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tritium B-decay and the neutrino rest mass
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 Today, Majorana is particularly well known for his Cetisles
iIdeas about neutrinos. Bruno Pontecorvo, the
"father" of neutrino oscillations, recalls the origin of
Majorana neutrinos in the following way: Dirac
discovers his famous equation describing the
evolution of the electron; Majorana goes to Fermi to
point out a fundamental detail: " | have found a
representation where all Dirac y matrices are real. In
this representation it is possible to have a real spinor
that describes a particle identical to its antiparticle.”

<357+ : JxJLII(C
FOTT7A2a 31>
PT1S59IEBAT
—a—bko HYLFE
i SSKF LS T=,

Mystery of Majorana 47

CERN courior

Dirac: R fiF
Majorana: B &=HiF
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Isotope Exposure Background Half-Life {mgsp)
76,1 0. . 9 2 06
ot 0.117 9. S 16 %] * 330 — 1350[10

o 0.943 2 il 10[103
82Ge¢ 7 x107° 0 > 2.7 x 10%2(68%) < 5000[108]
1000\ o 5 x 107 4 > 5.5 x 1072 < 2100[109]
11604 1x1073 14 > 1.7 x 1028 < 1700[110]
128T  Geochem, NA > 7.7 x 1024 < 1100 — 1500[111]
150Te 0.025 5 > 5.5 x 102 < 370 — 1900[112]
136%¢n 7 % 103 16 > 4.4 x 10% < 1800 — 5200[113]
1ONG 6 x 10~5 0 > 1.2 x 10* < 3000[114]
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HDM (7°Ge)

Recent reanalysis
Pulse shape xf
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NEMO23 : Neutrino Ettore Majorana Observatory

France, United-States, England, Japan, Tcheck Rep., Russia po

,.
(
Q
=
Q-
0]
w

Tracking detector (6180 Geiger cells in He+alcohol): Vertex 6,=5 mm, 6,=1 cm
Calorimeter (1940 plastic scintillators — PMTs low radioactivity) FWHM=14% (1 MeV)
Bkg: gamma + neutrons shield, magnetic field, materials low radioactivity

Sources Bf (thickness ~ 60 mg/cm?)

s Bl oCd (0.40kg) |

B Te (0.45 kg)
%7Zr (9,43 g)

48Ca (6,99g)
"}BDF
B Cu(0.62 kg)
B Mo (69ke) [ 2S¢ (0,93 kg)
Qpp= 3034 keV Qgp= 2995 keV
v v
N =0,2 evts y! kgl Npy=0,02 evts y! kg
ov ov
T1/2 >8.10% Yy T1/2 > 1,5 10% Yy

<m,><0,1-0,3¢eV <m><0,45-1,2 eV
(90% C.L.) (90% C.L.) 26




BB EVENT OBSERVED BY NEMO-3... , y

Type Event informations :
runtumber eventHumber numberOfTrackPattern C an es
2040 9732 2

E,+E,= 2088 keV

(At)mes —(At)theo = 0.22 ns
(Avertex), = 2.1 mm
(Avertex), = 5.7 mm

BB2v event
Dec/12/07/ 8 27



NEMO 3 D

PRL 95, 182302 (2005) Candles

¥ “¥
>4.6 X 10*3 yr > 1.0 X 10% yr
= =
NEMO 3 (Phase 1) T, @ NEMO 3 {Phase [) 52
g 30 4 Data Mo = 12 4 Data Se
(=] =1
E 25 - Radon simulation E 10 - Radon simulation
E - &2 simulation § - 22 simulation
= 20 5 B
=
e 3
5 15 5 G BROV |'u.-'||l,-3i=|n:1-_'-
10 ppUv for T pe3*100% 1
5 2
D — u e
2.6 2.7 2.8 2.9 3 3.1 3.2 24 25 26 27 28 29 3 31 32
(ﬂ} EpelMeV) {h] Epe(MeV)
Nuclear matrix elements 1Mo 82Ge
Shell model Caurier 1996 [15] <4.9
QRPA Rodin 2005 [16] <2.7-2.8 <4.1-4.5
QRPA Simkovic 1999 [17] <1.0 <33
QRPA Suhonen 2003 [18.19] <1.1 <2842

Dec/12/07/ ¥#f QRPA Stoica 2001 [20] <0.7-1.1 <1.7-3.7 28




CUORICINO '@

PRL 95, 142501 (2009) cgndles
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Candles

M 4+ IH 7=/ LT
X /\++ U JWTJ'L

« ELEGANTS Ill ’°Ge (source = det.)
— Solid state detector

« ELEGANTS V 199Mo (source # det.)

— Plastic scint. + chamber
— MOON (Nomachi)

« ELEGANTS VI 48Ca (source = det.)
— CaF,(Eu) scintillator

« CANDLES 48Ca (CaF, in Liquid scintillator)
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7 48Ca »

QIEMNEFEK 4.27 MeV(RD15ONd(E3.3 MeV) Candles
— FRIEERARZVN(RITIEROTREEILHEH)

— BGHAVDZLN (B ARTRETHR ; v: 2.6 MeV, B: 3.3 MeV)

« BARTETELL — 0.187%

— I=iERALITR— &ifi (no Gas)
— ~10g x 2 (in the world)

PIEADOME (REIXEHRERIAMITRDHHH%)
. R
—M, ~ T2 ~ M2 (BGEIT1n L)
~ M4 (BG limited Z&55)
— 78Ge experiment (BG N R A TL )
— 48Ca (no BG) KE%QfE.
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osmo Observatory
Candles

tunnel constructed for railroad (but not used)

470m (1.3 km water equivalent) shield
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48Ca M2EAN—AFRIE D
ELEGANT VI

10 5 21 76 y
3 % E H H H
2 10 | > |
- | 210 T VRV W 7 O SN SR
= - 0.631 y <
g 10 ? 777777 ;; 7777777777777777777777777777777777777777777777777777777777777777 1 (TP PP PRI N 1 Y- || NPV SERRRRRYRE AR SR
o -
o - : : ]
- BG (sim) | I
- - T 4104 - 4438 keV S i 8 7 B
10 T ,,,,,,,,,,, o ,,,,,,,,,,,,,,,,,,,,,,,, 10 - ... ............ ............ ...... . .,... ............
- | ‘ 0vpBwindow F : E E E
R e A | o 10 3060°3230°3500 3750 1000 1250 4500 4750 3000
- 2VPAsim) ! Energy(keV)
I - I Yet no BG
10 i ! I IR \‘“F“WL LU
2000 3000 4000 5000 (m,)<3.5~21.7eV (90% C.L)
Energy (keV)

T9% >1.4x10% year (90% C.L.)
(m> <72~447eV (90% C.L.)
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Not limited by backgrounds
But only 6.4g of 48Ca 3

NPA 730 ’04, 215



m,=1~102eV FTEHEXRIT SHIZ[ED
. REVRHE Candes

— Huge amount of materials
- BRI NVD TSR
— @& ( Active and Passive)
— BNV DTSR
—EBNIEIZKDHIE/ NNV DT UL
« B HEHEE
—2VBB ED /NI SR

IO

* CANDLES is our solution
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CANDLES 1Y)

CAlcium fluoride for studies of Neutrino and Dark matrters
by Low Energy Spectrometer Candles

Liq uid Scintillator

(élftOCOunter)
N EOCONONRDO

EEODO0OONOENEN
OEEECONEOOOO
EEEECOCONOOO
EEEECOONOOO
E S EEEEEEEE
EEEECOCONOOO
OO O OEOEOOO
EEEECOCOCOENEN

OO0 0O EONONEC
CaF,(Pure)

Buffer Oil

ecrt2107 EET:J?

Large PMT

% CaF,(Pure)
200kg, 300kg, 3t,100t
*Ca (Qgg=4.27MeV)
% Liquid Scintillator

Wave Length Shifter
4 TC A ctive Shield

412V iilV v Uldlliviu

Passive shield
% Photomultiplier
energy resolution

CANDLES IV
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CANDLES | (POP)
Rejection of ext. BG

PMT(5")x 4

ADC(fast) CANDELS |

CaF2(pure)
ADC(total) POP detector
” Liquid Scintillator o

0.7

0.6
0.5
0.4 ADC1
0.2
oz BRI OER et D e ADCZ — ;
L St e ' gate i
Q1 | e i
B 1
¥ 1 40 naee | 1
N N i » > !
@ 1009 2000 2000 4000 00 000 R0 4 gmeg i
!11. L3
! i
1

gum 1 vy rotle
Germany-Japan 7 ‘D G( te tal )

Sep 29-Oct 2
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* No radioactive backgrounds @ ~4 MeV  Candles
— vy~ 2.6 MeV, [~3.3 MeV, a~2.5 MeV(quench)

» Successive decay of o By
— ~1 nusec deCay time . experimental Data

%\ ."'. ZVBB OVBB Wmdovv
é 102 o 3 :
it
=
Pulse Shape 8 10 N ST PR NN SR | % SO SO
Gate width(4usec) ; ; ; |
| 1 B ................. ................. E |
10 R TPARLY o o ite |, N

E, . =5.8MeV(U) )

+0, 2000 7500 3000 3500 4000 4500 . 5000
Dec/12/07/ B2 5.3MeV(Th) Energy(keV) 40




Eife g D AR

Qg = 3.27MeV Q.= 7.83MeV

B

212Bi -
64% {TI/Z =0.299use

Candles

212
Po c] &[ 208p|, ]

Qg = 2.25MeV

Q, = 8.95MeV

Typical Pulse Shape(100MHz FADC)

< // /é \ ................................
(T PP EEENE N EUN N N N S O o [Fy
= = 100bi M e ~
- by | : : (]
=S LI NN | SN N 70 WO W 7t N 2/ B s,
o O/ s ISR OSSR SO ST SO SN SN SO E
o AN HE ]
I TR AN SO V7000 SN VO S I [ : I
Q/ & O 60_;' ........................................................................................................ %
E [ Z 5
D 40+ . 40_ ...................................................................................................... I
L o\t 8
¥ g
OIS T T, A St S 7% T R S S S FeE o R A | PR RN SRR S RSN S S
= =S \[
D- 0- L i i i i ! ""H[H.I\.r..m..h._..".‘=..‘.‘_ D- 0 111 L1, _____ﬁ_:”-_‘_ !'!-,,\ 2
0 50 100 150 200 250 300, 350 400 300, 350 400
Prompt Time(10nsec) Time(10nsec)
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" Reduction
100MHz FADC

N\

AT >30ns(3ch) ; ~3%

500MHz FADC (under preparation) ... AT >5ns; ~1%

J
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E5DRTOIFF A

Difference in decay time
between o and vy rays

 PSD (Event by Event)
— FADC (100MHz)
— A../A... (Fast and slow component)

~PSD between y and o rays——Carmraes

v-ray Event

1Y)

a-ray Event

[ AJA, = 05(-ray) AJA, = 1.0(oc-rayD
N\ v

Dec/12/07/ 32

i A MHMJI.*'
[ 2000 SRRTZ2ARRRE

3 by
| everts I leverts
BGEE Y- =
\[900-2406]@? %" E
|| ke
G camns
ey = |

Discrimination between o and y(3) Events

Background Reduction ~ 0.3%
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1K/ \‘J77\\7/|‘\\ CaF2 5 e »

Candles
CaF2(Eu) in ELEGANT VI
U-chain(214Bi) :1100uBqg/kg
Th-chain(220Rn) :98uBa/kg
b HEREBEOREL
Raw Materials CaF Fused CaF,
[ CaCO,, HF }'=>[ Powofer]'=>[ CaF, ] [ Crysfal ]
t

Radioactivity in CaF Powder
(HPGe measurement)

|

Radioactivity in CaF,(pure) Crystal]

4PN R SR |
\U-1Idy HICdSUICITIICIIL)

T

Powder selection 1n
Crystal making

U-chain(*'“Bi) ~41uBg/kg ...
Th-chain(**°Rn) ~21uBg/kg . ..
Dec/12/07/ %

1/25 of Previous Crystals

1/5 of Previous Crystals
43




Candles

-0.20

-0.18

-0.16

-014

a’/kg)

SE
—0.06 _¢
-0.05
- 0.04
-0.03
—-0.02

0-0.01

44
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CaF,(pure)\ D UFL—iarit=
(éj\ﬁgﬁlé Candles
1/3 ~1/4 of CaF,(Eu) (BZEZXE PMT)
FNREFLD  U.V. region (275 nm)

. =

—REZHH in liquid scintillator
« A[$83¢t (match PMT sensitivity)

Y

. FEDHEK(Light yield)
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Energy resolution and BG
rejection (2 phase)

» CaF,: UV region (PMT)
« Conversion layer

— UV—-uvisible (PMT)
— UV transparent

* Veto layer

— Liqg scint: absorb UV 1500 |
1250 |-
@ : (FWHM)
CaF, Emission (~285nm) S 100 - \DUERER] | e |
- = 7
< L O gs0 | f Mool WL
Conversion by WLS(350~400nm) oo 1l Il -
propagate /o
250 [ e e
PMT
Germany-Japan ~— Yo 00 400En?f‘gy (8f{eV)1000 46
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CANDLES-II )

45cm
——Candles

* Prototype

15{PMT ] S.Umehara

Index 1.44@586nmyCaFs :—!"'f“ﬁ‘-:‘, -
' Index 1:46(@586pm (Mineral Oil)

i g

i
=

OBl 2y Events (High Energy)
= 300

1 250}

200f

e e 1T =

100

FITTTTIIe o i 3 P T TTTTTTTTTY: PP PP PPPTTTT-TOPPOPPPPIR:

50 b e B PP PP TS ST

B0%6 05 0.5 1 0-1 -0.75-05-025 0 025 05 075 1
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CANDLES III D
. Bﬁﬁf@"@iﬂgﬁ Candles
» CaF,(pure)
— 103 cm?3 x 60 crystals Sinon T CaFa(pure)
total weight : 191 kg \ /
o ;’&12::/‘\/7 L 9 15inch PMT | |
« 91000 x 71000 acrylic container _ _ _
passive shield E(I-b ol wfo
#2800 x 12800 | R
. 5 FREL
— safety regulation ) -
[qD 5 SR

. PMTs N
_ 15" PMT (X 19) : R2018 4 =

_ 13” PMT (% 29) : R8055
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10cm3 x 56 CaF,

Dec/12/07/ T HF 22800 x 2600




CANDLES Il

% Inside View

T B " Ja \
40 PMTs Version Tank for Liquid Scintillator
And 60 PMTs Version . . . Funded (Acrylic Case)
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« CANDLES Il
— 10cm? cube (100 crystals) ~0.5 eV

— BG of CaF, ~30 uBqg/kg

achieved

« CANDLES IV
— 10cm? cube (1000 crystals) 3t
— BG of CaF, ~10 uBg/kg for 0.2 eV (HDM#&)
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Candles

10 x10 % 10 cm? CaF,

(1000 cubes) 3.2 t
qumd'SEﬁfl‘IIﬁTor—_ . . N
.’ _ o (Veto Counter) liquid scintillator Vessel
OBl oo (*°Ca) 3.2 kg
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2. Energy resolution
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