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1 Cosmic Neutrino Background
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B Relic neutrinos in cosmology: N.g
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2 Standard three neutrino scenario
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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v decouple mostly before eTe™ — ~v annihilation!



B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)
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B Neutrinos in the early Universe
before BBN: neutrinos coupled to plasma (Va7 <> ete™, ve < ve)

time
9
10 T T T T T T T T T T T Ty2(4/11)1/3T’y
after eTe™ — vy
108 f,. frozen Fermi-
/. Dirac distribution
L L oscillations blocked ‘
= or | by matter effects ; Today:
= L v decouplin o T,o0=1945 K ~
ot B | 1.676 x 107* eV
102 osc. 1 eV® <El,> ~ 3.1 TV70 ~
| | Gg= T° 5 x 1074 eV
Ng = nNyo = Npo =
0.01 0.1 1 10 100

56 cm~3 per family

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

v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
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B Neutrino momentum distribution and Ng!Bemett S¢+ JCAP 2021]

Distortion of the momentum distribution (frp: Fermi-Dirac at equilibrium)
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B Neutrino momentum distribution and N, gBemett SG+ JCAP 2021]
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M Neutrino momentum distribution and Ng®emet ¢+ JCAP 2021]
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B Effect of neutrino oscillations

[Bennett, SG+, JCAP 2021]
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B Effect of neutrino oscillations
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Cosmic Neutrino Background

Standard three neutrino scenario

Non-standard 1: light sterile neutrino

Non-standard 2: non-unitarity

Non-standard 3: additional particles

Conclusions
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 03300}

{Do three-neutrino oscillations explain all experimental results?}
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]
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B Short Baseline (SBL) anomalies [5G+, JPG 43 (2016) 033001]
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[Bennett, SG+, JCAP 2021]

B v oscillations in the early universe
comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a
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y olx.¥) Ore Oru Orr = 1o, Ors
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dx 8mpr m | 2y x6/m3 my, 3m3 (27)3x%y
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
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B v oscillations in the early universe [Bennett, SG-+, JCAP 2021]
comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Oce = o, Oep Qer Qes
. . =f 1Y Ous
density matrix: o(x,y) = Cpe Oup = To mr :
Y Q( 7}/) Ore Oru Orr = fu,— Ors
Ose Osu Ost Oss = f,,s
do(y,x)  [3m} _iﬁ Mr  2V2Gry (E/+ P | 4R, n m2G} (o)
dx '\ 8mpp md | 2y x®/m8 m, 3m% 1@ (27)3x4y? @
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator
Mp = UMy U

17, = diag(pe, pu,0,0)  E, =S5, (/ dyy3g> S, with S, = diag(1,1,1,0)

lepton densities

neutrino densities (only for active neutrinos)

take into account matter effects in oscillations
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comoving coordinates: a=1/T x=mea y=pa z=T,a

w=T,a
Oce = o, Qep Qer Qes
. . =f 0 Ous
density matrix: o(x,y) = Cne Cun = T m #
y olx.y) Ore Orp Orr = 1o, Ors
Ose Osu Ost Oss = f,,s
do(y, x 3m? X2 [Mp 226G E,+P, 4E, m3G?
oly,x) _ [3mh, {_,j[i_if L L Y] . )
dx 8mpr mg | 2y x6/mQ my, 3m3 (2m)3xty
mp] Planck mass — p total energy density — myy 7 mass of the W, Z bosons — Gg Fermi constant - [., .] commutator

Mp = UMy U' 5 = disg(perp0,0) B, =S, ( / dyfg) s

Z(o) collision integrals

take into account neutrino-electron scattering and pair annihilation,
plus neutrino—neutrino interactions

2D integrals over momentum, take most of the computation time
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Gi(r) and Gy(r) from electromagnetic corrections
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Z(o) collision integrals
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- X
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initial conditions: ¢,, = Fermi-Dirac at x;;, ~ 0.001, with z ~ 1
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N.g and the new mixing parameters [5G+, JCAP 07 (2019) 014]

We can vary more than one angle: <l > Ng
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]
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B N4 and the new mixing parameters [5G+, JCAP 07 (2019) 014]
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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)!
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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)!
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Warning: tension between reactor experiments and CMB bounds!
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6 Conclusions
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B Non-unitarity of the 3 x 3 mixing matrix

Consider we have N, neutrino states

Vel Ve2 Ve3
Vii Vi V,
Unitary N, x N, mixing matrix: V = Vl: Vﬁ Vﬁz

the 3x3 sector (V)
describing mixing among lightest neutrinos
is non-unitary

11 0 0
N =1 ax ax»x 0 U
a31 (32 (33

ajj real, ajj (i # j) complex = CP violation

U = RBRBR'? js the standard unitary mixing matrix


https://arxiv.org/abs/2211.10522
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B Non-unitarity of the 3 x 3 mixing matrix

Consider we have N, neutrino states

Vel Ve2 Ve3
Vii Vi V,
Unitary N, x N, mixing matrix: V = Vl: Vﬁ Vﬁ:

the 3x3 sector (V)
describing mixing among lightest neutrinos
is non-unitary

Neutrino interactions depend only on kinematically accessible states

Oscillations depend on all states

Oscillations with states n > 3 much heavier than n < 3

are averaged out at experiments


https://arxiv.org/abs/2211.10522

B Non-unitarity and neutrino decoupling [anciv:2211.10522]
Neutrino density matrix evolution in mass basis:

dg(y)‘ _ 3m3, —iX—2 MM_2\/§ ymggMQ
dx |um 8mp m3 | 2y x6 -

Unitary case

m3
+ X—fI(Q)}

Non-unitary case

interactions: interactions:

é—L(VT V)ab + (VT)ea Veb
Ye)ar = 8rR(VIV)ap

(YL)ab gLH + (UT)ea Ueb (YL)ab
(Yr)ap = grl (

matter effects:

matter effects:
Eu = £hPe Uldiag(1,0,0)U
w

Eny = :;E(YL — YR)

Fermi constant: Fermi constant:

Gr = GF = CryJody (03, + |az]?)
Gl = 1.1663787(6) x 105 GeV 2 [CODATA]
Z(0)
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B Non-unitarity parameters and N.g

a0 0 340
335

N=1] axy a» 0 U o
@31 (32 Q33 325

F320

3.15

Gt = GF\/Q112 ((')(,222 -+ |a21|2) 10
= 1.1663787(6) x 107° GeV 2 3.05
[CODATA]

[arxiv:2211.10522]

T

Gr fixed in Hamiltonian

.0 09 08 07 06 05 04 03 0.2 0.

i

1

3.05

5 3.04

= 3.03

Gf fixed in collision term

3.00
1

N \
.UNX 06 05 04 03 02 01
aiji

terrestrial bounds

3.02
10 09 08 07 06 05 04 03 02 0.1

ajj
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B Non-unitarity parameters and N.g [arciv:2211.10522]

11 0 0 340 . C—an | 3: Gy fixed in Hamiltonian /
335{ : / . /
N = o1 (02 0 U aa0l o Z“ | 2s2 //
: : i / 31 _——
31 (32 (33 3.25 3.
. 10 09 08 07 06 05 04 03 02 0.1
=z 3201 - / Qi

oo i 315 g 305 G fixed in collision term

GE = Gryfon2 (02 + o) ol LSS
_ _ : —— _ =z

=1.1663787(6) x 107> GeV—2  sosf—— Rer=2048 = 305

[CODATA] 3'001.0'\;&6& 06 05 04 03 02 01 10 09 08 07 06 05 04 03 02 01
Qi @i
1 ——— 1 . .
o5t 0.5r
S

N 8 [

[S]
0.2r
0.2
a # 0
a1 =0 0.1 02
. . . Ly Qa1
0.1 0.2 0.5 1

an (cv21 marginalized over)

Confidence regions from future CMB measurements with §N.g = 0.02
S Corbme | Wi cemailing i SEmEEE o) mendeiehE cameies”  [LED 2R, 120 mes 0 1R/iG
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[in preparation]

B Additional particles in the early universe?
Sterile neutrinos are coupled via oscillations to the thermal plasma

(photons, electrons, neutrinos, (muons), ...)

[What if we add a decoupled particle?}

let us assume a non-standard evolution of the energy density: prg ox a=s
nrs = 0 — radiation; nps = —1 — matter; nps = —2 — curvature, ...

+4

[effect on early universe phenomena is purely gravitational]

total energy density: p = py + pe + py + OPFTQED + PRs
2 =8mp/(3M3))



[in preparation]

B Additional particles in the early universe?
Sterile neutrinos are coupled via oscillations to the thermal plasma

(photons, electrons, neutrinos, (muons), ...)

[What if we add a decoupled particle?]

let us assume a non-standard evolution of the energy density: prg ox a=s
nrs = 0 — radiation; nps = —1 — matter; nps = —2 — curvature, ...

+4

[effect on early universe phenomena is purely gravitational]

total energy density: p = py + pe + pv + OPFTQED +/PRs
2 =8mp/(3ME)

d 1 3 3
neutrino decoupling: % = <H {—i% [Her, 0] + %I(Q)}
e

BBN abundances: ﬁ = L
dx X

Xi = n;j/Ng abundance relative to total baryons, I'; effective reaction rate for nuclide i



in preparation
M Results from N.g [in preparation]
consider prs = prad at xgs = me/ Trs for the new particle
Evolution of the energy density:
T [MeV]
10! 10° 10-1
A Y W "
14 (W “ i — total |
I & .l = gcalar
Vo AN o
\ \ I —— radiation
12 (NN K |'\ ..... Nrs= —1, Tre = 1.8 MeV -
[N FEV e =1, Tre=18Mev
“ \ .': ‘ ‘ —:= Nps =2, Trs =0.32 MeV
10+ \ \\ s A
\ \ o S
\ \ S0y
™ i \ \ R A |
st: 8 \ \ \_\
Q \ N Loy




B Results from N.g [in preparation]
o
consider prs = prad at xgs = me/ Trs for the new particle

From neutrino decoupling we obtain:

XRs

102 10! 10° 10! 1072
3.05 - - . . ,
3.04 |
numerical
uncertaint
3.03 1 L
5
=
3.02 1 // \\
3.01 1 possible future |
”RS‘Z 1o error from
CMB probes
3.00 T T T T
1072 1072 107! 100 10 102

Trs [MeV]




B Results from BBN [in preparation]

consider prs = prad at xgs = me/ Trs for the new particle

Compare to current measurements (Deuterium, Helium):
10? 10t X;so" 1071 1072 10? 10! XTDO 1071 1072
10°

107!

1072

-_standard case
g = -2
e = — 1

pznelimn‘nz{fyij

nps=3

-+ standard case
Dpe=4 _

— Nps= -2

—— NMrs= -1
— Ms=1
— Mes=2
— nes=3
—— Mrs=4

10°%

1072 107! 10° 10! 102 1072 107! 10° 10! 102
Tas [MeV] Tas [MeV]

error bands (gray) are current constraints on the abundances

barely visible!! even current precision can strongly constrain Tgg

calculations ongoing with prof. D. Aristizabal and A. Villanueva (UTFSM)
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Neutrinos in the early universe — probe lowest energies
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Active neutrinos: precision calculations
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Thanks for your attention!
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