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The origin

TEORIA SIMMETRICA DELL ELETTRONE
E DEL POSITRONE

Nota di ETroRE MAJORANA

In the case of electrons and positrons, we may anticipate only a formal progress; but
we consider it important, for possible extensions by analogy, that the very notion of
negative energy states can be avoided. We shall see, in fact, that it is perfectly, and

most naturally, possible to formulate a theory of elementary neutral particles which do
not have negative (energy) states.

it is perhaps not yet possible to ask experiments to decide between the new theory
and a simple extension of the Dirac equations to neutral particles

“The advantage. . . is that there is no reason now to infer the existence of antineutrons
or antineutrinos. The latter particles are introduced in the theory of positive 3-ray
emission; the theory, however, can be obviously modified so that the B-emission, both
positive and negative, is always accompanied by the emission of a neutrino. ”



Quest for Majorana particles

Majorana




lepton mass spectrum
neutrinos are far from every other

Fermions Bosons
First Second First r —I
‘ generation generation generation \
Higgs
Top quark - -

- the mass ordering of each
Bottors quark heutrino. What we know Is

-- - the squared mass difference

.Strange quark

IR really impressive gap
§ ---

10~ 10 --
-- . -
-11 Muon neutrino Tau neutrino ’ Photon

I IeCtron - “-

~_~
o
i~
o
5
c
o
]
—
)5
=
s
<
20
o0
~—
o
“w
-




General consideration



The process as seen by a
particle, nuclear, atomic physicist !

Majorana
neutrinos
and Ov2p




as simple as such !

RH antineutrino (L=1) is emitted at one vertex

LH neutrino (L=-1) is absorbed at the other vertex
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for the neutrino less case
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Nuclear Matrix Elements

so what ? Isn’t ga well known from neutron decay ?

Znucleon = 1.269



compare to measured half-lives
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so the idea Is :
(2vBP is two times a B decay)

Inucleon = 1.269

Jquark = we could we live with

—-(0.18
Jphen. = Onucleon * A

The problem for us is what
the value of ga in OvBf will be.




here the calculations of Mo
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bringing to some prediction

for half lives
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useful to make your choice of isotope....Iook only at the

ratios. Time to despair has yet to come.



The effective neutrino mass
that enters the Ovf3[3

called : effective Majorana mass

Mee| = IZUezzmzl = ||Ue1|?m1]| + ||Ue2|*ma|e®*® + ||Uez|*ms|e®?

with the complication of the unknown phases



the famous exclusion plot

4 realistic predictions
1 INVERTED | Say:
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" sl M 20 meV for IH
- M 2 meV for NH

now you can design
0001 001 o1 your new generation

lightest neutrino mass in eV experiment !




the Wall to break

Take 100Mo

Normalized half-life
T1/2 ~4 X 1023 yr

Mass number

for IH 20 meV It requires to measure Ti/2 ~ 1027 yr
for NH 2 meV it requires to measure Ti/2 ~ 1022 yr

Daring or scaring



en passant....
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a uniform inverse correlation between the PSF and the square of the NME
emerges in all nuclei. This happens to be more a coincidence than
something physically motivated and, as a consequence, no isotope is
either favored or disfavored for the search of Ovff. It turns out in fact that
all isotopes have qualitatively the same decay rate per unit mass for

any given value of Mg (inside a factor 5)



how to compare exp’s

1) compare just half-life neglecting NME and phase space: pure experimental
approach (wrong)

2) consider half-life and phase space neglecting NME (more correct but neglects
apparent NME-phase space anti correlation)

3) consider everything without assuming a specific NME (most conservative and
common approach, source of large bands, hinders the comparison)

4) consider everything comparing NME model-by-model (is there a NME calculation correct for all isotopes?)

No matter what , half life sensitivity measures the quality
of the experiment



sO It comes as

1
Tyj

. Npp=In2 X NX1Xe



The sensitivity Is given by
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first analysis of sensitivity
formula

a square root dependance Is a disgrace

every factor 10 you want to gain in sensitivity will cost
you a factor 100 in the product of parameters (except

for 7 X € whose product however is limited to 1)
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pDula...

- if you are able to limit Nz to < 1 for the life of your
experiment

e or more realistically you can run a time 7 before
observing your first bckg event then:

you get rid of the first square root






The desired experiment

MXtXngXAE L1



example

M=100 Kg (1 Ton)
t=1y

Q value = 3 MeV
AE =1% (0.1 %)

what you need is 7, = 3.3 X 10~






Three main options

The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

500 1000 1500 2000 2500 30(
Enerav (keV

focus on the numerator _ try to make the
with a huge amount focus on the denominator|  background zero by

of material by squeezing down AE tracking or

(often sacrificing (various technologies) tagging
resolution)

or any suitable combination !



The “Peak-Squeezer”
Approach

A Germanium calorimeter

Enriched coaxial
—— Enriched BEGe
= @ Calibration data

O O Physics data

590 m° >0.17MQmF heat
water tank exchanger
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GERDA results to-date

Ty/2 > 1.8 x 10%° yr at 90% C.L.

Prior to analysis cuts [l After analysis cuts

sensitivity limit
experiment isotope M; NME T{’/”2 mggs T 10/"2 mgag
[kg] (10 yr]  [eV] |[10% yr]  [eV]
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pre-upgrade
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(1073 cts/(keV-kg-yr)]
coaxial 0.6“:8:; 0.71“(1):(5)
BEGe 0.6793 0.40%
inverted-coaxial - < 2.6 (90%)

you could run 500 Kg of isotope
for 1 year at this bckg bringing
the limit close to 1027 y

(still you would not cover the entire inverted hierarchy even with
the most optimistic NME)



what really counts iIs

ng X AE
Ge Calorimeter ~ 3 KeV

the merit factor for Gerda today is :

|
5.6-10~% X 3KeV ~2 .10~
(kg - KeV - y)

you are background free until 500 K¢ - y



urning to LEGEND@LNGS

Bl x FWHM/e

ekl Nl based on Ng~6 x10-4

= == 0.1 counts/FWHM-t-y

and FWHM~ SkeV

LEGEND-200
LEGEND-1000

MJD/GERDA

1 10
Exposure [ton-years]




The “Brute Force”

Kamland-ZEN [isises

Rock

Stainless steel tank
(18 m diameter)

2

N / Outer balloon

2

U e (13m diameter)

LT gt LS (1000ton)

Inner balloon
(3.08m diameter)

Xe-LS

The inner balloon is filled
with 136Xe dissolved In
liquid scintillator



Result

Y%, >1.07x10% yr at 90% C.

107 10% 10 50 100 150
mlightest (CV) A




another comparison

It Is written in a way that is extremely difficult to know !

 Scintillator has a FWHM ~ 280 KeV

* ngpis derived by 11 event observed in 264 days, 400 KeV window and 3.8 ton of
(scintillator +Xe) . Xe is 380 Kg.

- ngpcouldbe: [(11 -365)/264]/3800/400 ~ 107>

* the merit factor for Kamland-ZEN today is :

|
1-107° X 400KeV ~ 4 - 1075
(kg - KeV - y)

 you are background free until 250 Kg - y

« with 380 Kg already In \/_ regime



Kamland ZEN improved

Reduce ZVZ,B 214Bi Winston cone

) (o hedhdamhan d- G4 2 PR S S - Ay
g‘ Tl = i gt T e s - wvw

Kaml. AND?2 -Zen
>1000kg 136Xe

1. Winston cone
light yield x<1 .8

. 2.High Q.E.20”PMT

Scintillating £ O ' QE~22% — >30%

Balloon . opN\gis7,s  light yield x1.9

O scintillator film «. 3. High light yield LS
&9 @ in the film SO KL LS 8000ph/MeV

NaspoN 2B S Standard 12000ph/MeV
\X e o g < — light yield xI 4

E resolution at 2.6MeV 4% — < 2.5%
(simple calculation < 2%)

2 cogeamer sensitivity ~20meV (2x1027yr) 5 yr
cover inverted hierarchy region

Improve o




The “Peak-Squeezer”
Approach

The evolution of the
bolometer technique: CUPID

Light

Li21%0Mo0O4 y
scintillating x-talsgs

___________
1Ler

NTDheat

Energy
Absorber Release

EXchan.

¥

The simultaneous
.. read-out of HEAT Read H eat and
_,‘\63.' and allows

p £ varticle Li g ht CUORE

A identification detector
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Use CUORE cryostat

A background-free experiment Is possible:
a-background: identification and rejection
B-background: B3 isotope with large Q-value
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HV FILTER AND
FEEDTHROUGH

FRONT END
ELECTRONICS

VACUUM PUMPS

VETO PANELS

HFE7000
>50cm

DOUBLE-WALLED
CRYOSTAT
25 mm ea

L Xe VESSEL
1.37 mm

LEAD SHIELDING
>25¢cm

VETO
PANELS

The chances of LXe
from EXO to nEXO

TPC Vessel

TPC Endcap




The “Peak-Squeezer”
Approach

NEXO project

S00 1000 1500 2000 2%00 30(
Enerav heV'

Charge readout
strips (anode)

Vacuum
insulation

SiPM “staves’
plastering barrel y

- “nEXO pCDR” arXiv:1805.11142 (May 2018) | behind field-
shaping rings

- "Sensitivity and Discovery Potential of
nEXO to OvBp decay* Phys. Rev. C 97 (2018) 065503.

5 Tons enrl_Xe

A Refrigerant/

Shielding
fluid

The “Brute Force”
Approach




potentiality

merit factor ~ 10-4
10000 Kg y !

Bgd. Index [cts/(FWHM -kg -y)]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Liquid Xe Mass [ x10® kg]

going from outside
to inSide — nEXO Sensitivity, 90% C.L.

---NEXO Discovery Potential, 36, 50% Prob.

O EXO-200 Sensitvity, 90% C.L.

3.7x10%
PRL 120 072701 (2018)

8 10
Livetime [y]




The “Final-State
Judgement”
Approach

The NEXT family

1) Demonstration of the HPXe technology with prototypes deplo
natural xenon in the range of 1 kg

2) Characterisation of the backgrounds to the Ov[( signal and measurement
of the 2v@f signal with the NEW detector, deploying 10 kg of enriched xenon
3) Search for Ov33 decays with the NEXT-100 detector, which deploys 100 kg
of enriched xenon

4) Search for OvB decays with the NEXT-1Ton* detector (Xe at 15 bars),
capable to reach 1027 years half life sensitivity (needs R&D on photodetectors)

5) an additional, although very difficult to implement, feature would be
the barium tagging (BaTa)** only possible in a HPXe. If successful it could

open the way toward 1028 sensitivity

*https://arxiv.org/pdf/2005.06467.pdf
**Nature 583 (2020) 7814, 48-54



S0.....1028 ‘pretty difficult’

1029 ?



The problem at 102°is rather the signal
than the background !!!!

Probing Majorana neutrinos in the regime of the normal mass hierarchy

Steven D. Biller
Department of Physics, University of Ozxford, Ozford OX1 SRH, UK
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The only choice that does not call for an impossible cost
for the enrichment points to natle



the small scale concept: SNO+

— R D 0.5% natTe (~4000k
TR e (~4000)

> b . L \ \ 5 years
. Liquid Scintillator #%\ R3.3m fiducial (17%) |mm ovB3 (100 mev)
+ Te-130 b
B (x n)
B U chain
P Tk chain
External
B ‘B VES

Cosmogenic

s

)
<]
/

Counts'Sy/20keV bin

2.7 2.8 29 3
Reconstructed Energy (MeV)

ROI :-0.5~1.5 0 (2.49 ~ 2.65 MeV)
Predict : 12.4 counts/yr (in yr 1)

Unlike in the Xe case, here chemistry is needed! Tellurium
will be dissolved in LS in the form of a Te-butanediol complex

It might be the idea for a future giant project



Te might strikes back

Dissolve a huge quantity of natural Te (few hundred tons)
at the highest concentration allowed by the transmission

5 5 - - The “Brute Force”
of the light in a scintillator Approach

(Juno -20000 tons)
(SuperK -50000tons)

Two backgrounds are serious: 2v/33 and °B from the Sun

The neutrinos from the Sun might be tagged if some
directionality could be implemented (Cherenkov !)



130Te Isotope Mass in tons
8 8 8 8 8§ 8 8 8

(also approx = cost of natural Te in M$)

-
s

In the world where dreams
become reality

loading fraction for natural Te
0% 20% 15% 10%

15 20 25 30 35 40

Detector Fiducial Volume in Kilotons

45

50
FIG. 1: Required mass of "*"Te to achieve a 90%CL sensitiv-

ity to a 2.5meV Majorana mass after 5 years of data, assuming
M =4. Solid curves are for full *B background, whereas long
dashes correspond to a 90% “forward-backward” directional
discrimination of these. Upper curves (green) correspond to

a detected scintillation light level of L=1000 pe/MeV; mid-
dle curves (blue) to L=1500 pe/MeV; and lower curves (red)
to L=2000 pe/MeV. Dotted curves show scintillator loading
levels for natural Te.



Finally, if you buy the
Indication from cosmology

Planck 2018

Lya eBOSS

Lya eBOSS + Planck 2018
Lya + Planck + BAO + lensing

Hints, neutrino bounds, and WDM
constraints from SDSS DR14
Lyman-a and Planck full-survey
data

Nathalie Palanque-Delabrouille,* Christophe Yéche,” Nils
Schéneberg,” Julien Lesgourgues,’ Michael Walther,* Soléne
Chabanier,” Eric Armengaud®
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Planck 2018 ———— Planck 2018

Lya eBOSS o ———  Lyo. eBOSS

Lya eBOSS + Planck 2018 ' Lyo eBOSS + Planck 2018
Lya + Planck + BAO + lensing Lya + Planck + BAO + lensing




This Is the phase space to
explore

Constraints on the mass of Majorana neutrinos from Cosmology

M. Agostini,’»2 G. Benato,? S. Dell’Oro,*> S. Pirro,® and F. Vissani*®

)

i
S
o

exploration inaccessibility

Qe
-

Exploration region is bound by the
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Conclusion

1027 reachable by LEGEND-200, Kamland-ZEN, CUPID, NEXT
W,

* 1028 is a difficult task for LEGEND-1000, NEXO, NEXT+ BaTa(?)

1029 is half a way between a dream and a long and tortuous
way without certainty of success



Additional material



comparison IBM-2 / QRPA

M)
IBM-2§ QRPA!

BCa—>*8Ti
°Ge—7Se
82Se—82Kr
9%67r—9°Mo
1000 0— 190R Y
110pd— 110Cd
116Cd—1168n
124Qn - 124Te
128Te—s 128X e
130Te—s 130X e
136X e—s 136B3

In most cases differences are well below a factor 2



conceptual idea of Barium Tag

Xe > Ba Tl

2
P.» _
a laser that induce
Fluorescence s
649.87 nm the S-P transition

a laser that induces
D state is metastable tha transition D-S

(deshelving)
producing a lot of photons



