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How to solve ?

n |)|'in('i|)lo it 1S casy

vou take a neutrino beam. It does interact with a
target and makes muons. If some of the neutrinos
flip helicity in the final state you observe
antineutrinos

%

Wait, there 1s a problem !!!!



Vlassive neutrimos I'(‘(|llil‘(‘(|

in case of Dirac v# v and v has L.=-1 (as the w

il'.\nu have a massless v |(~|)lnn |'ig||l handed |n~|i<'il.\

l|i|) the result would be

weak mteraction i1s V-A



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”




CM Frame

Ey+E,5E,

"‘02 D2 4 m“2+P2=m'

2m,

This will produce a neutrino at
rest in the lab frame.
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Qs (MeV)  Isotopic abundance (%)

4271 0.0035
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2.99 9.2
) 2.8
3.034 9.6

2.802 7.5
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2.533 34.5
2.479 .
3.367 5.6
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parameter containing
the physics

e aammem—— SR
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= G(Q,2) |M

nucl

what the nuclear theorists
try to calculate
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Onucleon

9quark

Gphen. = Gnucleon *
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3B=Z m, Uf,,‘=c082913(mlcos’912+mqe’i“sinzou)+mge“sin’0

mﬁB=f ( Uek ’ mlightest’ o Mgsps A matm)




3o knowledge
0.270 — 0.344

31.29 — 35.91 ~14%

0.385 — 0.644
38.3 — 53.3 ~33%

0.0188 — 0.0251
7.87 = 9.11 ~15%

0 — 360 ~no info

7.02 — 8.09 ~14%

+2.325 = +2.599
—2.590 — —2.307







uasi
degenerate

Normal
hierarchy




detector isotopic
mass \ abundance

- In(2) -

expected

number of M’NA A
g - -4 =
molocula/W

BPOv events

background rate in energy resolution
coumlkewksly (detecuor FWHM)
mean number of

veeniens B=b-M- AE -t

| mass live time
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Judgement”
Approach

focus on the numerator , to make the
with a huae amount focus on the denominator| background zero by

of material by squeezing down AE tracking or
(often saaﬂ;chg (various technologies) tagging
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electron sum energy K/ Q,

T ~ 10%%y S/B=1
' — FWHM ~
100y QM 2 0= ABFWIN/Q = 2.5%




The “Peak-Squeezer
Approach

MAJORANA GERDA

uoricinoy (°C8) ("*Ge)
UORE

("*%Te)

1000 1500 2000
Enerav eV

nergy specirum, annel ¢




5407
e 1.452
210Po . 93.91756

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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The “Final-State
Judgement”
Approach

EXO/nEXO

TIIITRIN1I1I)

SuperNEMO
various/®2Se

Sum Energy Spectrum
219 000 events

NEMO-3 T N




Backgroun
subtracted

Number of events/0.

ransverse view ' s 2 25 3

Q‘.-" E, +E, (keV)

100Mo foil

drift wire chamber operating

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,0

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs

288 £,

Scintillator
+ PMT




SM + Higgs triplet

Majorana

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

yidajdl ! i - 21€ D1




To = 27255K

AT(n) =3, @mYem(n)
Ce = (|am|?),

D, = ££+1)C./(27)

From the Planck Collaboration
Planck Results Xl (2015)
arXiv:1502.01589

° muolhmumwlnog N,y = 3.046 with temperature




v=(4/11) o

@ 2 neutrino species are massiess and the third has my = 0.06eV such that
3o, m = 0.06eV.

o Helium fraction Y, = 4y, /ny is calculated from Ny and wp.

o Amplitude uf curvature perturbations, A,
o Scalar spectral index, ny

e Baryon density wp = Quh°

o Cold dark matter density we = QI

o Present value of Hubble parameter Hy = 100hkm/se
(U =1 — (wp +wc)/ ).
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cosmology

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

'INFN, Gran Sasso Science Institute, Viale F. Crispi 7, 67100 L’'Aquila, Italy
2INAF, Osservatorio Astronomico di Trieste, Via G.B. Tiepolo 11, 34131 Trieste, Italy
YINFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy
*INFN, Laboratori Nazionali del Gran Sasso, Via G. Acitelli 22, 67100 Assergi (AQ), Italy
(Dated: December 15, 2015)
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Past

Cuoricino, [177]

CUORE-0, [178) 130Te
Heidelberg-Moscow, [179] "®Ge
IGEX, [180, 181) "Ge
GERDA-L, [165, 1582] Ge
NEMO-3, [183) %Mo

Present

EX0-200, [184] 1%Xe
KamLAND-Zen, [185, 186] '%Xe

bolometers
Ge diodes
Ge diodes
Ge diodes

tracker +
calorimeter

LXe TPC

40.7 (TeO,)
39 (TeO,)
11 (**Ge)
8.1 (***Ge)
17.7 (***Ge)
6.9 (""Mo)

175 (**Xe)

loaded liquid 348 (**"Xe)

Exposure FWHM @ Q35 Background
[kgyr]  [keV]

58x21
5.1+03
423+0.14
~ 4
3.2+0.2
350

y (90% C. L.
fcounts/keV/kg/yr] [10° yr]

0.153 £ 0.006
0.058 £ 0.006
0.06 +0.01
<0.06

~ 0.01

0.013

(1.74£0.2)-10"?
~ 0.01
















Prehistory and future of thermal




Low-temperature calorimetry for rare decays
E. Fiorini

Dipartimento di Fisica dell'Universita and INFN, Milano, Italy

T.O. Niinikoski




"v_,‘_‘ el

O
E
o
£
<

1000







MGe (21%) +n
7lGe

“Ge (36%) +n  —
7506 .

CGe (T4%) +n —

TGe —

NGe (o =3.43+0.17b, og = 1.5b)
TGa (1, 2 = 11.4day) Acceptor

e (o =0.51 £0.08b, og = 1.0 4+ 0.2b)
P As (ty o = 83min) Donor

TGe (o = 0.16 = 0.014b, op = 2.0 + 0.35)
TSe (t19 = 38.8hr) Double Donor

A-Alessandrello, C.Brofferio, D.V.Camin, P.Caspani, O.Cremonesi, E.Fiorini,




Energy (xaV)

330 g TeO2 detector final spectrum (10510h portion
), low energy t
pectrum and PPy region in the insert. of
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& ﬁm 208py is stable with 124 neutrons
1}.__
”’Pbbatabbwlm 125 neutrons

T
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nts/ (1 keV)]
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Cuoricino final result

50

s 19.75 kg-y PTe
40—
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68% CL
90% CL
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C Cuoricino

in Cuoricino, a pure
experiment
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19 Towers of 52 ('l"\'sl.:tls
each

741 Kg of Te O,

Active Mass 204 Kg

Pulse Tube Cooler

Scaling Cuoricino to

CUORE

M = mx 20
T = 1tx 6

T ™ T o Y% &Y




Size similar to
CUORICINO:

» 52x750g crystals




* 13 floor of
4 crystals each

Active mass:
* TeO2: 39 kg

« 130Te: ~11 kg
(5-1025 nuclei)

Same cryostat as CUORICINO:

-~ V. ~ ~ ~ ~ -~
Dackgrounc 'N) NOt expected to change = l&




— 238 vy lines reduced by ~2
g. [c/(keV -kg-yr)] (better radon control)

Ovfp region |2700-3900 keV
232Th v lines not reduced

0.169 +0.006 | 0.110 = 0.001 (originate from the cryostat)
0.058 = 0.04 lines reduced

0.016 £0.001

TOV4p >2.7-1024 yr




Combine CUORE-0 and CUORICINO limit
0vip >4.0-1024 yr @ 90%CL
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Gamma background spectrum
collected underground
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44 days background

2615 keV 208T] y







ZnSe scintillating bolometers for Double Beta Decay A gr b .
_ Astropart.Phys. 34 (2011) 344-353 R PR
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Sensors attached to crystal ZnSe assembled in copper frames Assembly of light detector
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.......................................................................................

L 1 L L L

s 55 6 6.5 7 75
Energy [keV]

002 0025 003 0035 0.
Sensor Mass

Future
CUORE, [1587) **Te bolometers 741 (TeO,) 1030 5 0.01 9.5

GERDA-II, [172) ™Ge Gediodes 37.8 (*~Ge) 100 3 0.001 15
LUCIFER, [1585] *3Se  bolometers 17 (Zn*?Se) 18 10 0.001 1.8
MAJORANA D, [189) ™Ge Gediodes 44.8 (*/*=Ge) 100" 4 0.003 12
NEXT, [190, 191) 1%Xe XeTPC 100 (**Xe) 300 123-172 5-10* 5

AMOoRE, [192) ‘Mo bolometers 200 (Ca*™*MoO,) 295 9 1-107* 5

nEXO, [193) 13%Xe LXeTPC 4780 (***Xe) 12150 58 1.7-107%® 66

PandaX-III, [194] *Xe XeTPC 1000 (**"Xe) 3000 12-76 0.001 1

SNO+, [195] 13%Te loaded liquid 2340 (***Te) 3980 270 2-10* ]
scintillator

SunerNEMO.[196. 1971 %2Qa tracker + 100 (52Se) 500 120 0.01 10




0.073 £ 0.008 0.14 £0.01
0.11 £0.01 0.18 £ 0.02
0.20 +£0.02 0.32 £0.03
0.13 £0.01 0.20 £ 0.02
0.12£0.01 0.20 £0.02

0.084 + 0.008 0.14 +0.01
0.034 + 0.004 0.054 + 0.006
PandaX-II1, [194) 0.082 = 0.009 0.13 +0.01
SNO+, [195] 0.076 + 0.007 0.12 +0.01
SuperNEMO, [196] 0.084 = 0.008 0.14 £ 0.01

TABLF Sensitivity anc » ecessary to ween N'H . the

NET : A Ml EXDOSUITE NOCes ) O Adisceriminate be N “ e g0 S 7 . 5 me ' e D CASE
fer to the unquenched value of g4 = g..c1c0n (Mega) and ga = gypen. (ultimate). calculations are performed assuming

zero background experiments with 100% detection efficiency and no fiducial volume cuts. The last column shows the maximum

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

Experiment Isotope 335@'] __ Exposure (estimate)
M -T [ton-yr B+ A (sero vig) [counts kg ' yr !
y 4




Neutrinoless double beta decay: 2015 review

Stefano Dell’Oro,'' * Simone Marcocci,''! Matteo Viel,>* * and Francesco Vissani® ! %
LINFN, Gran Sasso Science Institute, Viale F. Crispi 7, 67100 L’Aquila, Italy




2INAF, Osservatorio Astronomico di Trieste, Via G. B. Tiepolo 11, 34131 Trieste, Italy
3INFN, Sezione di Trieste, Via Valerio 2, 84127 Trieste, Italy
“INFN, Laboratori Nazionali del Gran Sasso, Via G. Acitelli 22, 67100 Assergi (AQ), Italy
(Dated: January 28, 2016)

The discovery of neutrino masses through the observation of oscillations boosted the importance
of neutrinoless double beta decay (Ov38). In this paper, we review the main features of this process,
underlining its key role both from the experimental and theoretical point of view. In particular, we
contextualize the O3 in the panorama of lepton-number violating processes, also assessing some
possible particle physics mechanisms mediating the process. Since the Ov35 existence is correlated
with neutrino masses, we also review the state-of-art of the theoretical understanding of neutrino
masses. In the final part, the status of current Ov 33 experiments is presented and the prospects for
the future hunt for Ov38 are discussed. Also, experimental data coming from cosmological surveys
are considered and their impact on Ov33 expectations is examined.







