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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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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)
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v decouple mostly before ete~ — ~v annihilation! “[ distortions to }
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. . . . B G CAP 2021
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) = Que Oun = fu, Qur
x (al(p. 1) ai(p. 1)) Ore Oru  Orr = fi
off-diagonals to take into account coherency in the neutrino system
de(y, x)

o evolution from xH = —ia[Hes, 0] + bI’

dx

H Hubble factor — expansion (depends on universe content)

effective Hamiltonian H g =

My 2V2Gpymg <m+& L4 E,/>

2y X0 mW 3 m? m%
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

solve together with z evolution, from xdp(x) - 3P

p, P total energy density and pressure, also take into account FTQED corrections
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comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = fu, Qep QOer
density matrix: o(x,y) = Que Oun = o, Opr
o (al(p. t) ai(p, 1)) Ore o Crr=f,

off-diagonals to take into account coherency in the neutrino system

do(y, x)
dx
FORTran-Evolved PrimordIAl Neutrino Oscillations
(FortEPiaNQ)
https://bitbucket.org/ahep_cosmo/fortepiano_public
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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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B Effect of neutrino oscillations

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

[Bennett, SG+, JCAP 2021]

..... no vv —— sin26;,

— Am3;
=== w,GL  —— sin%6;3 —— AmM%
—-= vy, NC sin20,3
3.0445 3.0445 - -
3.0440 3.0440 - e meeeEmITITITL . S
[ | e B TP
= 3.0435 1 s 3.0435-‘.,_4-“ F
3.0430 1 F 3.04301 F

within 30 ranges allowed by global fits [deSalas, SG+, JHEP 2021]
only 015 affects Neg, at most by 0N\~

~ _
10~4
PE— o
3.0440 1 S it 3.0440 FE=s -
.’/
530435 ¥ 3.0435¢7
3.04304 . 3.0430 " -
3.0425 : : : : 3.0425 : : : :
00 02 04 06 08 10 00 02 04 06 08 1.0
sin%@

sin%0


https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1088/1475-7516/2021/04/073

B How precise is Nog = 3.04...7

Full 3v mixing results:
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3 Non-standard 1: light sterile neutrino

Am3, [eV?]




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

[SG+, JPG 43 (2016) 033001]
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comoving coordinates: a=1/T x=mea y=pa z=Ty,a w=T,a

Qee = fue Qep Qet Qes
H N _ Que Cup = fuu Out Ous
. o(x = —
density matrix: o(x.) o o o=t o
i =f,
x <3j(P’ t) al,(p7 f)) ) Ose ) Osp AQST ‘st Vs
off-diagonals to take into account coherency in the neutrino system

do(y, x)

o evolution from xH ——= ©
dx

H Hubble factor — expansion (depends on universe content)

— il ] 4+ 7

effective Hamiltonian H .y = 3y M =

Mg 2v/2GpymS (Em@% L4 nzy>
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

[solve together with z evolution, from ng( ) = p— 3P}

p, P total energy density and pressure, also take into account FTQED corrections


https://doi.org/10.1088/1475-7516/2021/04/073
https://doi.org/10.1016/0550-3213(93)90175-O

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 Non-unitarity of the 3 X 3 mixing matrix ICAP 03 (2023)]

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

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
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B Non-unitarity of the 3 x 3 mixing matrix ICAP 03 (2023)]

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

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://doi.org/10.1088/1475-7516/2023/03/046

B Non-unitarity and neutrino decoupling ICAP 03 (2023)]
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)



https://doi.org/https://doi.org/10.1103/RevModPhys.93.025010
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B Non-unitarity parameters and Nog ICAP 03 (2023)

11 0] 0 340 S— z; G fixed in Hamiltonian
N=| axn « 0 V) > oz 532
21 22 3.30 — =7
31
@31 (32 (33 325
. >0 0% 08 07 06 05 04 03 02 04
= 320 @i
1 2 2 2 315 305 Gr fixed in collision term
— . F
G = GF\/(kn (222 + |a21]?) 1o L s0e
=303

=1.1663787(6) x 107> GeV 2 30

3.00 %% X 3.02
[CODATA] mw 066 05 04 03 02 01 10 09 08 07 06 05 04 03 02 01
Qi Q@i

terrestrial bounds
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B Non-unitarity parameters and N.g

[JCAP 03 (2023)]

a11 0 0 340

N={ axn a» 0 |U zz:
sl azp 033 ias

EEZ.ZO

Gf = GF\/(X112 (0222 + Jan?) 7.
=1.1663787(6) x 107° GeV—2 305

. « G fixed in Hamiltonian /
11 33 /
o 2% 32 /
—
: 33 31 __—

"1.0 0.9 0.8 0.7 0.6 0.5 04 03 0.2 0.

Q@i
3.05 - —
Gf fixed in collision term
o
~ 304
Ner=3.044] = 303

3.00
1

[CODATA] s
1
05}
N
S
0.2}
a1 =0
01 0.2 ' 05
(2553

az2

)
6Y 06 05 04 03 02 0.1

3.02
10 09 08 07 06 05 04 03 02 0.

Qi ajj
1 :
05t
02}
a # 0
0.1 02

a1
(cv21 marginalized over)

Confidence regions from future CMB measurements with §N.g = 0.02
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5 Conclusions

Ho [km s~ Mpc™]

75

70

60

Riess et al. (2018)

2.0

2.5

3.0
Nefe

35

4.0

0.84

0.83

0.82

0.81

0.80

0.79

0.78

0.77

20



M Conclusions

1

Neutrinos in the early u

100

(1 He

;W

niverse — probe

W (coutesy P £

lowest energies

3
Ries t 1. (2016)

de Salas]

Active neutrinos: precision calculations

FRCE] iy
150l T
1123
£ 1100]
10ms
1050
1025

1.000]

3.0445

TiMen)
100

1070

3.0440
23,0435

3.04304

3.0425
00 02

05 75 50

3 Non-standard scenarios:

75 10 15 B0 05 o 107 o
¥

= 04 06
B sin?e

complementary bounds

0s

azn




M Conclusions
1

Neutrinos in the early universe — probe lowest energies

3
Ries t 1. (2016)

2 Active neutrinos: precision calculations

p Ten 3.0445
— 7 10 o 10
147,
—. = o osilote
1as0) 7T 304f— wo 3.0440 1
125
203 : g
2110 £ 3.0035
s 5
1075 ¥ 30
1,050 304301
200
1028
3.0425
2.000 00 02 o4 08 10
00 75 59 75 W0 15 Bo B5 mo 107 N ior e
y

3 Non-standard scenarios: complementary bounds

Thanks for your attention!
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