A H
g 1
W 1
0.75 - \
1
1
0.50 ]
1
|
0.25
0.00
101 10° 10! 102 103

z

v energy density is strongly constrained in the range 1 < z < O(100),
corresponding to matter domination while v are non-relativistic
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COS110
M Xm

= energy density of non-relativistic neutrinos

ical vs. Physical Neutrino Mass

DESI/Euclid 10

0.1 02 03
Zm, [eV]

05 0.7

X mio™Me < ¥ m,, by invisible decay?
€.g. [Escudero+, JHEP 12 (2020) 119]


https://doi.org/10.1103/PhysRevD.104.123518
https://doi.org/10.1007/JHEP12(2020)119

B Decaying neutrinos in cosmology

[Escudero+, JHEP 12 (2020) 119]

Can a neutrino decay? Is the decay lifetime 7, constrained?

Decay into visible (e.m.) particles is constrained to 7, > 102ty

Invisible decay is much less constrained! A few examples:

2-body Decays:

(3a0)
3-body Decays: X
olz’"
if ma = my mz: 0, neutrinos decay to radiation

and the mass bounds are avoided if 7, < ty is short enough

ty age of the Universe — v; active neutrinos — v4 sterile neutrino — ¢ scalar — Z' vector

S. Gariazzo “Standard and non-standard neutrino properties from cosmology’
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B Decaying neutrinos in cosmology [Escudero, JHEP 12 (2020) 119]

Can a neutrino decay? Is the decay lifetime 7, constrained?

Depending on 7, the standard energy density of neutrinos is suppressed:

10% photons .
o 10—1 --" _______--‘-“‘
2 M
L =
i 1072 - g
— o
G €
1038 §
o
1074 : :
1075 107 103

Scale Factor a/ag = (1 +2)7"

if 7, ~ 10~*¢ty, decay occurs at recombination
(if ¥m, < 0.6 eV, neutrinos are still relativistic)

for large 7, suppression may be partial

ty age of the Universe — v; active neutrinos — v4 sterile neutrino — ¢ scalar — Z’ vector
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B Bounds on the neutrino lifetime [Escudero+, JHEP 12 (2020) 119]

Consider 2-body decay channels:

Cosmological vs. Physical Neutrino Mass
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Bounds obtained with 7, < ty/10
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DESI/Euclid bound is forecast with ¥m, = 60 meV
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B Bounds on the neutrino lifetime [Escudero+, JHEP 12 (2020) 119]

Consider 2-body decay channels:

Constraints from Planck legacy or late time clustering+CMB lensing

Active neutrino + boson: Sterile neutrino + boson:
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late time constraints not for appropriate 7, and X m,,
yet considered, may pro- the mass bounds do not apply
vide additional constraints because all goes into radiation
and Im{»™e = 0
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B What do we learn about non-standard v scenarios?

C Cosmology measures (mostly) neutrino energy den5|t|es'
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B What do we learn about non-standard v scenarios?

C Cosmology measures (mostly) neutrlno energy den5|t|es|

Riess et al. (2018)
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Cosmological vs. Physical Neutring Mass.
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Thanks for your attention!|
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