4.4 Dirac vs Majorana: Neutrinoless Double-beta Decay

The problem of the nature of massive neutrinos v, (Dirac or Majorana?) is one of the
most fundamental problems of neutrino physics. The answer to this question will have
an important impact on the understanding of the origin of neutrino masses.

The Majorana mass term breaks lepton number by two units - the Majorana mass
term is the lowest dimension operator which uses SM fields and obeys SM gauge
symmetries and which breaks lepton number at tree-level. In order to reveal the
nature of neutrinos with definite masses it is necessary to study processes in which
the total lepton number L is violated by two units (neither neutrino oscillations nor
CC interactions can reveal the neutrino nature).

Lepton flavor violation experiments:

« In case of Majorana particle v = v the following process becomes possible:

neutrino beam v Ev

2
+ + + . m m
7 > u +v; vi+tN—>u +p  with ﬂ(v,.N—>y+N)~ EV —>0'~( V)
Thus the cross section for the observation of this reaction in a collider
experiment (E, larger than typ. 1 MeV, m < 1 eV) is suppressed by (x10-12);

Much too small for an observation with current experiments.



Decays of Bor K-mesons. E.g.:. K" >z u'u”

1“(K+ —> 7r_,u+,u+)

<3.10° —=
r(K+ N au)

Experimental bounds:

Limit on the effective mass ‘mﬂﬂ‘ <4-10°MeV (not very strong)
(meaning of “effective mass” : see below)

Processes suchas 4 +(AZ)—>(AZ-2)+e"
I'(4 Ti—>e Ca)
[ (u Ti— all)

<1.7-107" =

Experimental bounds:

<82MeV (notvery strong)

(meaning of “effective mass” : see below)

Limit on the effective mass ‘mﬂe

The most sensitive probe to whether neutrinos are Dirac or Majorana

states is the neutrinoless double-beta decay (0Ovp[3) of a nucleus.
70



Neutrinoless Double-beta Decay

(AZ)—> (AZ+2)+e +e
chirality flip
sz\wzﬂ = Zmi Uji

|
Mee  (similar definition for m,, and m )

J

Under the assumption that the Majorana neutrino mass is the only source of
lepton number violation at low energies, the decay half-life is given by:

2
2 mee
me
GO is the phase space integral taking into account the final atomic state;
MO is the nuclear matrix element of the transition;

m, is the effective Majorana mass of v.:

F(l)/v2 _ <T0v) - G [ MO

1/2

2
mee = ‘Zmiuei
i

Note that the term Z:m.U2 IS in general complex and depends on the

i~ei

phases of the PMNS elements (5., and the two Majorana phases n; ,)



Thus, in addition to the masses and mixing parameters the decay spectrum
depends also on the leptonic CP violating phases (— allows determination):

B 2| 2 A2 Ai27 2 a2 Ai27 2 4—i26
me, = ‘Zmiuei — ‘mlcwclze ' +m,C;;S,e " +ms;;e T
i

arXiv:1811.05487
One can discuss two different mass orderings:

(inspired by experimental data)

. . 2 2.
1. Normal ordering (NO): m, <m, <m,; Am, <K Am,;; —=m <m, < m,

. . 2 2 |.
2. Inverted ordering (10): m, <m, <m,; Am;, < ‘Amw‘, =>m,<m <m,

Mee = | > m;UZ with my; = m, (NO), m; (10), smallest mass
i
- / ; 2 Dilpo— / ; ; — (e :
moctycs +\/ Amd; +misiyetze® ™M) +\JAmd, + Am3; +mistze”#er )l in NO,
=
/ 5 5 o | — . . N .
mgsiy + V m3 — Am3,s?,c2,e2ilmtocr) V m2 — Ami, — Am3,c2yctae2iimtoce)|  in 10,
%

< (sin2 612/ Am?, + sin® 613 \,EA;”%S) in NO: m,, can me arbitrarily small

~ mem%ﬂ (1 —sin®26p, sin2a)2, in10: there is a lower bound on m,

S.Bilenky (2010) o is Majorana phase diff. 72



Neutrinoless double beta decay can help to resolve the neutrino mass hierarchy
(of course only if neutrinos are Majorana particles):

Inverted hierarchy:

0.1
. . 1
- ~ J1Am3,] (1 —sin* 26y sin“@)?,
]
S 00 J
5 Normal hierarchy:
0.001

< (Sin2 612 ¢/ Am%z + sin? 013 4/ Am%:%)

101 .01 0.01 0.1 1

Mighiest [ €V ]
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Searching for neutrinoless double-beta decay:

23 decay:
mass parabola from Weizsacker formula
i €
97< odd-odd  even-even Possible 23 candidates:
: Transition To = Qpp (KeV)
6Ge — 76 Se 2.039.6 +0.9
1000 o — 100 Ry 3.9344+6
130e 130 xe 2.533+4
l-ff‘xC 136 B, 2.479+ 8
1_-“{3'?~Jd — 150 Sm 3.367.1+£2.2
82ge 82 Ky 2.995+6
Boa S8BTy 4,271 +4
30 31 32 33 34 35 36 37 Z 2v 176 _
I,("Ge)=

Normal B-decay energetically forbidden for 74Ge.

1.929 +£0.095)-10%'yr
Double -decay allowed: even-even nuclei. ( ) y

arXiv:1501.02345

Two-neutrino double B decay is a process of second order in the Fermi constant Ge,
which is governed by the standard CC Hamiltonian of the weak interaction. This
decay was observed in more than ten different nuclei with half-lives in the range
(10'8-1024) years.
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Search technique:

endpoint

Background: 2v2[3 Signal: 0v2[
—— —— y
u'&ZE,< ) 11'&271// ﬂ =
- y >i(

Qs E

Decay & detection material 76Ge:

 Geis a 2[3 decay isotope

» Source material = detector material

« Germanium detectors (=semi-
conductor) have excellent energy
resolution: FWHM ~ 1.5 103 @ 2 keV

« Enrichment of "°Ge up to 86%

Source = Detector

Ge diode w/ reverse biasing
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GERDA Experiment
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Problem: Shielding against natural
radioactivity and possible radioactive
pollution producing background around
the end-point.

» Located in Hall A at Laboratori Nazionali del
Gran Sasso of INFN

» 3800 mwe overburden (p flux ~ 1 m—?h™1))

» Array of bare Ge detectors 86% enriched in "°Ge
directly inserted in liquid argon (LAr)

mwe = meter water equivalent

Material Activity
[#Ba/Kg]
Rock, concrete 3000000
Stainless steel ~ 5000
Cu (NOSV), Pb < 20
Purified water < 1
LN2, LAFr ~ 0
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Counts / ( keV'kgyr)

Y. KERMAIDIC at Neutrino 2020
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Future: Large Enriched Germanium Experiment for neutrinoless 23 decay
LEGEND

The collaboration aims to develop a phased, "°Ge based double-beta decay
experimental program with discovery potential at a half-life beyond 1028 years,
using existing resources as appropriate to expedite physics results.”

"°Ge (88% enr.)
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CUORE - 39Te Bolometer Experiment

Light Detector

Scintillating
bolometer

Top Lead
Shield

Side Lead
Shield

CUORE uses bolometers to search for neutrinoless double
beta (OvBB) decay and other rare processes. The bolo-
meters are ultra-cold tellurium dioxide (TeO,) crystals
containing the candidate OvBp isotope 13%Te. Every time a
tellurium nucleus decays or a particle interacts in the crystal,
it releases a minute amount of energy (less than a few
MeV), causing the temperature of the crystal to rise slightly.

Detector
Towers

Bottom Lead
Shield

This rise in temperature is then converted into an electrical signal using temperature-
dependent resistors (thermistors). For this temperature rise to be measurable, the baseline
temperature of the crystals must be very low. We use ultra-cold cryogenic temperatures: a
few thousandths of a degree above absolute zero. 80




Counts / keV

arXiv:1912.10966.

18
16
14
12
10

— Best fit (global mode)
"""" 90% limit on T,

S P B~ o

2480 2500 2520 2540 2560 2580
Reconstructed Energy (keV)

No evidence for OvpBf decay. A 90% CL lower limit of
3.2 x 10%° yr on the 3%Te half-life for this process is set.
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https://arxiv.org/abs/1912.10966

Constraints on mass hierarchy

.i.....
|5_’
Cvl il ...W. i

Cuoricino + CUORE-0 + CUORE limit (Te)
(Preliminary)

CUORE sensitivity (Te)
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In the hypothesis that OvBB decay is mediated by light Majorana neutrinos, the
Cuore limit results in an upper limit on the effective Majorana mass of 75—-350
meV, depending on the nuclear matrix elements used. 82



4.5 Neutrino mass scale determination

In case of massive neutrinos the flavor states are linear combinations of the
mass states. Mass limits can only be put on the effective mass of a neutrino

with lepton flavor I
mig,eff = Z|U£/|m/2

Upper bounds on neutrino masses can be deduced from weak decays:

( 3H decay) PDG 2019 _
n—>p+e +v, m_ . <2eV (update) Study energy
) distribution of visible
ﬂi v, + et + Ve, M, < 0.19MeV — final state particles:
g “missing” invariant mass
>N+, m, o <18.2MeV | — neutrinos mass

Upper bounds also exist from cosmoloqgy:

Large scale structure of galaxies, cosmic microwave background, type la
supernovae, and big bang nucleosynthesis: Zmi <0.26eV arXiv:1811.02578v2




a) Effective electron anti-neutrino mass:

End-point method of a B-emitter (tritium 3H)

dN 5 > E, = Mass diff. of nuclei
—=Cp(E+m, )(EO — E)\/(E0 — E) - (mfff) : F(Z,E) E = kin energy of electron
dE ’ P = e momentum
5 o \2 F Fermi function
=R(E)(E,—E) —(m")
2x107™ S —m = 0 mev | ]
- o — m, = 1000 meV | |
% hx10™ .
; ob | N~
i 1) -2 -1 0
E LAo™ E-E,ineV
0 10000 E, = 18575
electron energy E in eV
Experimental requirements: “Direct” kinetic measurement:
« High activity source spectral distortion measures
» Excellent energy resolution the “effective” mass squared:
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Effective neutrino mass — consider mixing:

dN

E- R(E )\/(EO - E)2 - (mfff )2 with: mfe,eﬁ, — Z|U€i|2 m’

e p
/

The KATRIN experiment has provided an upper bound for the effective

neutrino mass:
eff 2 2
l.leV>m :\/Z|U£,| m
i

10
NO

Depending on the neutrino mass

: . N T
hierarchy this leads to a depen- 2 10" =
dence on the light neutrinos mass. £ .

107 2 =
: | | IIIIII| | 1 IIIIII| | | IIIIII| :
0.001 0.01 0.1 1
Myignt (€VY)

\/ m3 + Am3, (1 — c35¢3y) + Am3ys7,  in NO,

_
U el

meff -’Z 2
my,, = | s
\’ i
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KATRIN = Karlsruhe Tritium Neutrino Experiment

Goal: measure neutrino mass w/ sensitivity of 0.2 eV (90%CL)

Windowless Gaseous

Tritium Source
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MAC-E Filter - Principle

Electrostatic spectrometer:

Solenoid olenoid

Wi

No electron flux for: E@,{#

max
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MAC-E Filter - Principle B fields serves to align the electron directions.

source

= 7y

Bs Bmin Bmax
U U,

Adiabatic variation of B-field leads to alignment of momentum vector.
88






KATRIN-Results:

First results from a 4 weeks measurement;

Source activity 2.45 x1010 Bq (Tritium
density 1/5 of nominal).

Fit in the interval around the kinematic
endpoint at 18.57 keV gives an effective
neutrino mass square value of

m> ( 1. O+09)evz

v,eff

From this an upper limit of

m, .- <1.1eV (90%CL)

on the absolute mass scale of neutrinos
is derived.

Sensitivity after 1000 days of data-taking
and nominal tritium density: 0.2 eV

arXiv:1909.06048

) t KATRIN data with 1 & errorbars x 50 |
- = Fit result
Z.10°F E
=,
&
E
2 100k ;
S 3
. 18535 18555 18575 18595 18615
b [T T T T T T T T T T T T T T T T ™
~ 2 b) Stat. I Stat. and syst. 7
_’gﬂ oL " =3 T . _ . 1
b= [ . ]
é _2 =1 1 1 I 1 =
18535 18555 18575 18595 18615
u E
= ]
18535 18555 133?5 8‘593 18615

Retarding energy (eV)

FIG. 3. a) Spectrum of electrons R({gU)) over a 90 eV-
wide interval from all 274 tritium scans and best-fit model
Rcaic((qU}) (line). The integral B-decay spectrum extends up
to Ep on top of a flat background Rye. Experimental data are
stacked at the average value (gl/); of each HV set point and
are displayed with 1-o statistical uncertainties enlarged by a
factor 50. b) Residuals of R({ql)) relative to the l-o uncer-
tainty band of the best fit model. ¢) Integral measurement
time distribution of all 27 HV set points.



Holmium Electron Capture: Slide by K. Valerius

163Ho — 163Dy* + v,

[De Rujula & Lusignoli 1982]

800 T T T
Low Qg ~2.8 keV and T,,, ~ 4570 years
| — myv,)= 0 eVic®
600 ——- m(v )= 2 eVic®
X-ray photons ~ _ 1 = \ == mfv,)= 5 evict
[} @
- —
] g = 'C;
+ Auger electrons 3 o 300 - 4 7
. e 2 10} { 3
o 8
200 - —
10 b 1
calorimetric 1P ) ) . . L )
'\-\._H-- - - D W
——— - L= Il 0.0 05 10 15 20 25 30 2826 2828 2830 2832 2834
Energy / keV Energy / keV

Challenges:
- production & purification of isotope '%3Ho
« incorporation of '%3Ho into high-resolution detectors

. . How to measure 2.8 keV w/
« operation & readout of large calorimeter arrays

. _ _ _ high precision?
» detailed understanding of calorimetric spectrum

(nuclear & atomic physics + detector response)

Dy = Dyprosium °*



Micro Calorimeters: MMCs Slide by K.Valerius

MMC: metallic magnetic calorimeters \ thermal micro-calorimeters \
with paramagnetic sensor Au:Er with transition edge sensor (TES)
L. Gastaldo . TES .-SQUID
C. Enss — =)
absorber X . i
5C. | . n.c.
= i
thermal link ﬂ: ’
thermal bath T " : JI. - :
8T in absorber from EC-decay oT in absorber from EC-decay
= change in magnetization M of sensor = changein temperature T and
| | oM M1 resistance R of thermistor
signal: o0®; ~ o7 AT ~ o 'C OF signal: current change measured by
\_ ot \_ SQUID array
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ECHo Experiment

[Fleischmann et al. 2009; Gastaldo et al. 2013]

MMC technology: ECI{)

absorber source

paramagnetic =»
sensor (Au:Er)

93

[Ranitzsch et al., arXiv:1409:0071;

Gastaldo et al. 2014]

Counts per 2.0 eV

Uni Heidelberg:
C. Enss, L. Gastaldo

oo N Precision
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