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1 Neutrino masses
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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 Two neutrino bases

[flavor neutrinos z/a] [’Va> =3 Uak|yk)j [massive neutrinos yk]

[v(t =0)) = |va) = Uatlv1) + Uaz|v2) + Uas|va)
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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, (>3 and one CP phase

Current knowledge of the 3 active v mixing: [ariv:2006.11237] l

NO/NH: Normal Ordering/Hierarchy, my < my < ms3 10/IH: Inverted O/H, m3 < my < mp

Amd, = (7.50t‘é~§§) 1075 evz ’
[Am? | = (2.56700)) 1073 eVZ (NO)
= (246 4£0.03) - 1073 eV (10) |

03 04 05 06 07 0016 0020 0024 0028
63 sin%6;5

10sin”(61,)  =3.18£0.16 T
10%sin?(013) = 2.225799%% (NO)

=2250" ¢ (10) ] \/
10sin%(03)  =5.66137 (NO) )

= 560553 (10) T R e

§/m  =1.2079%3 (NO)
=1.54£0.13 (10)

see also: http://globalfit.astroparticles.es
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B Neutrinos and their masses

Normal ordering (NO)
m < mp < m3
S me > 0.06 eV
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[de Salas+, Frontiers 5 (2018) 36]

Inverted ordering (10)
my < m < nmp
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Can we constrain the mass ordering using bounds on >_ m,?
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2 Cosmological bounds
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| F i 201
. From CosmOIOgy. N [de Salas+, Frontiers 5 (2018) 36]

[Warning: model dependent content!J

How the limit change when considering extensions of the ACDM model?
4x1071
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Warning: >-m, < 0.1 eV at 95% CL
does not mean |0 disfavored at 95% CL!




B Cosmological neutrino mass bounds
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B Cosmological neutrino mass bounds

1 - [Planck 2018] [Planck 2015] [Gariazzo+, --
ACDM+Xm, ACDM+Xm, PRD 2019]
Planck 2015 data
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B Cosmological neutrino mass bounds

1 - [Planck 2018] [Planck 2015] [Gariazzo+, --
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Planck 2015 data
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B Playing with priors
Bayes theorem:
(9| M)

p(0|d, M) = C(G)ﬁ

posterior depends on prior!

parameters 6, model M, data d (6| M) prior p(0|d, M) posterior L(0) likelihood Z pq Bayesian evidence




B Playing with priors
Bayes theorem:
(9| M)

p(0|d, M) = E(G)ﬁ

posterior depends on prior!

[Planck 2018]: prior
0 < Xm, < O(1) eV

strongest upper limit (95%):
 m, < 113 meV
(CMB+lens+BAO+SN)

corresponding to
Ym, < 53.6 meV (68%)

below minimum for NO!
does it make sense?

parameters 6, model M, data d (6| M) prior p(0|d, M) posterior L(0) likelihood Z pq Bayesian evidence




B Playing with priors

Bayes theorem: [Wang+, 2017]
(0| M) degenerate (DH)
p(0|d, M) = E(a)ﬁ vs normal (NH)

vs inverted (IH) hierarch
posterior depends on prior! (1) Y
(i.e. change the prior lower bound)

— vpyACDM

+0.06eV prior
----- +0.10eV prior
{| — vyyACDM
— v;yACDM

Different limits if you consider
simply Xm, > 0 or you take into
account oscillation results. . .

2. m, posterior

Ll L
0.00 0.05 0.10 0.15 0.20 0.25 0.30

¥m,,
parameters 6, model M, data d (6| M) prior p(0|d, M) posterior L(0) likelihood Z pq Bayesian evidence



B An example with Planck 2018 [5G, EPJC 80 (2020)]
relative belief _ px|d)/7(x)
updating ratio Rlx xold) = p(xold)/7(x0)

Numerically easy to compute: fix 7(x), get p(x|d) normally and divide




[SG, EPJC 80 (2020)]

B An example with Planck 2018
relative belief _ px|d)/7(x)
updating ratio {R(X’XOW) = plxold)/7(x0)
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Example with [Planck 2018] chains from PLA
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B An example with Planck 2018 [5G, EPJC 80 (2020)]
relative belief _ p(x|d)/m(x)
updating ratio {R(X’XOW) — p(xold)/7(x0)

Numerically easy to compute: fix 7(x), get p(x|d) normally and divide

Example with [Planck 2018] chains from PLA
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B An example with Planck 2018 [5G, EPJC 80 (2020)]
relative belief _ p(x|d)/m(x)
updating ratio {R(X’XOW) — p(xold)/7(x0)

Numerically easy to compute: fix 7(x), get p(x|d) normally and divide

Example with [Planck 2018] chains from PLA
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[SG, EPJC 80 (2020)]

B An example with Planck 2018
relative belief _ px|d)/7(x)
updating ratio {R(X’XOW) - p(Xo‘d)/ﬂ'(Xo)J

Numerically easy to compute: fix 7(x), get p(x|d) normally and divide

Example with [Planck 2018] chains from PLA
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. . G, EPJC
B A model-marginalized example [5G, EPJC 80 (2020)]

relative belief {R(x,xo|d) _ p(x|d)/m(x)

updating ratio p(xold)/7(x0)

Example with [Planck 2015] chains from [SG+, PRD 99 (2019) 021301]
P15+lensing+BAO

0 4 =T
10 ] ~:~\:s\:s~\
] “ ~o
-~ ~
\
*
) N \
- 10-1 4 i
310773 - base=ACDM+zm, 1\ \\
1S \ \
] \
W }. === base+Aiens N AW
E J N \ ARY
| === base+Ngs ‘e \‘ \‘\
\
{1 === base+Qy ‘:\ \‘ A
\
_, | === base+w RN W\
1074 1 T L\ i o
1 —— marginalized Lol \y
] : Y \h
107! 10°




. . G, EPJC
B A model-marginalized example [5G, EPJC 80 (2020)]

relative belief {R(x,xo|d) _ p(x|d)/m(x)

updating ratio p(xold)/7(x0)

Example with [Planck 2015] chains from [SG+, PRD 99 (2019) 021301]
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1 Neutrino masses

2 Cosmological bounds
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M 3 decay

[,6 decay: N(A. Z) — V(A 7 1) +e + Ee]

QﬁzMi—Mf—me EV:Qﬂ—T:Qg—(Ee*me)

total available energy neutrino energy

notice that max electron energy is:
Tmax - Q/B — Mg,



M 3 decay

[ﬂ decay: NV (A.Z) — +e + De]
Qs = M — — me E,=Q—T=Qs—(Ec— me)
total available energy neutrino energy

notice that max electron energy is:
Tmax - Qﬂ — Mg,

Kurie function: (degenerate v masses) Useful to describe

K(T) = [(QB - T)\/(QH - Ty —m,

J 1/2 the e™ spectrum

near the endpoint

[notice: flavor neutrinos have no definite mass!}




M 3 decay

[6 decay: NV (A.Z) — +e + De]
Qs = M; — — me E,=Q—-T=Qs—(
total available energy neutrino energy

notice that max electron energy is:
Tmax = Qﬁ — my

e

Kurie function: (degenerate v masses)

E. — me)

Useful to describe

1/2 he e~ spectrum
K( T) = [(Q3 - T)\/(Qo’ - T)2 —m2 J ;ear thependtpoint

Ve

[notice: flavor neutrinos have no definite mass!} m2,

Full expression:

Ny,
K(T) = (@ = D)X Ve (@ = T2 = m?

1/2

= Z|Uei|2m:2

N, neutrinos
with different
masses m;

mixing angles
enter (|Uq[?)



M 3 decay

1/2
K(T) = [(Q: — Z\ue,\ V(@ = T2 —m?
2.5
-------- massless
Fake case:
2.0 V1 .

Vs 3 neutrinos
> 154 V3 masses:
% ::5f‘=:~. =7-0.5 eV,
= Teelliing
< 1.0 A mixings:

|Ue,-\2 =1/3
0.5 4
0.0 T t T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
Qs —TleV]

endpoint shifted 4+ one kink for each mass eigenstate



M 3 decay

K(T) [eV]

0.07

K(T) =

(Qe—T

Z\ue,\ V(@ =T —m

0.06 -
0.05 A
0.04 -
0.03 A
0.02 A
0.01 A

massless
V1
V2
V3

0.00

—0.07 006 005 004 003 002 001 000

Qp—TleV]

1/2

Realistic case:
3 neutrinos,
normal
ordering

masses: m; —

[5,10,51] meV,

mixings:
|Ue:|2 _
[0 67,0.31,0.02]

Much harder to see the endpoint shift and kinks!
S @aibze 0000 “iesaie fedieian e nanidie messes’ 0 enllie, G807/ 0 iile



. KATRIN I’eSU|tS [KATRIN, PRL 123 (2019)]

—~
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[<)

[strongest bound on my,(= mj,) are from KATRIN}

18573.9

18573.8

18573.7

18573.6

18573.5

v

m2 = —1.077 eVv?

Upper limit 90%:
m, < 1.1eV

Feldman-Cousins 90%:
m, < 0.8eV

expected final
sensitivity (90%):

my, S 0.2eV




4| Neutrinoless double 3 decay
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B Neutrino masses from neutrinoless double 3 decay

(if neutrino is Majorana)
[Schechter&Valle, 1982]

" ’ N > figure from [NEXT] webpage
/ N 30
- e ;‘I.}j/ e 2.0 ) \» v Zq '
/ \ < 10
v 1.5
v v Ix / A 00.90 1.00 1.10
— L _ K/Q
v | 1.0
n w P e n " P e 054
. 0.0 ‘ - : = .
L 11 e R A1) B S MR R P N o
Ko/Q
0.1 me electron mass,
Measure T](_)/Vz Gp, phase space,
3 MY matrix element
< 001
&
g Me

convert into mgg =

0.001

MY, [ Go, TP,

o Majorana phases
Miightest (V)

and then use mgg = Z e’ U2 my
K

1074 M|
107t 0.001

[Dell’Oro et al., 2016]




. Constraints on mﬂB [de Salas+, Frontiers 5 (2018) 36]

Z e'% Usk my
k
104 1073 102 101 10°
100 4 L L L 100
CUORE (2018), 90% CL

Gerda-Il (2018), 90% CL
KamLAND-Zen (2016) 90% CL
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3
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5 Beyond the standard: light sterile neutrino

~ -~ Mainz 95% C.L.
= — Troitsk 95% C.

——RAA + GA 95% CL
—— Neutrino-4 25

Prospect 95% C.L. = KATRIN KSN1 95% C.L. (stat. and syst.)
DANSS 95% C.L. Projected KATRIN final sensitivity
Stéréo 95% C.L. 95% C.L. (stat. and syst)

Preliminary
to be published soon

1072 107! 10
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B A large family

In principle, previous discussion is valid for N neutrinos

‘ only constraint: there are exactly ’ =
three flavor neutrinos in the SM £ R
2, ALEPH
[LEP, Phys. Rept. 427 (2006) 257, © DELPHI
arXiv:hep-ex/0509008] L3
OPAL
[Nﬁz’ — 2.9840 + 0.0082] 2y
o e ncrenmed”
through the measurement by factor 10
of the Z resonance 10
ete” — 7 — Z Vala
a=equT 0= 88 90 92 9

E,, [GeV]

Eneutrinos o > 3 must be steriIeJ

sterile neutrino = SM singlet: no couplings with other SM particles



B A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, N flavor neutrinos, N massive neutrinos

’Ve> Ue1
|V,u> Upl
’VT> = U’Tl
|V51> U511

Ue2
U2
UT2
U51 2

U, e3
U3
UT3
U51 3

Ue4
U;t4
UT4
U51 4



B A large family

In principle, previous discussion is valid for N neutrinos

N x N mixing matrix, \V flavor neutrinos, N massive neutrinos

Uel
U1
UT].
U511

Ue2
U2
U7'2
U51 2

Ue3
U3
U7'3
U51 3

Ue4 |V1>
Uys v2)
Ura |v3)
Us4 |va)

Our case will be 3 (active)+1 (sterile), a perturbation of 3 neutrinos case

/\/\Vl/\/\/
my > my ) 6 angles
(=123 2 VaVaVaCaVaY 3 Dirac
Va U3 Vs CP phases
A2, ~ 1 V2 VaVaVaVavaVaVaVaVa
~ AmZ, b 3 Majorana
~ 2 CP phases
~ Amyg;
source detector



B 3+1 Neutrino Model
new Am%BL = 4 neutrinos!

|
Vg with mg ~ 1 eV,
no weak interactions

|
[Iight sterile neutrino (LSV)J

3 (active) + 1 (sterile) mixing:
3+1

Va:ZUaka (a:e7ua7—75)
k=1

Vs is mainly vy:

ms ©~ my ~ \/Amﬁl ~ \/AmEBL

assuming mg > m; (i = 1,2,3)

[SG+, JHEP 06 (2017) 135]
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B 3+1 Neutrino Model [5G+, work in progress]

new Am%BL = 4 neutrinos!

|
vs with mg ~ 1 eV, 10% ¢
no weak interactions i
| 10 E — E
[Iight sterile neutrino (LSV)J — i =
> £ =N
. . . 2 i D)
3 (active) + 1 (sterile) mixing: 1F W 1
N (\
3+1 € \ A
<
Vo = Z UnakVk (Oé =6 U, T, 5) < X< %
k=1 107 H Giobal¥i] — v, Dis ]
. . f| == 1o —— v, Dis
Vs is mainly vy: H— 26 — Dis
> > 3o — App
ms o~ mg ~ \/Am41 = \/AmSBL 1072 ‘ ‘ :
107 10° 1072 107" 1

. . 22 2 2
assuming my > m; (i = 1,2,3) Sin“20y = 4| Ueal | Upal




B 3+1 Neutrino Model [SG+ work in progress]

new Am%BL = 4 neutrinos!

|
vs with mg ~ 1 eV, 10% ¢
no weak interactions i
! 10 — E
[Iight sterile neutrino (LSV)J — f =
E :
3 (active) + 1 (sterile) mixing: 1 E W E
3+1 RS- \\\“-(\“
Vo = Z UnakVk (a =6 U, T, 5) = [ <Q(e 30
k=1 107 H Global'¥ir] — v, Dis ]
Vs is mainly vy: =2 S
> > 3o — App
ms ™~ my ~ \/Am41 ~ \/AmSBL 102 L L ;
107 107 1072 107 1
. . . 2 2 2
assuming my > m; (i = 1,2,3) Sin“20y = 4| Ueal | Upal

‘ constraints from
mass measurements?




B Sterile neutrino in 3 decay

N, 1/2
K(T) = [(Q: = T)>|Ual\(Qs = T)? = m%]

Uat? ~ 001 me = \Jm2 + a2y ~ |/,
2.5
........ mass'ess
2.0 7-. V1
~..,.. ~ 1% kink, vy
—_ The, hard to see! V3
> 1.5 T ...
2 ..'... ..'.. V4
- —sum
z ]..O T ..'... ..
0.5 1 TN
0.0 . N sneal s
-2.5 -2.0 -1.5 T™=1.0 -0.5 0.0
Qg —T[eV]




[Mertens@Neutrino 2020]

B Sterile neutrino in 3 decay

K‘\ t KATRIN data with 1 ¢ error bars x 50 ]
\\ ‘ —3-v model 1
8, 107k E
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[Mertens@Neutrino 2020]

B Sterile neutrino in 3 decay
—-—- Mainz 95% C.L. ———RAA + GA 95% CL
Neutrino-4 2¢

— = Troitsk 95% C.L.
Prospect 95% C.L. —— KATRIN KSN1 95% C.L. (stat. and syst.)
Projected KATRIN final sensitivity

95% C.L. (stat. and syst.)

DANSS 95% C.L.

Stéréo 95% C.L.
: , -
\ < ] final sensitivity will test
.
S~ several oscillation results!
102 L
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L
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Nqsv 10
search for keV states
100k . needs to measure the
S T, spectrum much further
Preliminary e f .
= rom the endpoint...
to be published soon T~ P
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6 Conclusions



B Mass ordering in 2020

Bayes theorem for models:

P(Md) x Zym(M))

Bayesian evidence:

[ZM :/Q £(0) () deJ

Bayes factor NO vs 10:
(BNO,IO = Zno/ ZIOJ

Posterior probability:

Pxo = Brojo/(Brojo +1)
Pio =1/(Bnojo+1)

No from Pxo = erf(N/v/2)

7(M) model prior L(0) likelihood
M|d) model posterior  Q

[arxiv:2006.11237]
http://globalfit.astroparticles.es/
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