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a number of questions

~with us since long ago
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~ Lepton Number Violation
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in the SM, neutrinos (antinet]trinos) are strictl; ;;oduced as left-handed (right-ﬁa;ded) par- b ;

ticles. Since neutrino masses are non-zero, this cannot be exactly true.

the hypothesis of Majorana can be formulated as follows: in the rest frame, neutrinos and
antineutrinos are just the same particle and are distinguished only by the spin.

Majorana neutrinos are the only fermions to be matter and antimatter at the same time. The
difference between neutrinos and antineutrinos is not a Lorentz invariant concept, and L must
be violated at the order m,,/p,.

since in usual conditions neutrinos are ultra-relativistic, so that my, < py, the deviation from
this limit is not observable in most cases.
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Masswe neutrimos reqmred
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%
> 1n case of Dirac v # v and v has L.=-1 (as the p) (E
(

= if you have a massless v (lepton) right handed (helicity
flip) the result would be

> weak interaction i1s V-A




v atrest
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Photo: A. Mahmoud Photo: A. Mahmoud

Takaaki Kajita Arthur B. McDonald
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki Kajita
and Arthur B. McDonald "for the discovery of neutrino oscillations,

which shows that neutrinos have mass”
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This will produce a neutrino at
rest in the lab frame.
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ypothesis (1959) that a Majorana neutrino couls

nduce Neutrino-less DBD via helicity flip




assive (! neutrinos makes

story much more attractive
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- well...let’s see first how a ‘normal’ double beta
“decay (with emission of two neutrinos) happens

~ and how often 1t happens
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Isotopic abundance (%)

| Isotope Qg (MeV)
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Half-life, 10<" years

0.04470 002 + 0.004

+0.09 +0.11
1.84 _5 08 -0.06

0.096 +0.003 +£0.010

0.0235 £ 0.0014 £ 0.0016

0.00711 £ 0.00002 + 0.00054

0.6970 o9 + 0.07

0.028 +0.001 £ 0.003

7200 + 400

0.7 +£0.09 £0.11

2.165 £0.016 £ 0.059

0.00911"0 00055 + 0.00063

20+0.6
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the ‘special” one |

OWlOﬂg should WE Walt p

parameter containing
the physics
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hat he experimentaTgts . — what the nuclear theorists
to measure try to calculate
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JiETon the DO
of the GﬂVelope .
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INg mMmore worrisoni

| 2
M= g4 Mo, = g2 [ MO - g—: M 4+ M)

1/t =

1.269
1

—0.18
Gnucleon * A

> ga-(1-8) §5.(1-6)*

mstance if we have a decrease by 6 = 10

20 % of the axial coupling, lifetime would
increase by a factor of 1/(1 - 8)1 = 1.5 (2.5







what are we looking at ? g

— =

2 2 PR [ 2
mM,:Z m, U, =cos”05(mycos” 0, +me”"sin"0,,) +me

1

Beinlp
Sin 913;.

The observable comes as a combination of the three
heutrino masses, the mixing angles and the Majorana phases

parameters
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m3,; [10™%eV?|

Am,| [10~%eV?] (NH) 2.5 e
lAmgll [10‘3eV2] (IH) 24 (ordering

= 217538

/107" (NH) 4.30+020 ¢
/107" (IH) 5.9619-17 8

/107 (NH)  2.1557007%
13/107% (IH) 2.140+0-052

(NH) 1.4070-22
(IH)
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he name of the game

~

expected
number of

BPOv events

mean number of
background counts
around the Q-value

isotopic

abundance live time

4
mc::;cs:I:V W 1/ 2 BROv half-life

background rate in energy resolution
counts/keV/kgly (detector FWHM)

live time
detector mass
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'.1'umber of events = (Number of moles* Avogadro number*data collection fime)/lifefim_é

£

that for 30Te makes 200 Kg




background rate in energy resolution
counts/keV/kg/y (detector FWHM)

live time

Qgtecsg_,mais‘ . B—

1 Count of background with a detector of 200 kg '

1’0 keV requires 0.001 counts/keV/kg/y <1f you

want to be more impressed is 1 count per t_on)-;lj
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el an extraordmary good energy resolution
Pemember we are lalking of a signal of a few MeV
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| effect of energy resolution

]’llv'Ivl . ]’l""l l' L

1% FWHM - 3.5% FWHM 10% FWHM

counts / bin
e T T T S ]
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~ To get a factor 10 in mgg you have a choice :
100 Ton instead of 1 Ton '
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instead of 5 keV.




S meaning .

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

ey . et

1000 1500 2000 2500 30(
Enarav 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)

r better make the right cocktail of all of the above:
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peak squeeze
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“Peak-Squeezer”
Approach
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MAJORANA GERDA |

cuoricinos (7C8) |
CUORE
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10w much can you squeeze

nergy spectrum, Channel 6 hist6
Entries 47251
Mean 5407
RMS 1.452
eBe 93.91/ 56
3220 + 46.6
5407 £ 0.0
1.248 + 0.008

CUORE x-tals 556.9 + 87.6
just coming 1.503 + 0.082

from SICCAS
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counts / 0.25 keV
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Tracking detector:

drift wire chamber operating

: in Geiger mode (6180 cells)
| Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,O

| Calorimeter:
1940 plastic scintillators

coupled to low radioactivity PMTs

Transverse view

O.
: °® .0

100N foil

2v33

Scintillator
+ PMT

Number of events/0.05 MeV

mmm Sum Energy Spectrum

NEMO-3 219 000 g;’:;“s
1 g
| l()()MO = 389 days

S/B = 40

® Data
= 2p2v
Monte Carlo

Background
subtracted
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do nol forget ‘New Physms
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\ SM + Higgs triplet SUSY

Majorana
neutrino masses
€ - Dirac? important connections to LHC and LFV ...

it ‘... subeV Majorana mass €2 TeV scale p_h_yi;:g
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From the Planck Collaborati

Planck Results XIII (2015)

AT(n) =%, @mYem(n)
arXiv

Ce

[T T T T T T T T T T T T T IT T T Y

80
20

hid o
.20
£0

£00

Trrrrrrrerrrrrrrrrrrrrrrrrr
WU TN W W— - NSNS Seeee o PR R e —————

~

FC
>

F =
-

2

| -

ko

o

~ least on their sum ?




e o S AT e B 3 ¥

SR

r_; Curvature K =0
@ No tensor perturbations, r =0

i
" o Three species of thermal neutrinos, N, = 3.046 with temperature
T. = (4/11)'° T,

@ 2 neutrino species are massless and the third has m; = 0.06eV such that
>, m; = 0.06eV.

o i iy ' I : E 60
@ Helium fraction Y, = 4. /ny is calculated from N.g and wp. > E ||| | “1 *Ih””l R 130
TR AR ——.

31-60

kramﬁm T |
i . 500 1000 1500 2000

| o Amplitude uf curvature perturbations, As ¢
@ Scalar spectral index, ns ' |
@ Baryon density wp = Qph?

@ Cold dark matter density we = QcH?

@ Present value of Hubble parameter Hy = 100hkm/sec/Mpc
L (=1 -(wb'i'wC)/hz)-

5

Info from Planck: Neutrino # and mass

I I
Planck TT+lowP
+lensing
+ext .
Planck TT,TE,EE+lowP
+lensing -
+ext

Planck + Lyman alpha

Prospects for PLANCK + EUCLID

Probability density [eV ]

0.50
my [eV]




should we believe 1t

ime evolution of CMB prediction on neutrino mas

only normal hierarchy allowed here
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experlment in the field. Our sensitivity »
almost linearly with time instead of by square root hke for

exposure of 3700 mol-yr [9].
status
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130Te (Cuoricino « CUORE-0)
"Ge (IGEX + HAM + GERDA-1)

136Xe (KamLAND-Zen + EXO-200)
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Tough future
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Bolometric technique
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Basic Physies: AT= E/C
(Energy release/ Thermal CapéCity> .

.

| Implication: Low C = L()V‘V:‘
thermometer Bonus: @aimosy No limit to AE
<kBT2C> ‘ -

Not for all apps . T C/




- Why a bolometer
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> M is ‘easy’ with a calorimeter
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the Dawn !
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- TeO» : a viable (show)cas

Numerology:

Ty~ 10 mK

L~ 2 nJ/K ~ 1 MeV/0.1 mK

% b

~ G~4pW/mK

Time (ms)

1000 2000 3000

.-"'-:-.
=
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G
=
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Need to be ablé,to;'
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detect temperature jum

of a fraction of uK |
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Neutron Transmutation
Doped (NTD) Germanium

Thermistor

Signal [A.U.]




“"pure Ge Crystal is exposed to the ’rhermal
eutron flux of a nuclear reactor. Some Ge gefs
ransmufed intfo dopants.

?“GE (21%)+n TlGe( — 343 +0.17bh, o = 1.5b)
| e Ga (ty 0 = 11.4day) Acceptor

BGe — TAs {tlr,fg = SBmm] Donor '

CTOGe (TA%) 4 —  TGe (o7 — 0.16 £ 0014, ok — 2.0+ 0.355) U N |FO °
| Qe —  "'Se (t1/9 = 38.8hr) Double Donor

o'plng level s 1017 a’roms/cm3
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8 ‘MILANO l1""l'e NEUTRINOLESS DOUBLE BETA DECAY SEARCH
i WITH THERMAL DETECTORS

- A.Alessandrello, C.Brofferio, D.V.Camin, P.Caspani, O.Cremonesi, E.Fiorini,
AForaboschx. A.Giuliani, A.Nucciotti, M.Pavan, G.Pessina, E.Previtali, L.Zanotti
- Dipartimo di Fisica dell’ Universitd di Milano, 1-20133 Milano, Italy =~

A 330 g TeO3 crystal has collected data for about 10500 h live time semng a new
lower limit of 2.1-1022 y (90% C.L.) for 130Te neutrinoless double beta decay.

-

200 600 1000 00 1800 2200 2600

Energy (keV)

1. 330 g TeO2 detector final spectrum (10510h), low energy portion of the
specunmandﬁﬁoyregonind:eincn.

oy T S S 2 N

pls. note that the scale
quotes counts/hour (!!)

resolution was 17keV

background high ‘

BUT THE WAY
~ WAS OPEN !
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-~ Cuoricino

Mixing cham
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Faraday cage
L

radon box
neutron shield : .

. — - external lead shiels
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| dlgressmn on Roman Lea\

ead P very cood shield from external radloactlwty

half-life DM DE(mev) DP

>1.4x10'7 y| Alpha | 2.186 |2%Hg

however 1t has

1.53x107 y |Epsilon| 0.051 |295T)

g ot a problem 1% 2%pp s stable with 124 neutrons

207pp is stable with 125 neutrons

208py is stable with 126 neutrons

223y Alpha | 3.792

Beta @ 0.064

Vthe half-life of isotope 210 is 22 years

‘T‘too long for our patience to let it dlsappears |

-too short f()r not harmmg e




G. dl Onistano 5

’ -
y

a collaborative
effort by
INKN and

\ : <
\Cultural Heritage

Ministry




w

1

Ir'd

—
r—4

) -

[ S -

T

’

11O

ric

19.75 kg-y BUTe

uo

L *

_________________________|I|.+

@ 45




oricino. where ?

The Shield
orno Grande 2916 m

A National Park prdviding greal
~opportunity for walking, trekking, LNGS
1mblng, cross and backcountry skiing 3500 m.w.e
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e have two enemies the

%

Gamma background gpectrum
collected underg ound
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2200 2600

Energy [keV]
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The last child ()f the
evolutlon CUORE

10000.00 * : | \. o
, this kind of
1000.00 : : :
i | IS Moore’s law
100.00 -- , | o
| % Cuoricino for bolometers‘

10.00

'DBD#;

1s not Very prems
4 detector array but lt glVe S th e,_\_;

0.10 7 :
ﬂ‘m g - ime scale

0.01
1985 1990 1995 2000 2005 2010 2015 ()f the genera‘[lo

1.00

Year

| evolu
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988 TeOy Crystals

Active Mass 204 Kg

19 Towers of 52 crystals
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741 Kg of Te O
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- Scaling Cuoricino to

CUORE

m x 20
tx O
B/ 20
AE = AE/ T

SCUORE \/3600 SCUOI’ICIHO- ~ 60 SCUOI‘ICIDO . -
T1/2 (CUORE) ~ 1.2 x 1026

One step 1s non trivial. Getung to 0.01 e/Kg/y/Ke
(CUORE is 1 Ton. It means 10 c/y/KeV




o

Size similar to
CUORICINO:

* 52x750g crystals

* 13 floor of
4 crystals each

Roman lead
< 4 mBa/Kg

Active mass:

Modern Lead
(150+£20) Ba/Kg

(16+4) Ba/Xg

« 130Te: ~11 kg
(5-102° nuclei)

Same cryostat as CUORICINO:
" background j232Th) not expected to change = _test the a background

S S —— ——e ——




—a-dominated

210pg

2087 \ 8% CUORE.0

o
\
i
\ ' ,\1 r:
CUORE-0 w
Preliminary

Event Rate [counts/keVikg/y|

1000 2000 LY 000
Energy [keV]

. n 2381 v lines reduced by ~2
Avg. flat bkg. [c/(keV - kg -yr)] (better radon control)
Ovpp region |2700-3900 keV

232Th v lines not reduced

e O | 0.169.£0.006 [ 0.110£0.001 [ (originate from the cryostat)
€ =83%

CUORE-0 238/232Th « lines reduced

e=81% ¢0'058 20 =20 (detector surface treatmentu

L

'--now Wlth a MC extrapolatlon to CUORE




A A g

.

e e N O i o o
L s e A R o i
B T ‘ ‘ @ -0 @ () D

Tt A e
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¥YNDF = 43.9/46 OvBP Q-value

[2keV]
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o

o
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Event Rate [c/keV/kg/y]

II|III|III|III|III|I

e
[

“TTEvents

‘Cuoricino lim
in half time

i

ettt ]
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Lucifer is a Latin word R > - Y /@ O ) 5 . -
(from the words lucem gl a ZIAN SR AN T AR U Bl‘lﬂglﬂg A4
ferre), literally meaning . _ NS PN A nlONRR Y : : »
"light-bearer", which in that [Rer . s S WAV AG FIO AN ToR AN/ llght

language is used as a name §
for the dawn appearance of
the planet Venus, heralding
daylight. |
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1.7+02

Fig. 4 FWHM energy resolution as a function of the energy
(Zn®2Se-1) for the most intense y peaks produced by #25Th
and 4°K sources. The point at zero energy is the baseline
energy resolution reported in Table |1 The black line is the
fit function: FWHM?(E) = FWHM?___,. +aE?. The green
dotted lines indicate the ®*Se Q-value.
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ﬁBfE—i.yn?iﬁvity and exposure necessary to discriminate between NH and TH: the goal is mss = 8 meV. "The two cases
refer to the unquenched value of g4 = g,ucicon (Mega) and ga = gppnen. (ultimate). The calculations are performed assuming
zero background experiments with 100% detection efficiency and no fiducial volume cuts. The last column shows the maximum

value of the product B - A in order to actually comply with the zero background condition.

—

Experiment Isotope 0% [yr] Exposure (estimate)

: M T [ton-yr] B+ A (ser0 vig) [counts kg ' yr ']
mega Ge 3.0 10%*® 5.5 1.8-10 1
mega Te 8.1-10%7 2.5 4.0-10*
mega Xe 1.2-10% 3.8 2.7-10°*

| ultimate Ge 6.9 10% 125 8.0-10°°

ultimate Te 2.7-10% 84 1.2-10°°
 ultimate Xe 4.0-10% 130 7.7-10°°
 —— —

| )
Lv—. g




'1f you Want tol know all

pls read:
arXiv:1601.07512

Neutrinoless double beta decay: 2015 review

Stefano Dell’Oro,'** Simone Marcocci,'*’ Matteo Viel,>* * and Francesco Vissani®!

YINFN, Gran Sasso Science Institute, Viale F. Crispi 7, 67100 L’Aquila, Italy
*INAF, Osservatorio Astronomico di Trieste, Via G. B. Tiepolo 11, 34131 Trieste, Italy
*INFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy
YINFN, Laboratori Nazionali del Gran Sasso, Via G. Acitelli 22, 67100 Assergi (AQ), Italy
(Dated Apnl 20, 2016)



http://arxiv.org/abs/arXiv:1601.07512
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Conclusions

 2>, Neutrino Physics is one of the leading field in HEP today .

2 Dirac or Majorana nature of neutrino mass 1s a fundamental
’question that needs to be answered at (almost) all cost(s)

o Neutrmo less DBD might possibly be the sole Chance to glve,;
~ measure of neutrino mass | :

> The second generaltion experiments will not be enough to wir

i> We have to prepare for third generatlon Toward O
background | |
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Stefano Dell’Oro,'** Simone Marcocci,’*’ Matteo Viel,>* * and Francesco Vissani®''?

"INFN, Gran Sasso Science Institute, Viale F. Crispi 7, 67100 L’Aquila, Italy
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Isotope Techinique Total mass Exposure FWHM @ Qss Background S% (90% c.1.)
[ke] gyl [keV] [counts/keV/kg/yr] [10 y1

e ——
— —_—

xperiment

— e —

Future

CUORE, [187]
GERDA-II, [172]

"*Te  bolometers 741 (TeO,) 1030 5 0.01
Ge diodes  37.8 (“"*Ge) 100 3 0.001
LUCIFER, [188] bolometers 17 (Zn®2Se) 18 10 0.001
MAJORANA D., [189) Ge diodes  44.8 (en/natGe) 1002 4 0.003
NEXT, [190, 191] Xe TPC 100 (“"*Xe) 300 123-172 5.10°*

AMOoRE, [192] bolometers 200 (Ca°"*MoO,) 295 1-10°*
nEXO, [193] LXe TPC 4780 (*""Xe) 12150° 1.7-10°%P
PandaX-III, [194] Xe TPC 1000 (“**Xe) 3000°¢ 0.001
SNO+, [195] loaded liquid 2340 (®#Te) 3980 2.1074

scintillator

tracker + 100 (52Se) 500 0.01 10 4B

‘GuperNEMO, [196, 197]

Lower bound for mgss [eV]
[1025 yr ] Gnucleon Gquark Gphen.

Sou(go% C.L.)

Experiment Isotope

CUORE, [187]

| |NEXT, [191]

| AMoRE, [192]
~ | [nEXO, [193]

PandaX-II1I, [194]

SNO+, [195]

GERDA-II, [172]
' LUCIFER, [188]
~ MAJORANA D., [189]

130Te 9.5
Ge 15
82Ge 1.8
6Ge 12
136X e 5

100Mo 5
136X e 66
136y o 11
1307, 9

0.073 = 0.008
0.11 +=0.01
0.20 = 0.02
0.13+0.01
0.12 +=0.01

0.084 = 0.008
0.034 = 0.004
0.082 = 0.009
0.076 = 0.007

0.14+0.01
0.18 +=0.02
0.32 +0.03
0.20 +0.02
0.20 +0.02

0.144+0.01
0.054 £+ 0.006
0.13+0.01
0.124+0.01

0.44 +0.04
0.54 +0.05 |
0.97 +0.09
0.61 £ 0.06
0.71+0.08

0.44 +0.04
0.20 = 0.02
0.48 +0.05
0.44 +0.04

‘iSuperNEMO, [196] 52Ge 10 0.084 =+ 0.008 0.14 +0.01 0414004




" The issue of the quenching/renormalization of g4 should not be considered as a theory. How-

| ever, if there 1s a physical cause for this effect, this is likely to depend upon the momentum Q,
- since at very high Q nucleons can be treated as free particles and free nucleons do not suffer any
quenching. And maybe there is only a loose connection between the two processes of double elec-
:. tron emission when two or no neutrinos are emitted: In fact, the transferred momentum 1s quite
- different. When Q i1s larger, as in the case of no neutrino emission in which we are interested, g4
. could be closer to the free nucleon value (~ 1.269), or to that of quark matter (= 1) [[1—9_, ﬁ)].

. .




