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~a number of questions

with us since long ago
. = How much does a neutrino weigh ?
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~ © What is the mass ordering (hierarchy)
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- Majorana vs.

Lorentz

Majorana




e

in the SM, neutrinos (antineutrinos) are strictly produced as left-handed (right-handed) par-
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

e
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.




How to solve "
H - in principle it is easy
> you take a neutrino beam. It does interact with 2
| target and makes negative muons. If some of the

neutrinos flip helicity in the final state you
observe antineutrinos produced positive muons
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Wi,

Vi e = N

there 1s a problem !l
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> in case of Dirac v # v and v has L.=-1 (as the u’)
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> 1f you have a massless v (lepton) right handed (helicity
flip) the result would be
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neulrmos are massive

Photo: A. Mahmoud Photo: A. Mahmoud

akaaki 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"




“10n Decay to make the

\

- story short:
.\ P g

(m;;,0

Lab Frame

_EU E. =
= n= VMg

v

my? —m,?

This will produce a neutrino at
rest in the lab frame.
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! Masswe (”) neutrinos makes |
} the story much more attractive

~ Now hehclty flip can happen i both Dlrac and
ajorana cases. However Dirac forbids the

s

: ,;bsorptlon of an anti-neutrino right that was emltt

onservatlon







. Just at first glance...

| > it looks unlikely to happen frequently

2 two neutrons that beta-decay at the ‘same’ time in
the ‘Same’ place (Heisenberg concept of S ame’)

well.. let’s see first how a ‘normal’ double beta
~decay (with emission of two neutrinos) happens
~and how often it happens "
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few nuclel can

Isotope  Qgs (MeV) Isotopic abundance (%)




*

0.044"9.0%% + 0.004

+0.09 +0.11
1.84 508 —0.06

0.096 £ 0.003 £ 0.010

0.0235 £ 0.0014 £ 0.0016

0.00711 £+ 0.00002 + 0.00054

0.6970 39 0.07

0.028 +0.001 + 0.003

7200 + 400

0.7 £0.09 £0.11

2.165 £0.016 £ 0.059

0.00911 "9 00022 +0.00063

1020 10




T,

parameter containing
the physics

Q,Z) M

what the nuclear theorists
try to calculate
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~Just on the back
~of the envelope
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ere what we know
best fit + 1
7.56+0.19

Amgl' [107%eV?] (NH) 2.55+0.04 unknown
|Am2,| [107%V?] (IH)  2.49+0.04 .

in® 6,,/10~" - Ly

sin? 023/107 (NH) 4307532 ¢
in® 623/10~" (IH) 5962515 °

in? 6,3/10~% (NH) 2.15520.075
in® 0,3/107* (IH) . 40° 0 o

1. 40'?'0 31




possibilities:

*2 (m,)?
(Am )sol
s (ml)2 (ms)z*

normal hierarchy inverted hierarchy




Quasi-
degenerate

Inverted
hierarchy

Normal
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al of exploring

The

question is |

“which, if
any, part o
this phase
spacé can
be attained
bya
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detector isotopic
mass \ abundance

MNAa

live time
efficiency

- In(2) - 70w z

1/2 7™ ppov half-life

expected
number of

BBOv events S —

molecula/ W

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

back d ts
around the Q-value = b M AE - t
d r mass live time
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;Aiumber of events = (Number of moles* Avogadro number*data collection time)/ liFe’rim“‘:?'j:iE

£'<

Na= 6* 1023

=y=11026 -~ 1600 moles

that for Te makes 200 Kg _?-




dackground rate in energy resolution
ounts/keV/kg/y (detector FWHM)

—bMAE t

live time

:' 1 count of background with a detector of 200 k |
‘(good)* mass and and an energy resolution of

0 keV requires 0.001 Counts/keV/kg/y (if you

;;,want to be more impressed is 1 count per ton p
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- Sensitivily 1s S/AB

N




increase abundance of the right 1sotope (linear)
,incr’ease M a lot (square root)

decrease B (1deally get to mythical zero background
:'5”nd get rid of the square root) -

_li‘et an extraordmary good energy resolution
remember we are talking of a signal of a few MeV

but stlll gammg only by a square root)
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1.00 1.02 1.04 1.06 (994 0.96 0.98 15%) 1.02 1.04 1.06 94 096 098 1E%) 1.02 1.04 1.06

50 events

1 count’keV




“brutal consideration

E -To get a factor 10 in mgg you have a choice

2 -

100 Ton instead of 1 Ton
500y 1nstead of 5y
50 eV 1instead of 5 keV




focus on the numerator
with a huge amount

of material
(often sacrificing
resolution)

500 000 1500 200 2500 300
Enarav keV"

focus on the denominator

by squeezing down AE
(various technologies)

The “Final-State
Judgement”
Approach

try to make the
background zero by
tracking or

tagging

r better make the rlght cocktall of all of the ab:




s on the numerator
ith a huge amount

of material
(often sacrificing
resolution)
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aveal on energy resolutio

Ay, = A, 100
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ease note &6

counts [a.u.

14 0.9
elactron sum energy Kﬁqu

10%y S/B =1
1020y Q ~ 3MeV —7 0=AE™WIM/Q =25%




Approach

MAJORANA GERDA

76
uoricinoy (°Ce) ("®Ge)
UORE

(*Te)

1000 1500 2000 2500 30¢
Enarav (keV
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ow much

b

counts / 0.25 keV.

o

S

A

Vrj-rEnvergy spectrum, Channel 6 _ |

o

can you

Rist6

210Pg

CUORE x-tals
Just coming
from SICCAS
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47251

5407

1.452
93.91/56
3220 + 46.6
5407 £ 0.0
1.248 £ 0.008
556.9 + 87.6
1.503 + 0.082

Entries
Mean
RMS

= L 1 1 1 I L
5412 5414

energy (keV)

A

squeeze

.
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~ the state of the art: tracking

The “Final-State
Judgement”
Approach

AT YT I 2
MY LAY AV

NEXT
NEMO/
SuperNEMO

various/#?Se




‘ Tracking detector:
drift wire chamber operating

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,O0

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs

Transverse view

1Mo foil

2vBp

Scintillator
+ PMT

Number of evenis/0.05 MeV

man Sum Energy Spectrum

NEMO-3 219 000 events
6914 g

389 days

S/B=40

® Data

— 2p2v
Monte Carlo
Background
subtracted

2 “2.5 3 _
E, +E, (keV) £&
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bak to physc
do not forget ‘New Physies’

viajorana v-masses or o

up e
dp -

- >

€

dl g

Majorana \ SM + Higgs triplet

neufrino masses
€= Dirac? important connections to LHC and LFV ...




‘what do we know about neutrino mass or at

least on their sum ?

To = 2.7255K

AT(n) =3, amYem(n)
Ce = (|aem|?),

D, = £(£+1)C,/(27)

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




@ No tensor perturbations, r =0

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

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

@ Helium fraction Y, = 4m. /ny, is calculated from N.g and wp.

rameters AT P ||
@ Amplitude uf curvature perturbations, As ¢

@ Scalar spectral index, ns
o Baryon density w, = Qph®
@ Cold dark matter density w; = Q:h?

@ Present value of Hubble parameter Hy = 100hkm/sec/Mpc
(Q =1 — (wp + we)/HP).

Info from Planck: Neutrino # and mass

I Ll
Planck TT+lowP
+lensing
+ext |
+ Planck TT,TE,EE+lowP
© +lensing -
© text

Planck + Lyman alpha

Prospects for PLANCK + EUCLID

Probability density [eV ]




" should we believe it ?

s '

only normal hierarchy allowed here

solidity t(')-:

results




BI = 1.079¢ - 1073 cts/(keV kg yr |

23.5 kgyr
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- Phase Il - enriched coaxial
status

counts / ( keV-kgyr )

F T uﬂl‘ llllm‘ T

E T -'_'_'_: 7 i T | } 0 '\\ - J 5 rdy
E Phase Il - enriched BEGe 18.2 kgyr Baa /N FEglegtronics

under test |
N A . — , 72 / v ¥ water tank - rd

2000 2050 2100

F

counts / ( keVkgyr )

GERDA bldg -rdy LAr fill : Oct/Nov 09
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ugh future
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T,, 30 DL [years]
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[ 10 " range

+—— Background free
E- -=-0.1 coums/ROI-t-!.
*=c= 1.0 count/ROI-t-y *
‘e 10 counts/ROI-t-y!
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ery 'Low Temperature Calerlmete
- A'lrue Calorimeter
'heat sink <T0) Basic Physics: AT= E/ C

(Energy release/ Thermal eapaelty) _

(kpT2C)

Not for all apps T — C/G
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ergy absorber and resolution

2K

Particles can interact with the absorber by
scattering on nuclei or electrons —> athermal
phonons.

New phenomena of phonon energy
degradation can occur —>thermal phonons

The thermodynamic equilibrium between the Intrinsic energy resolution

absorber and the heat bath is hold by thermodynamic energy fluctuation in the absorbe
a continuum exchange of phonons through the

conductance G. (AU?) = (kgT)*> - N =kp-T?- C(




3 A

i> M, t, B, AE are the parameters of the game

¢

> Lis irrelevant

5 M is ‘easy’ with a calorimeter
AE is a deﬁnite bonus




\

Prehistory and future of thermal
detectors

T.O. Niinikoski

THERMISTOR

/WM WIRES

[T
T
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e e A S A b 2

iy
=
I
%
=
5
=
<

 Time (ms)

2000 3000

Numerongy. ~ Need to be able to
: Ty~ 10 mK detect temperature jump

~ 2 nJ/K ~1 MeV/0.1 mK ofa fraction of pk (p

- G~4pW/mK - mil resolution on Me)

signals)
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Neutron Transmutation
Doped (NTD) Germanium

Thermistor o] Signal AV

Optimum point

L.oad curve




éu’rron ﬂux of a nuclear reactor. Some Ge ge’rsli
ransmu’red into dopants. |

?“Ce (21%) +n — " Ge(or =3.434+0.17b, op = 1.5b)
e — T@Ga (ty 0 = 11.4day) Acceptor

e, (36%) +n — e [:.::'T = 0.51 £ 0.08b, op = 1.0 % ng) \ Hig l
BEE A (ty /0 = 83min) Donor |

t CGe (T4%)+n — TGe (op =0.16 £0.014b, o = 2.0 + 0.35b) Uﬂ'FO
TGe — "8e (172 = 38.8hr) Double Donor

uence |s 2 5 x 1018 ”/CZ




WITH THERMAL DETECTORS
'| 1 AAlessandrello, C.Brofferio, D.V.Camin, P.Caspani, O.Cremonesi, E.Fiorini,

| AForaboschi, A.Giuliani, A.Nucciotti, M.Pavan, G.Pessina, E.Previtali,

A 330 g TeO3 crystal has collected data for about 10500 h live time setting a new
lower limit of 2.11022 y (90% C.L.) for 130Te neutrinoless double beta decay

pls. note that the scale
quotes counts/hour (1)

<)
3

[ A P B e B A R RYEe e e W

resolution was 17keV

Count s/keV/hour

background high |

BUT THE WAY




et e

limit from that single crystal was 2.1 1022y

next step, 4 crystals, 1.3 kg
' aﬁd then Mi-Beta, 20 crystals, 6.8 kg (natural

tellurium, meaning 2.3 Ve

6t a limit of 9.5 1022y Mww m

“00 800

ready for a tougher game

N Se—




-~ Cuoricino

Mixing chamber

Faraday cage

radon hox
neutron shield

Roman

l.ead

"} external lead shield

CUORICING ower
Rpman lead shield

He liquefier




dlgressmn on Roman Lea ol

,f'ead P very good shield from external radloactlwty

half-life DM DE(Mev) DP

>1 4x10'7y Alpha | 2.186 |2®Hg

however 1t has

1.53x107 y |Epsilon| 0.051 | 20571 ||

gOt a pI‘Oblem 24.1% 2"‘SPblsstablewuth124r\eutrons

207pp is stable with 125 neutrons




Elégant solution

although with a strong component of |

a collaborative
effort by
INFN and |
\Cultural Heritag |
Ministry
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9.75 kg-y BUTe
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~ Cuoricino,

it Cuoricino

A National Park prdviding great
opportunity for walking, trekking,
limbing, cross and backcountry skiing 3500 m.w.e




it is time to deal with THES enemy:
What 1s the background P

UblU In Cuorlcmo, a pure bolometric

experiment
A f!

i j ] r -
S

e b

Alpha region, dominared by o peaks
{-inter - [] 1= "Ai.m"iig - lL';_.!

! II|I|T|| LTIREE 11

AN

80Co ,2615 keV
sum / 208T] | ~0.1-0.2c/lgeVkgy

energy

g ovDB |1
N WM . MHNIWW WI’IMNWI'NN |i\| HM"WIIM'\'HI \I IWWHH\I'

ZEDD 2600 2800 2900 3100 BIIII
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ans ____,M-—v..._,

The last Chlld of the
evolution: CUORE

10000.00

‘I this kind G
1000.00 e P .

10.00

iDBDZ};

5 | Bl | ‘ Moore’s law
100.00 B i
| Cuoricino for bolometers

1.00 2
' 4 detector array

% the
0.10 — » Sl e
E%g F time scale
0.01 -

1985 1990 1995 2000 2005 2010 2015 ()f the generat.

~evolution
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988 TeOy Crystals

19 Towers of 52 crystals

each
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741 Kg of 'TeO2

Active Mass 204 Kg




Scalmg CUOI'ICHI() to

CUORE

M = mx20
T =7 s
b =B/ 28
AE = AEf IS

| SCUORE = \/3600 SCuoricino ~ 60 SCuoricino
T1/2 (CUORE) ~ 1.2 x 1026

_.One step is non trivial. Getting to 0.01 c/Kg/y/Ke '
(CUORE is 1 T()n It means l() c/y/KeV) -




Size similar to
CUORICINO:

» 52x750g crystals

* 13 floor of
4 crystals each

Active mass:

* TeO2: 39 kg

« 130Te: ~11 kg
(5-1025 nuclei)

Roman lead
< 4 mBa/Kg

Modern Lead
- (150+20) Bo/Kg

Modern Lead

_(16%4) Ba/Kg




CUORE-0
Preliminary

:
;
:
3
g
.

238 i ~
Avg. flat bkg. [c/(keV - kg - yr)] > U vy lines reduced by ~2

(better radon control)
Ovpp region |2700-3900 keV _
232Th v lines not reduced

CUOFgg'/NO 0.169 +0.006 | 0.110 +0.001 (originate from the cryostat)

€= %
238 H

CUORE-D | (058+0.04 [ 0.016+0.001 U= Tha "es ’e“ce

-




BTW...on the fly

9.8 kg-y 130Te

00 A ol O= M wa

I—
e
[
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Event Rate [c/keV/kg/y]

YJYNDEF = 43.9/46

e
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note the sam
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first res

Residual (o)

02 103
T T YTYTTI T T T TTTTY]'

" B (1024003503

-

Counts / (2.5 keV)

A 1 A A 1 A A 1 "
2500 2520 2540 >
Reconstructed Energy (keV)

L

_(JIeF()'R.E-() + CUORICINO

876 935
37.6 48.7
ffective resolution (keV) 8.3+0.4 74+0.7 Ll
ackground (1072 ¢/(keV-kg-yr)) 1.4940.18 1.35+0.19 : !

Live time [yr]

Fig. 3: 30 discovery sensitivity with a BI of 1.02 - 1072
cts/(keV-kg-yr) and an FWHM of 5 keV.




~ what is measured is part of the o energy

(if it were an internal emission...no proble
hat mduces a ﬂat background g
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identify the o’s
event by event




Lucifer is a Latin word : g S Eer : : o
(from the words lucem Mo 2 QL e S AR W Bl’lﬂglﬂg, A
ferre), literally meaning e B © Rtz ¥ QU ; ’
"light-bearer", which in that e WA Ul fAn R Beg llght

{

language is used as a name , & foy bt i
for the dawn appearance of : ‘_ e S = UDdGI’gI‘OUD-_
the planet Venus, heralding &S o i S ' B
daylight.
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2615 keV 208T] y

44 days background
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| "LUCIFER dem‘nst'ra'tor'

Low-background Underground Cryogenic Installation For Elusive Rates

ERC-2009-AdG 247115
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; Enri(:hment, going from Se to

2Se

Urendo
‘Almelo, NL)

Heavy fraction

an interesting
¢ . =% Light fractlon
Cooperatlon b] Top scoep

i (Wght fraction)

however,
it has to be

| known that
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ot DA % > IRTEL

ment

i

Sensors attached to crystal /nSe assembled in copper frames Assembly of light detector
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“well behaving

Fig. 4 FWHM energy resolution as a function of the en
(Zn®2Se-1) for the most intense -y peaks produced by 22%
and *°K sources. The point at zero energy is the

energy resolution reported in Table I The black line is the
fit function: FWHM?(E) = FWHM +aEP. The

2 -
i a2 baseline
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BTSS! v ANAd exposure necessary 0 AISC ninatte pe oer AINC s 1€ goal 18 93 = omey. 1€ D Cé&
efer to the unquenched value of g4 = gyucicon (Mega) and ga = gynen. (ultlmate) The calculations are performed assuming
o 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.

xperiment 5% [yr] Exposure (estimate)

M- T [ton-yr] B+ A (ser0 big) [counts kg ! yr ']
mega Ge 3.0-10% 5.5 1.8.-107*
mega Te 8.1-10% 2.5 4.0-10*
mega Xe 1.2.10%* 3.8 2.7-10~*

timate Ge 6.9 10% 125 8.0-10°°
timate Te 2.7-10% 84 1.2-10°°
timate Xe 4.0-10% 130 7.7-10°°




~if you want to know all....

pls. read:
—arXiv:1601.07512
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Conclusions

E > Neutrino Physics is one of the leading field in ITEP today |

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

> Neutrmo less DBD might possibly be the sole Chance to gwe
measure of neutrino mass
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adeal

crystals production

INSTITUTE FOR SINGLE CRYSTALS NAS of UKRAINE ~«

Ap—

State .\'cwnu’i lnsw.ﬂ"n te for .\'ing_,’c Crystals” National Academy of Scientists of Ukraine

2005 350 x 500 x 30 mm? sapphire

= 2004 PbMo,:(Nd,Yb)

—— 2002 PbWo,:(Nd,Yb), Nanocrystals
—— 1997 CdznTe
—— 1996 dia 200 mm sapphire

1994 LaAIO;

= Mazyr
—— 1993 sapphire scalpel ‘ gl Kursk
; 1992 Mg,Sio, Chermnigov
= 1988 Ti:sapphire @ L
s b
—— 1986 diamond-like film
= 1984 SrTiO, sumy
_i 1980 KTP, BBO P
= 1976 znse Kiev
— O“ be
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= ; b SR i)
= made the task |
—— 1970 LINbOj, LiTaO; g CHerkassy I‘r‘l‘!ava

1955 _ISC was founded

Smita

Kremenchug

q uilte L()ugh

1966 YAG:Nd

possibly the only place
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xperiment Isotope Techinique Total mass Exposure FWHM @ Qss Background S% (90% c.1..)
[kg] kgyr]  [keV] [counts/keV /kg/yr] [10%° yr]

CUORE, [187)] bolometers 741 (TeO,) 1030

GERDA-II, [172) Ge diodes 37.8 (“"Ge) 100

LUCIFER, [18§] bolometers 17 (Zn®?Se) 18

MAJORANA D., [189] Ge diodes 44.8 (en/natGe) 100°

NEXT, [190, 191] Xe TPC 100 (*"*Xe) 300 123 - 17.2

AMOoRE, [192] bolometers 200 (Ca®"*MoQ,) 295 9
nEXO, [193] LXe TPC 4780 (**Xe)  12150° 58
PandaX-III, [194] Xe TPC 1000 (“"*Xe) 3000°
SNO+, [195] loaded liquid 2340 (**Te) 3980

scintillator

SuperNEMO

Lower bound for mzs [eV]

Gnucleon Gquark

UORE, [187] b 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
0.082 + 0.009 0.13+0.01
0.076 = 0.007 0.12+0.01
0.14 +0.01




ever, if there is 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 is quite
different. When Q is 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) [|19, 20].




