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We obtain information on neubrinos from
various sources:

- oscillation experiments -» Am?'s, 6;;
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- cosmology —> Z=m +mytm;

- single beta decay => mg=g(m,, 6,;)
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2. Aspects to know about

Leptonic mixing

0,,~33.56°

0,,78.46° (NO)/8.49° (10)
0,,41.6° (NO)/50.0° (10)
Am?,,=7.50x10eV?

| Am?,,|=2.524x1073eV2 (NO)
| Am?2,,|=2.514x10-3eV?2 (10)

[King, Luhn: Rep. Prog. Phys. 76 (2013) 056201]

In a nukshell:
. neubrine mass basis =

[nu-fit.org, v3.0]

flavour basis

+ thus: a v, does NOT have an “electron
neubrine mass", but it is a superposition




2. Aspects to know about

Leptonic mixing

- our main source of information:
oscillaktion experime.v\!:s

solar neutbtrinos
a&mospkeﬂc neubtrinos
reactor neubtrinos
accelerator neubrinos
geoneutrinos

- some additional information:
neutrino as&ropk sics

superhova heutrinos
high-enerqgy cosmic neutrinos
ditfuse baclegrounds



2. Aspects to know about
Leptonic mixing
BUT This does not tell us e.verj&kmg
oscillations derev\d on Am,2zmi-m;?

=» ho information on absolute mass
+ neulrino mass ordering unkdrown:

=» normal (m,<mam,) "M
A, %»0
31 m2
m;
-> verted (mzam,<m,) m,
m,
Az, “<O
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2. Aspects to know about
Neubrinoless double beta decay

- IF neulrinos are Mojorana fermions (i.e,
identical to their antiparticles)..
neutrinoless double beta decay can occur
(but does not have ko'):

(Z,A) => (Z+2,A) + e~ + e-

- this process violates lepton number bj
ko uniks

- IF mediated by Light neutrinos:

~ — ' 2
A '““ee'*l““1‘:122‘:132"“'“25122‘:132?-"“‘*"“3513 eif]



2. Aspects to know about

Neubrinoless double beta ciet:&v

- thus, neutrinoless double beta decay may
give information on the neubrino mass:

Vi
u L X _ u hierarchical cancellation quasi—degenerate
W Ve e Vi O W ] (only normal)
/AmM3 ¢35 cos 2045
R
01! / V A"\IAC%s
d d
; A1 |0
= 0.01 2 _oc2
g A L m l—ilj_t—%2313
_ A i
2,c2
0.001 ¢ m1Ci9Ci3
VARZsha —V/Amg, +misiycis
+ Asﬁl;w _\/ms%s
: : AS13
[Lindner, AM, Rodejohann: 0.0001 — .
0.0001 0.001 0.01 0.1 1

Phys. Rev. D73 (2006) 053005]

|m£z)|nor > |mgi)|nor m [eV] |mg£)|nor > |m£2€)|nor
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Neubrinoless double beta deca

- thus, neutrinoless double beta decay may
give information on the neubrino mass:

u

d

V.
L % - _ u hierarchical cancellation quasi—degenerate
WS Vi m; el Vi H W 1 (only normal)
/AmM3 ¢35 cos 2045
mo
~a
L VAmA e
01! / \A 13
d

A1 |0

=( You don't ' o=

§
wohna be here: || ‘ Nag
—/AmZ + mistcly
- Y ©
'mee'“c =2 Tl 2‘“@ 4 298%25%3 —V/Am3 + misl,
[Lindner, AM, Rodejohann: 0.00(())10001 A N - 1
Phys. Rev. D73 (2006) 053005] ' B -

|m£2)|nor > |mee |nor m [eV] |m((a£)|nor > |m(2)|nor

€e
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2. Aspects to know about

Cosmotagv

- wheukrinos do in fact act as Dark Matter
(HOT Dark Malter, if thermalised - i.e,
with relativistic velocities)

=» IF thermalised, everything depends
on the amount of the neubrinos (i.e.,
their “abundance® $2)

-» for late btimes: 2, Z=m, +m+m,



2. Aspects to know about
Cosmotagv
- relativistic neulrinos impact cosmology:

- large free streaming
-> suppression of small structures
+ modification of CMB anisotropies

" redshift of matter-radiation equality
-> position & amplitude of peaks

* modified matter density (late times)

-> overall position of spectrum &
slope for Low L)
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Casmoiogv
- relativistic neulrinos impact cosmology:

eF-radiation equality
& amplitude of peaks
* modified matter density (late times)

-> overall position of spectrum &
slope for Low L)
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2. Aspects to know about
Bayesian skabistics

In modern statistics, there are two main
directions:

. fre.que.v\!:i:s& statistics

of s . # successful Erials
Pm’b“b"t"b.‘} - %.'..','Z.} # total trials

-> looks ob jective

. Bajesi‘.am stkatistics

probability = degree of belief
-» looks subjective



2. Aspects to know about
Bayesian skabistics

While subjectivity may appear strange,
probability is NOT objective:

« uri with R red balls and W white balls
Plred on 1st brial) = —

R+

colour is unldnown
=P(2=R[1=RIxP(1=R) + P(R=R|1=W)xP(1=W)

_ Rl R _ R W _ R
T RW-1T R+W Rri-1 " R+W ~ r+W

Plred on 2nd trial agker first drow's




2. Aspects to know about
Bayesian stakistics

While subjectivity may appear strange,
probability is NOT objective:

« uri with R red balls and W white balls
Plred on 1st brial) = ——

R+W
Same resull,
although the
23!:e.m has

Qau“tj

P(red on 2nd brial after i
colour is unldnown

S

c

=P(2=R|1=RIxP(1=R) + P(2=R|1=W)xP(1=W Changed!!
R-1 R R W R

= R*-N—lx R+W * R+i-1 x R+ ~ r+W



2. Aspects to know about
Bayesian stakbistics
Basic formula: Bayes' theorem

Likelihood Prior

\ e

P(DIH) x P(H)

PHID) =
P
Posterior \
“Evidence"

(=normalisation)



2. Aspects to know about
Bayesian statistics
Implications of Bayes' theorem:

i we how the Likelihood, we can
construct a posterior probability density
for any given prior probability

. for “qgood" (Le., constraining) data, the
posterior is hearly independent of the
choice of prior (except for pathologic
cases); for “bad" data, it is not...

* in practice, the evaluation of the
evidence can be very br i’.ckz
-> Bayesian Analysis Toolkit (BAT)
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We have Fz&r{ormed a Bayesian
analysis of neubrino wass data’!
INPUTS:

oscillation data => nu-fitorg: v3.0

+ ovBB ->» GERDA, KamLAND-Zewn, EX0
+ cosmology —» Planck + lensing (+BA0)

* NME computations (nuclear part of ovBp)




3. Our final results

We have pm{ormed a Bayesian
analysis of neubrino wass data’!

INPOTS:

- oscillakion data => nu-fit.org: v3.o

+ ovBB ->» GERDA, KamLAND-Zewn, EX0

+ cosmology —» Planck + lensing (+BA0)

* NME computations (nuclear part of ovBp)

ASSUMPTIONS:
+ ovBB bransmitted by Light neutrinos
> mostly the dominant contribution
+ cosmology only depends on
-> minimal, bub may still be wrong
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3. Our final results

Billmed mean 'likelihood Iand fits

?r ® from the cosmological data
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3. Our final results

Posteriors: Round 1 - NMEs

Khown fact:
NMEs are kardl.j constrained bv the daka

-> one basically gets baclk the prior:

- NME posterior densities for Ge—76 and Xe—136

[ Cosmology: Restrictive Limit

i — Ge, IO, log prior (Myeptest)
04+ --—-= Ge, NO, log prior (rrli;ghtest) .
I O  Ge, NME Input values 1

————— Xe, NO, log prior (m;ghtest

gos : the pos&eri.ors
: | sim Pl.j trackes
202 1 H

: / the prior

Q o
o ot
: ) B - ——
i
[P ——



3. Our final results

Posteriors: Round 2 - hald-Lives

The

half-Lives skron

and thus on the ne
->» flat/loqg priors j&.eld visible differences:

0.05 -
T 1 /7 posterlor densities for Ge—76 and Xe—136
| Cosmology: Conservative Limit
0'04__ Ge, IO, flat prior (my;ghtest) i
- Ge, NO, flat prior (Mgghtest) -
=003l Xe, NO, flat prior (mygheest) |
o
<
2 002} LQ&
17
o
(=W
001}
0.00}

by

WO mass scale

T

Ty [yrs]

Posterior density

depend on |m,],

| Cosmology: Conservative Limit

0.15¢ o ’
i Lo Ge, IO, log prior (mygptest) |
_ Ge, NO, log prior (myghtest) |
| Xe, NO, log prior (myghest)

0.10+

0.05}

0.00 prmmm=====

v A

T 1/7 postenor densities for Ge—76 and Xe—136

Ty [yrs]

1026 ' 1'627

o

102



3. Our final results

Posteriors: Round 3 - jm__| vs, =

Fortunately:
It is unlilely that we're in the throat!

1

| \ 1 | |
Inverted ordering Normal ordering Inverted ordering Normal ordering

Posterior

*/ Posterior

density density

Theoretical envelopes: Theoretical envelopes: 6.1 107

J o Majorana+BF 0003 .. Majorana+BF 6.1% 1073
1077+ Majorana+30 0002 | 107 Majorana+30 -

6.2x107*

o 0.001 . -5

Cosmology: Restrictive Cosmology: Restrictive 6.2x10

10t Flat prior fOI“ Miightest : ' 0 104 Log prior fo‘r Miightest bl Wy 10-6

1 107! 1072 107! 1 1 107! 1072 107! 1

«—2 [eV]—> «—2 [eV]—>



3. Our final results

Posteriors: Round 4 - Im__| vs. m;?

Unfortunately: even for conservative cosmo
bounds, single beta experiments will have a

kml‘d time measuring avletki.ug

I I
Inverted ordering | Normal ordering Inverted ordering | Normal ordering
KATRIN:
0,04 eV? j /.
10_1 | 4 4 V N 10—1 | 3 “‘1' |
2 . %
:w 1072 Posterior — :N 1072+ Poste?lor |
N density g density
= 3 - - . 9.7x1072
Theoretical envelopes: R 0:005 Theoretical envelopes:
SEETEE Majorana+BF \ 0.004 SREEEE Majorana+BF 8.7x107
1073 i ) _ 10731 . |
0 Majorana+30 { 0.003 Majorana+30 7 8% 10-4
' 0.002
. ' . v 7.%x107°
Cosmology: Conservative i 0.001 Cosmology: Conservative £l
: . o : . 0 -6
10t Flat PI‘IOI‘ ‘for m1|1ghtest‘ H o 104 Log Prlor I’for mlhghtest‘ H ‘6.3 X ‘10
1 10711072107 10 10 107* 1073 1072 107" 1 1 10711072107 10* 107° 10 107 1072 107" 1

< mp [eV] —> < mp [eV] —>



3. Our final results

Baves factor: posterior “odds"

Would you bet on normal ordering?’?
+ prior: oscillation data slightly favour NO
+ posterior odds (after our analysis):

Cosmology |Prior on myightest | Bayes factor NO /IO

restrictive flat 2.3
conservative flat 1.6

restrictive log 1.9
conservative log 1.7

-> preference only mildly enhanced (to be
expected: ordering ot yet measured)



Discovery potential

3. Our final results

What do we heed to do to measure ovpp??

0.500+

0.100:

p—Discovery
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0.005

0.050
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-» we better be backqground-"free*, so thak
GERDA con beat the Xe-experiments! ;=)




4. Conclusions

* Neutrinos... will hopefully teach us a lot about
new physics in the coming years!

* Neutrino mass data... will be available in the
future, and we need to know how to handle it!

* A global analysis... is the tool of choice!

* Bayesian inference... is the best approach to
combine the different data sets from rather
distinct sectors!

* Interdisciplinary projects and cross-
collaborations... are always the greatest fun!!






