Direct measurements of neutrino masses

(3 decays: neutrino mass modify the electron spectrum shape close to the endpoint E,.

L grog

Da E. Fermi, "Vershuch einer Theorie der beta-Strahlen”, Z.Phys.88, 161-77 (1934)

A very tiny effect
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Electron spectrum:

N _ G2 2 (00) MPE(Z, EYpE(Es—E)(Es— E)—m2]1/?

dE 2m3h7 ’ ° ° v

@ max electron energy: EM>* = E, — m, = M, — M. — m,

o M,, M,: atomic mass (start, end of the process)

e F(Z,E): Coulomb correction

@ Neutrino mass effects visible only close to E,.

@ Decay rate in a region AE close to E, depends from Q = E, — m, and
x (AE/Q)3.

Good nuclei candidates must have small Q and a high decay rate (lifetime “short”).

Best candidate: Tritium :
SH-3He + e~ + 7%

E, ~ 18.6 KeV

Fraction of useful decays: ~ 10710,
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Experimental progress of neutrino mass limits
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Magnetic
Adiabatic Collimation -+
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Electrostatic Filter
(MAC-E-Filter)
AQ~ 2
Electron kinetic energy in the (a)
solenoid:
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=-In the smallest Bt region the

trajectory is almost longitudinal
=Applying an electrostatic potential —Uy: electrons transit if

Tz(Bl) =Ty —2x% 1074TL(B()) > el (: Tmin)

SOLENOID DETECTOR
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spectral information.
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The negative mass square problem

The first data of the two most | "l £ |
sensitive experiments:  Mainz and ; ool & i
Troitsk, showed a count excess close §
to the end point: = fit to a negative § ool " tectron enerav.ev
m12/ : oo Background level
To solve the problem: ' ‘ ‘ I 1
@ Add additional arbitrary parameters to the fit  Eecronenergy,ev o
@ Invoke new exotic physics to explain the problem
@ Fix the experimental problem
Particle Data Book 1998: “..Unexpected effects have resulted in

significantly negative m, in the new, precise tritium beta decay
experiments. It is felt that a real neutrino mass as large as 10-15 eV
would cause observable spectral distortions even in the presence of the
end-point count excess."

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009



Mainz: (final) neutrino mass results 1998-2001
detailed investigations of systematic effects
¥roughening transition of T, film  T:500A

i
graphite

avoided by keeping film T <2K 1991-94: higher energy losses

_ negative m2(v)

L. Fleischmann et al., J. Low Temp. Phys. 119 (2000) 615
L. Fleischmann et al., Eur. Phys. J. B16 (2000) 521

¥inelastic scattering in T, film D, film

83mK

graphite

determination of cross section and energy loss function
V. Aseev et al., Europ. Phys. J. D10 (2000) 39
¥self charging of T, film
determination of critical field T, fim _f/ s3mKr
B. Bornschein et al., J. Low Temp. Phys. D10 (2000) 39 graphite
¥new: neighbour excitation amplitude fitted with data )

agrees with calculations
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Mainz: neutrino mass limits
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final v-mass analysis from

1998-2001 measurements
(119 days, 6 runs: Q5-8,Q11,Q12)

1998/99 : 15 weeks
2001: 5.5 weeks

Signal: x5 improved
Background: x2 reduced

S/Bratio: x10 improved

detailed investigations:
improvements for

many systematic effects

Dottorato di Ricerca 2009 Padova, 26/04/09
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Katrin Experiment ( Karlsruhe, start in 2008)

MAC-E-(TOF) spectrometer
* detector

gaseous T, source pre spectrometer
—
— = %@%é EJ

= it R A=Y
~&
solid T, source Y Fa7m
&
22m 8m 4m 20m 5m
e
. T, source
Present Mainz Setup: spectrometer

Improve m, sensitivity by one order of magnitude (2 eV —0.2 €V) =two orders of
magnitude on m? (4 ev? —0.04 eV?)
PROBLEM: endpoint count rate falls very rapidly (oc 6E3)

@ Improve statistics: more powerful tritium source (x80) and longer running
time (100 days —1000 days)

o Improve energy resolution: Large electrostatic spectrometer with E = 1eV
(x4)

@ Better control of systematics: two independent tritium sources (molecular and

gaseous), decrease energy losses by one order of magnitudes.
Mauro Mezzetto, INFN Padova Dottorato di Ricerca 2009 Padova, 26/04/09 9/ 44



The KArlsruhe TRItium Neutrino @Tf«%

Experiment % }E

e

Klaus Eitel, Forschungszentrum Karlsruhe Neutrino 2004, Collége de France, Paris, June 14-19, 2004

Mauro Mezzetto, INFN Padova ()
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A different approach: microbolometers

Measure total decay energy with (micro)bolometers instead that electron

momentum with spectrometers

Good: No problem with nuclei final
states: the whole energy is measured
Completely different systematic effects
(no backscattering, energy losses in the
source, solid state excitations . ..)
Only limit on detector mass: how many
microbolometers can be assembled

Mauro Mezzetto, INFN Padova ()
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Electro-thermal link

Particle absorber

Bad: Slow detectors sensitive to all
the decays = pile-up problems
Energy dependent backgrounds
Worse resolution

Calibration and stability of all the
detectors

Padova, 26/04/09
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Milano p-calorimeters for '“Re B decay study

Neutrino mass measurement with arrays * lower pile-up
of 10 AgReD, p-calarimeters. = - higher statistics

Electro-thermal link: Al bonding wites
Bonding pad/heat sink /' Silicon Implanted thermistor

Absorbers
AgReQ; single crystals
187Re fraction ~0.32

A.» 5.4x107*Hz/ug
Mass 250 ~ 300 ug

etto, INFN Padova () Dottorato di Ricerc Padova, 26,/04/09 12 / 44



MiBeta results

Fit with the following free
5 187 parameters:
6.2-10 Re decays above 700 eV .
d- t.
8751 hours mg (of AgReOy,) O [ end - poin
" Q m
é spectrum normalization
] pile-up normalization
%5 d background rate
@ % 20
Z|y RESULTS
] 15 1
Q = 2465.3 & 0.55¢a¢ £ 1.6y €V
51
0 ; ; . | | 7'1/2 =432+ O-2stat =E O~1sys Gy
1 15 2 25 3
energy [keV] m’ = —112 4 20744a5 = 90sys V>

m,, < 156V (90% CL)

Padova, 26,/04/09 13/
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MANU-2: sensitivity
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(25,2.5)
(5.0,5,20)]
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10000 detectors
deployed per year

2 4
Measurement live time [y]

IFAE, Pavia
April,19th, 2006 Flavio Gatti
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mv in the future
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Neutrinoless Double Beta Decays

Another way to measure neutrino mass:

BB0v: (AZ) —(A,Z+2)+e™ + e~

d(n) u(p)
W (7%5) - C(E..2)| M -
o e gy pj0v |2
Ve &M (m, )2
v To happen it needs:
L e . .
@ Violate by 2 units lepton number
w .
conservation (AL = 2)
@ Majorana neutrinos: neutrino =
d(n) u(p) jorana
antineutrino.
@ Massive neutrinos
Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009
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Similar processes are allowed:

d(n) u(p)
W‘;z/ e
BB (AZ) —=(AZ+2)+e~ + e~ +vE+ 15 (AL=0) T
e
(725) = G(E.. 2) /M2 2 ) §<
Ve
d(n) u(p)
d(n) u(p)
B6x°: (AZ) —=(AZ+2)+e” +e +x° ><_V§R_ R~
o o 2
(T2) = & (B D) MEs — S < g2, T
d(ny u(p)
d(n) e
BB SUSY: (A,Z) —(AZ+2)+e™ + e~ e .
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Beta and Double Beta mass measurement interplay

B and 0v23 observables in terms of the mass eigenstates m;, the mixing angles 6;;
and the Majorana phases a e (:

my, ineV

1/2 1/2
my, = <Z V2] m,2> = (cos2 013(m? cos? 012 + m3sin®012) + m%sin2913) (1)
i
[Mee| = ‘ Z V2 m;| = | cos® 013(m1 cos? 012 + mae®sin615) + mze®Psin®013|.  (2)
i
m,,_ vs. lightest m; Mg vs. lightest m;
3
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mo.om e 766e
g 0014 [ 0vBp
Ov and 2v (33 decays have different electron =0, £ 2vpp
spectra. 2 ool B
Nuclei are needed where: B F
0008
@ Single beta decays are suppressed = o008 E
@ 0T —01 transitions 0004 [
@ Abundant isotopes in nature. 0002 R |

550500750 10001230 1500 1730 2000
energy [keV]

Extremely rare process: Tf;’z > 10%* years for (m,,) = O(1eV), = low noise techniques
@ Deep underground experiments

@ Very efficient active and passive radiation shields.

Dottorato di Padov



Experimental techniques

Geochemical Experiments Look for an abnormal abundance of the nucleus (A,Z+2
produced in geological times by the 3/ decay of the nucleus (A,Z).

GOOD =-Very long integrated decay time and large samples

BAD —No way to separate neutrinoless and two neutrino decays. Heavy assumption:s
on the geological history of the sample. Evidence of 33 decays in 82Se, %Zr, 128 Te
130 T,

Radiochemical Experiments Store a 3 candidate material. After a while, count
the nuclei produced by B3 decays. Again, impossible to separate neutrinoless [
from 2 neutrino 3. Successfully used to measured 2 neutrino 33 decays in 238U ir
238py,

Direct measurements The only way to identify neutrinoless double beta decays
Two possible experimental techniques:

Spectrometers (source # detector), a passive source of 33 emitters is embeddec
within an electron tracker. All the candidate nuclei can be tested but limitec
experimental resolution.

Calorimeters :source = detector.  Limited choice of materials but excellent
experimental resolution and reduction of backgrounds.

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009 Padova, 26/04/09 21 / 44



Dependence from the parent nuclei

Big systematic errors in the computation of the
nuclear matrix elements = search the process in
different nuclei.

Double beta decays with 2 neutrinos signals are
used as a control sample to check the estimations
of the nuclei matrices (the process involved has
however a completely different set of intermediate
states).

o4 10046 g6 _|

B "8ge 7.8%

¢ B2gc g2y

D 130re 34.5%

E 136%e a.97 |
b | | eF 150}\"‘1 5.6%
10 3100 10! 102 109 104

Neutrino Mass <m.>/eV

TOIJ _ 501/[<my>2]

T Transition Rate/in Unit of 10_36/5
5% Nuclear sensitivity = G%|M°|?

G®: Phase space volume o Q5= High z nuclei
M9 Nuclear matrix element

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009



Nuclear Matrix Element Calculations

. 76Ge —>76Se QBB =2039 keV nat. abund. =7.4%

T Vo 51— 100V[o =>100Ry Qﬁﬁ =3034 keV nat. abund.= 9.6%
vz T(Q},) M? <m,>? 130Te >10Xe Qg =2529 keV nat. abund.= 34%

136X e —>136Ba Qg =2479 keV  nat. abund.= 8.9%

Ty, for nuclear matrix element calculations
1028

Oov E : <mee> = 50 mev @ truncated shell model
TI/2 ) [ Haxton (1984)

™ M nuclear shell model
[ Caurier (1999)

1027 A QRPA, schematic 6 force
Vogel (1988)

T
® «
<

V¥V QRPA, G—matrix inter.
76Ge g Staudt (1990)

renormalized QRPA

Toi 1995
1 026 136Xe oivanen ( )

100Mo o \" QRPA, no p—n pairing
Faessler (1996)

[ i s 1o ‘ . 130Te selection of calculations from

L e b e T
70 80 90 100 A110 120 130 140 Elliott & Vogel, hep-ph/0202264
) need more than one isotope to get information about <m, >
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Heidelberg - Moscow (LNGS) experiment

Eur. Phys. J. A12, 147 (2001)
@ 11 kG of enriched (86%) "®Ge, in 5
crystals.

@ Germanium is both the emitter and
the detector.
06

% "I 35.5 kg y (SSE)
< o5l [Is3.9kgy
g expected OvBg line
Background rate: 011 2 o4f 1
counts/KeV /kg/yr g
Signal efficiency: ~ 100% 03 ]
Energy resolution: ~ 3.5 HH M
o 02 Hls(% 8
Duty cycle: ~ 80% o1 H H U

0
2000 2010 2020 2030 2040 2050 2060 2070 2080
energy [keV]
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Evidence of neutrinoless double beta decays

(published as “Results of ..." Phys.Lett. B586:198-212, 2004)

20

18l 24,

16} 7// ? o "B

NN l ‘ 71.7 Kg yr

1ar ’\ 0 T‘l"/’2 = (0.69 — 4.18) x 10%
312 YA \ years
%107 I I N i _ m, =
8, I . 0.44(0.24 — 0.58) eV

o | M f“' I I Significance: 4.20

. ' I o Events in the (33 peak: 29

) N i AT B

1 ¥ Y ] A
2%00 2010 2020 ‘ 2030 2040 2050 2060
Energy, keV
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Cross Check

sl
Pulse shape analysis of *
events confined in just 3
< 3r
one crystal. g
Select events compatible S .
with the (5 shape.
i _
- \-‘ ‘ ’I W)
8000 2010 2020 2030 2040 2050
Energy, keV
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CUORICINO

Source = detector The bolometric technique for the
study of DBD was proposed

Bolometric technique: . L .
young (born in ~ 1985) but now firmly established by E. F'Or'miinfg;:,’o' Niinikoski

Nuclide under study: 3°Te —, = Ov DBD is a factor 5-10 faster than in 76Ge
CUORICINO source = A.l.: 34% = enrichment not necessary

1 b experiments can be expanded at low cost

6.4 x 1025 130Te nuclei

Bolometric technique: the nuclear energy is measured as a temperature
increase of a single crystal

AT =E/C thanks to a proper thermometer, |AT = AV

In order to get low spécific heat, the temperature must be very low (5 - 10 mK)

Typical signal sizes: 0.1 mK / MeV, converted to about 1 mV / MeV
E.Fiorini - NOVE 2006

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009



Heat bath (~8 mK)

Weak thermal coupling
(G~4 pW/mK)

Thermometer
(NTD Ge , R~100 MQ)

Adsorber crystal
(TeO,, C~10° J/K)

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009 Padova, 26/04/09



CUORICINO bolometers

Absorber crystal Temperature sensor
The absorber is a 5x5x5 _cm3 The thermal signal is measured by
crystal of TeO, which contains the means of an NTD Ge Thermistor

neutrinoless DBD candidate 13°Te T
R(T) = Ry expw?o

Dottorato di Ricerca 2009



Risultati
Cuoricino

Phys.Rev.C78:035502,2008

Active mass:40.7 kg

Exposure: 11.83 kg yr

T, ,(*°Te)>3.0 x 10** yr (90% CL)
<m ><0.19-0.68 eV

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009 Padova, 26/04/09 30 / 44



Cuoricino vs Heidelberg Moscow

He-Mo | Cuoricino
Qa5 (keV) 2039 | 2529
Detector mass (kg) 11 40.7
Active mass (kg) 9.5 11
Duty cycle 80% 64%.
Energy resolution (keV) 3.5 8
Efficiency 100% 85%
Background rate (counts/kg/keV/yr) | 0.11 0.19
Merit factor 1 0.96

Mauro Mezzetto, INFN Padova ()
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The NEMO3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

Source: 10 kg of 33 isotopes
cylindrical, S =20 m? e ~ 60 mg/cm?

Tracking detector:

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

3m

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs

Magnetic field: 25 Gauss
Gamma shield: Pure Iron (e = 18 cm)
Neutron shield: 30 cm water (ext. wall)

40 cm wood (top and bottom)
(since march 2004: water boron)

mmmp | Able to identify e’ e, and Y

Xavier Sarazin for the NEMO-3 Collaboration Neutrino 2004 Paris 14-19 June 2004
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decay isotopes in NEMO-3 detector ‘

[‘ L measurement}

16Cd 405 g

Q = 2805 keV

%Zr 94g
Q =3350keV

19Nd 37.0 g
Q = 3367 keV

“Ca 7.0¢g

Q =4272keV

10Te 454g

Q =2529keV

External bkg
1Mo 6.914kg  %2Se 0.932 kg "Te 491g
Q =3034keV Q =2995 keV

Cu o621¢g
(All the enriched isotopes produced in Russia)
Xavier Sarazin for the NEMO-3 Collaboration Neutrino 2004 Paris 14-19 June 2004
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Nemo 3 results on neutrinoless double beta decays

Phys.Rev.Lett 95, 182302, 2005

T1/2(**°Mo) = 4.6 - 10%* years = me < (0.7 —
2.8) eV T15(%?Se) = 1.0 - 10% years = me <
(1.7 — 4.9) eV

> >
2 5 NEMO 3 (Phase ) 100M o z, NEMO 3 (Phase I) 82Ga
5 Data S 4 Data
3 o
[S) ] ' g !
; 25 - Radon simulation 2 10 - Radon simulation
- o
é - 2B2v simulation % - 2B2v simulation
2 20 5 8
S) =
3 2

15 E »
§ 365 BBOV for T ,=5%10"y

10 BROV for T, ,=5%10"y

0
2.6 2.7 2.8 29 3 3.1 3.2 24 25 26 27 28 29 3 31 32
_ E, (MeV) E,. (MeV)
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Tracking  SuperNemo

= concept: scale NEMO setup

= tracking calorimeter

= already tested technology (NEMO)

» event topology (Detection of the 2 electrons)
»single and sum energy + angular correlation
» particle identification

» Background control

e source purification

o background level measurement

e external background reduction (Rn)

m No strong theoritical criteria for isotope selection: $2Se

P transition energy: 2 995 keV
P natural i.a.: 8.7%

3 years R&D aiming at a 50 meV <m,>

sensitivity: accepted by IN2P3 s.c. . \iew |

m Planar geometry

»source (40 mg/cm?): 12m?

P tracking volume: ~3000 channels
P calorimeter: ~1000 PMT

m Modular:

» ~5 kg of enriched isotope/module
» 100 kg: 20 modules

m~ 60 000 channels for drift chamber
u~20 000 PMT

menergy resolution = 2.6% @ 3 MeV
mefficiency:  40%

sLNGS/LSM

2006-2008: R&D
2009: first module

2011: all modules
2016: final results

o 5 kg of 32Se funded by ILIAS (Europe)ﬂ
o Enrichment: :

1 kg of 82Se in 2005
2 kg of #2Se in 2006

5 kg of 82Se in 2007

o Enrichment of 100 kg of 82Se is

possible in 3 years at ECP (Zelenogor:

Mauro Mezzetto, INFN Padova ()

Dottorato di Ricerca 2009



How to improve by one order of magnitude the sensitivity on the neutrino mass?

, [M-t
mgeO(T]?/ZO(a m

4 orders of magnitude on A% are needed (!!1)

o, INFN Padova () Dottorato di Ri



CUORE

Array of 988 TeO, crystals D

= 19 Cuoricino-like fowers PRt D
= 13 levels, 4 crystals per tower

= Hx5x5 cm? (750 g each)

= 130Te: 33 8% isotope abundance
= 741 kg TeO, = 200 kg “'Te

Goal
background < 0.01 cnts/keV/kgly
Resolution = 5 keV
5 year sensitivity
F>21x10%y

m,. <~ 19— 100 meV

(approved by INFN and the Science Council of Gran Sasso I_.ahuralﬁlry]

Mauro Mezzetto, INFN Padova ()
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RAD tests

An array off 8 detectors cleaned with

ultrapure materials and procedures

Copper
e Etching
e Electro polishing

e Passivation
procedure

Crystals

¢ Crystal etching
(Nitric acid)

¢ Lapping with clean
powder (2u SiO,)

Mauro Mezzetto, INFN Padova ()
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RAD tests results

102

©
@

— Cuoricino
— HallC R&D

— Cuoricino
—HallC R&D

A

oy

oo
o

3

Counts/keV/kg/y
a

Counts/keV,

3
3

0 00 W0 20 G0 500

Energy [keV]
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Counts/keV/kg/y
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IONIZATION GERDA

= goal: analise HM evidence in a short time
using existing "°Ge enriched detectors (HM, Igex)
= approach similar to GENIUS but less LN2

onaked Ge crystals in LN2 or LAr
= more compact than GENIUS cleanroom
1.5 m LN2(LAr) + 10 cm Pb + 2 m water ) lock

12-3 orders of magnitude better bkg than
present Status-of-the-Art
active shielding with LAr scintillation
= 3 phases experiment
a Phasel:
eradioactivity tests
«~20 kg "*Ge from HM and Igex
eexpected bkg 0.01 c/keV/kg/y (intrinsic)
ocheck at 57 HM evidence
15 kgxy 621 ?? events on 0.5 bkg events
u Phase II:
eadd new enriched segmented detectors = Approved by LNGS S.C.
with special care for activation >site: Hall A northern wing

ecxpected bgckground ~0.001 c/keVikgly g funded 40 kg enriched 76Ge for
2x10% y with 100 kgxy hase 11
<m> 0,09 +0.29 eV . phas e sehedul
= Phase IIl: => 0.01 eV with 1 ton Ge ggressive hime schedule
worldwide collaboration

J

‘—AI\ LN/LAr
'l \ ea
@‘ﬁsu:ﬂi:

L water

L=t

Mauro Mezzetto, INFN Padova () Dottorato di Ricerca 2009 Padova, 26/04/09 40 / 44



60¢co background spectrum
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60Co: suppression by segmentation
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60Co: suppression by Lar-Ge anticoincidence
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Next generation experiments

Name % Q,, %E B T (year) | Tech <m>
cly
CUORE 130Te | 34 2533 |90 (3.5 1.8x10%7 | Bolometric 9-57
GERDA 76Ge 7.8 2039 |90 |[3.85 |2x10%7 Ionization 29-94
Majorana 76Ge | 7.8 2039 |90 |.6 4x10%7 Ionization 21-67
GENIUS 7%Ge 7.8 2039 (90 |.4 1x10%8 Tonization 13-42
Supernemo | #’Se 87 12995 (90 |1 21026 Tracking 54-167
EXO 136Xe | 8.9 2476 |65 |[.55 1.3x1028 | Tracking 12-31
Moon-3 10Mo |9.6 |3034 |85 |[3.8 |1.7x10%7 | Tracking 13-48
DCBA-2 I50Nd | 5.6 3367 |80 1x1026 Tracking 16-22
Candles Ca .19 4271 - 35 3x1027 Scintillation | 29-54
CARVEL 4Ca .19 4271 - 3x10%7 Scintillation | 50-94
GSO 10Gd |22 1730 |- 200 | 1x10%6 Scintillation | 65-?
COBRA 115¢d | 7.5 |2805 Ionization
SNOLAB+ | 5'Nd |5.6 3367 Scintillation
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