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decay with neutrinos (2p32v)

(A, Z) — (A, Z +2) + 2 + 20

Allowed by the Standard Model

*Examples of nucleus which are in this favorable energetic configuration (7 used b ’

1OOMO SZSe 1160d 13()Te 150Nd 96ZI‘ 48Ca, 76Ge' 136X€
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Beyond the Standard Model :
the Majorana model

To explain why the neutrino has a mass (oscillation) while the right
handed component was never observed.

The Majorana model is a good candidate.
In this model, the neutrino becomes the two-component Weyl spinors :

M — L (V - VC) — Cli

V2

Then, the lagrangian contain a mass term :

1
— C — C | — C
Ly =mpyvv~ = oMM (I/LVR = I/RI/L)

Allows a double beta decay without neutrinos
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2 with Majoron emission :
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NEMO3 Collaboration

(Neutrino Ettore Majorana Qbservatory)
90 physicists, 17 institutions
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Cathode rings Plastic

NEMO3 wire chamber ——— SCintiIIator

_ PMT
A calorimeter for energy and -

time measurements

« A tracker for trajectory
reconstruction

. 10 kg of 23 isotopes:
e 7kg'"Mo

* 1kg %°Se

« smaller quantities of "'°Cd,
150Nd’ 48C8, 9GZr, 130Te

. 25 G magnetic field to
identify e, e*, ¥, O

2B isotope
g foils
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S

10Mo 6,914 kg

Q= 3034 keV

82Se 0,932 kg

Qq= 2995 keV

-
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The sources

[ 16Cd 405 ¢
Qg = 2805 keV

%Zr 94¢g
Qup= 3350 keV

SNd 37,0 ¢g
Q= 3367 keV

BCa 70¢g
Qup= 4272 keV

10Te 454 ¢
Qqp= 2529 keV

| Te 491¢
Cu

External




~\\\ 276 keV Selection criteria :

- 2 tracks with negative curvature
with 2 associated PMTs with more
than 200 keV

- Common vertex on foll
- Internal hypothesis basedon
PMTs timing
-No isolated PMT
-No delayed track
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Thanks to a good discrimi
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with independent and |
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Qp “Bi=3.2 MeV
g T QB 2*TI=5.0 MeV
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’Rn in NEMO3

11Bj to ?"*Po decay measurement thanks to the
delayed alpha emission inside NEMO3 (1e'+1adelayed)
5 —
107 %) v/ ndf 54,70 / 51
- 9 P1 0.1917E+05 16.05
. D P2 0.6688 0.1878E-01
= P3 162.9 0.1633
- P4 0.3174E+05 0.2284E+05
104 P5 16.31 2.481
E Fraction of non c events: 0.59+1.33%
- v
| ZZERn
B Tip = 1629“3 la.azd
1“ 3 = 1 1 1 1 1 1 1 1 1 1 1 1 1 | lePD 19.9m 2“PD X
200 400 600 800 (9998 % (99.9¢
Time (us) la.mm lmaus g
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activity in the
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Phase 2 : Installation of the free-radon air factory
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2 results of NEMO3
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Number of events / 0.1 MeV

2p2v Mo Phase 2 data - 7kg x 4 years

x 10
> L
70000 |- 100MO NEMO-3 | 2 10000 | IOOMO NEMO-3 &
7 >
[ y wn
60000 | Data | 8 * Dbata 9
BB 1Mo | S Bp"PMo | %5
i Totbkg | — 8000 Totbkg | o
50000 - 3 g
[ = E
40000 |- ‘5 6000 g
30000 |- o
_ E 4000
20000 |- £
=1
_ 2000
10000 <
0 05 1 15 2 25 3 3.5 0 ) 2 2.5

E or(MeV)

E (MeV)

700,000 two-electron events from Mo foils
S/IB=76
£(2p2v) = 0.043

T..(2B2v) =[7.16 + 0.01 (stat)] 10y PRELIMINARY

To be compared with the published NEMO-3 results obtained

with Phase 1 data
T,,=[7.11 + 0.02(stat) + 0.54(syst)] 10"y
Phys.Rev.Lett. 95(2005)483

GDR Annecy 2011

Christophe Hugon

)

80000 [

60000 |

40000 |

20000 |

IOOMO NEMO-3

. Data
pp %Mo
Tot bkg

Number of events/0.

-0.5 0 0.5 1
cos(0)

100Mo

220000 evts
S/B=40

Phase 1
NEMO-3

e e




Isoto Mass Qgp(keV T1/2(
pe (9) ) (10™yrs)

2Se 932 2996 9.6+ 1.0 4 World’s best! ~ P"vsRevLe, 25(2009)
"6Cd 405 2809 2.8+0.3 10 World’s best!
CNd 37 3367 0.9+0.07 27  World'sbestl S Repe D 032001

S/B Comment Reference

%Zr 94 3350 235+021 World's best!  Nucl.Phys.A847(2010) 168
“Ca 7 4271 44%06 O World's best
Mo 6914 3034 0.71+0.05 80 World’s best! ~ PveRewket, 55(2009)
wTe 454 2533 70x14 05 [ USLANect o Phye Rewbet tor
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1Mo : 7kg % 4.5 years

104 \:‘0 .NDEEO 3
Rt 'l

2 22 24 26 28 3 3.2 3.4 3.6 2 22 24 26 28 3 3.2 3.4 3.6

82Se : 1kg % 4.5 years
32ga  NEMO3

® Data

1 2vpp¥se
Radon
int BKG
ovpp*Se
for T, ,(0v)=10"y

| N events / 0.1 MeV
E
N events / 0.1 MeV

N\

E; o7 (MeV) E;o7 (MeV)
Total Ov efficiency € = 0.13 Total Ov efficiency € = 0.14
1Mo T,,(0v) > 1.0 102y @90% C.L. 528e T,,(0v)>3.2-102y @90% C.L.
<m,> <0.31-0.96eV NME [1-5] <my> <0.94-1.71eV NME [1-4]

[1] QRPA M.Kortelainen and J.Suhonen, Phys.Rev. C 75 (2007) 051303(R) NME [6]
[2] QRPA M.Kortelainen and J.Suhonen, Phys.Rev. C 76 (2007) 024315
[3] QRPA F.Simkovic, et al. Phys.Rev. C 77 (2008) 045503

[4] IBM2 J.Barrea and F.lachello Phys.Rev.C 79(2009)044301

<m> <2.6eV
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+A and excited states

Majoron emission would distort the shape of the

5 2Bxx
2 250 | DT 0p00 oo 28x 2600 energy sum SpeCtrum
I '.‘_“ n=5 ﬁi}g n=1
200 I J E ',' *, V+A* n=1 *%* n=2** n=3** n=7**
150 | >5.7-10% >2.7-10% 1022 1022 1019
| Mo <1410  G.<(04-18)y10¢+ >1.710% >1.010% >7-10
100 |
i >2.4'1023 >1 .5'1022 . 21 i 21 . 20
ol i / Se 722 0-10° G,.<(0.7- 1.9)10+ >6-10 >3.1-104" >5-10
0 0 50(: e 2;;0 250:" 3;'00 n: spectral index, limits on half-life in years
Energy, KeV " Phase I+Phase Il data (including 2008)

“Phase | data, R.Arnold et al. Nucl. Phys. A765 (2006) 483

+ Decays to excited states have several photons in final state

g First Direct
" Observation T4,2(0" — 0%,) = 5.7*13 4 (stat) £ 0.8 (syst) x 102 y
2 vy T,,%0"— 0%) >8.9x10%2y @ 90% C.L.
Ut T,2(0" —>2%) >1.1x 102"y @90% C.L.
e T ,M0" > 2%) > 1.6 X102y @ 90% C.L.

e Nuclear Physics A781 (2006) 209-226.
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Perspectives

* Ongoing calibration
» Laser run analysis
» Calibration run analysis
« Ongoing analysis
» Other sources and channels
» Last calibrated run analysis
* Analysis development

« Collaboration analysis software development
« New analysis algorithms like Gamma Tracking

GDR Annecy 2011 Christophe Hugon
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Ongoing analysis : new perspective
with the gamma tracking

An event example

=
—4=
o

t,
PMT Source foil PMT
wall wall
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Ongoing analysis new perspective
with the gamma tracking

An event example Internal gamma measurement
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Source foil ~ PMT Old method stops analysis at this step
wall wall
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Ongoing analysis new perspective
with the gamma tracking

An event example

-

Source foil

-
=

=
=

PMT
wall

Gamma tracked event

GDR Annecy 2011

Internal gamma measurement

Old method stops analysis at this step

The gamma tracking is the reconstruction of
the gamma trajectories in the detector

Developed to study :
-The gamma background channels
-The 2 excited states channels

Main difficulty :
-The gamma time resolution

Christophe Hugon 24



Ongoing analysis new perspective
with the gamma tracking

An event example Internal gamma measurement
D —
—
t, I ] A R e Ol
! t3 ‘ g * ‘L\\ B t3
t2- t2 ‘ \ e
L
PMT Source foil ~ PMT Old method stops analysis at this step
wall wall
The gamma tracking is the reconstruction of
/- t the gamma trajectories in the detector

S ?'N‘ — Developed to study :
A C la = v- C -The gamma background channels
— 2 -The 2f excited states channels
A 1 :
_ Main difficulty :
Gamma tracking method -The gamma time resolution

GDR Annecy 2011 Christophe Hugon 25



Conclusion

* NEMOS3 has stopped the 12" January 2011
* No evidence of 280v and lepton violation

* 2p2v process of 7 isotopes has been measured
(ground and excited states)

* The systematics are still ongoing, and are
useful for SuperNemo

* The analysis is still ongoing with new
perspectives like the gamma tracking

GDR Annecy 2011 Christophe Hugon 26
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100Mo pBp to the excited states of 1°°Ru

Scheme of DBD of 1Mo _

100Mo  — 0+
421*2 1362
* 1227
bp 1
0*, 1130
3034
g
v ¥ 2% 540
Vi
10Ry X Yy (Ot (keV)

Event topology

2*,

0+,

: 2e+1(“internal”)y+ [X<7 “not internal” y]

: 2e+2(“internal”)y+ [X <6 “not internal” y]

TOP view (0*, event)

. RUN
\EVENT
EQ N

3074
108309
108308

ESUM  1.537MeV,




Radon-free air system

A(**?Rn) LSM ~ 20 Bg/m?
In NEMO 3 ~ 20 mBg/m3

(measured with NEMO 3 and radon detectors
developed by the collaboration sensitive to 1TmBg/m?)

- . |

4

ay 2004 : Tent around the detector

U

October 2004 : Free-radon air factory

= o6 (= SuperKamiokande free-Rn factory)
=] 2x500 kg active charcoal @ -50°C

2 Zndier.57 7 &z

= 05 - P 0.1505 + 0.2513E-02

'-E P2 29.98 + 1 0.9169 ﬂ

o Pz —0.4643E—05 + 0.1 346E—06

& 04

December 2004
A(?*?Rn) ~ 0,2 Bg/m3in the tent
reduction ~100

0.2 —

In NEMO 3 ~ 2 mBqg/m?3

01 -

6500 7000 7500 8000 8500 9000 9500 100003

<10 Reduction of Radon BKG ~ 10

Time (s)




NEMO3 background levels

Backgrounds

v’ External : negligeable

v/ Internal : 25TI: 60 uBq/kg for 1Mo
300 uBqg/kg for 82Se
214Bj : <300 uBg/kg
~ 0,2 evt kg'y -1 with 2,8<E,+E,<3,2 MeV

v BB2v ™Mo T,,=7.1110%y
~0,3 evt kg-'y -' with 2,8<E,+E,<3,2 MeV




SuperNEMO and others...

Experiment Nucleus Mass FWHM at Background T,,(0v) <m > limit
(k) Q; (keV) counts/FWHM.kg.y limit (meV)
(years)
NEMO 3 10°Mo 7 350 (043 2.10% 300 - 1300
82Se 1 350 ~0.1 8.10% 600 - 1700
CUORICINO 130Te 10 7 ~0.2 4.10% 250 - 850
MOON 1Mo 1000 350 ~0.2 2.10% 30 - 80
EXO 136Xe 160 50 0.95 3.10% 90 - 550
GERDA Phase 1 5Ge 15 4 0.04 3.10% 250 - 780
GERDA Phase 2 °Ge 100 4 0.004 2.10% 100 - 290
GERDA Phase 3 5Ge 300 4 0.004 6. 107 25-80
MAJORANA | 5Ge 180 4 0.003 3.10% 90 - 250
MAJORANA I 5Ge 540 4 0.003 4. 107 20 - 65
SuperNEMO 82Se 100 210 0.01 @6 35-10
CUORE 130Te 203 5 0.05 2.10% 35-120
5 0.005 6.6 10% 20 - 65

Features and expected sensitivities of the neutrinoless double beta decay running
experiments (CUORICINO and NEMO 3) and projects for the next 10 years.



Mumiber of events

Nombre d’événements
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Energy calibrations

Calibration sources are introduced in tube i

3 electron energies

RUN real24COUNTER 01 1 1 08

(3 positions/sector)

each sector
: 486 keV and 976 kev%h%nd 2.28 MeV with 2°Sr

End point 2,28 MeV

o

1onc 1200 1400 1600 1a00 2000
énergie en canaux

200 400 Halsl S00

Eners

1000 |
750 |
s500 |

250 |

]

1250 [

2002r11/ES 1459

C 1D 8011108 T =
:— Entries 3699 i
é_ 207Bi
] 976 keV
482 keV
: ___» FWHM =150 keV
- - FWHM~ 8% @ 3MeV (o /E = 3%)
n— L1 4l:|w L1l ||||‘|§'Lu | L S|:|'t| L 1I:'||:”:' L1 i ° Daily survey of the gain With a Iaser
ADC channel system
| Frtnes 2cana 2250 f
gosr 2000

zoT s0
Bi 4 Sr (3 poinis)

E (keWV) = A x ADC + B

A= 3350 = 0.034 lkeW./.ch
B =23.50 =9 L7 lkeV

I 1 L
200

I 1 I L 1 I L I ] i L 1
400 S00 200 1000

ADC channel



Time of flight rejection

250 ps @ 1MeV

ion

TDC resolut

BB events from the foil




Systematic uncertainties for 1Mo (3 to excited states

* 2 e- detection efficiency error due to GEANT simulation and tracking : ~5%
* 2y efficiency calculation error due to GEANT simulation : ~8%

* uncertainty of L~

* low energy threshold cut : ~3%

* composite/metallic thin foil simulation (or foil position in detector) : ~ 4%

suncertainty of the (=20%) : ~ for MC bkg method

Total systematic error is ~ 12.5% for MC bkg method
~ 11.0% for bkg calculation with other sectors



2p0v research
the NEMO3 experiment

* source distributed on cylindrical surface

 drift wire chamber operated in geiger mode
(6180 cells)

* He + 4% ethyl alcohol + 1% Ar + 0.1%H-0

* calorimeter made of 1940 plastic scintillators
coupled to low radioactivity PMTs

* Magnetic field: 25 Gauss

* (Gamma shield: iron

* Neutron shield:
* 30cm borated water (external wall)
* 40cm wood (top and bottom)

Able to identify e-, e*, y et .

GDR Annecy 2011 Christophe Hugon 3



Time of flight calculation

i \/Ei(Ei-I-ZmOCZ)
[,(=—— Avec B.= -
: E.+m,c
6 tmes_é tthi
Y ;2= ’ with i=internal, external

2 2
O_mes = O_th,i

The probability tha an hypothesis is true is :
— 2 i—i
Pi(x)_ f dNdy . Avec i=interne, externe
X

GDR Annecy 2011 Christophe Hugon 36



Calibration

 Two calibrations
» Absolute with YBi

 Relative, with a laser of 380 nm

elect_spect elec

Entri
Mean

A.U.
35

0

GDR Annecy 2011
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20%—
15}
1of
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t_spect

— Calibration run example

RMS

es

8823
821.1
256.9

h I,
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200
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800 1000 1200 1400
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The Standard Model, Dirac equation

— Dirac Lagrangian :

w(Z’YM&L —= m)w =) Momentum component

Mass component

Au repos

The right handed neutrino
and left handed neutrino

= = = have never been
Lm = mD(VLVR _l_ VRVL) /!\ observed. The bispinor

cannot be null, so the
mass is null

Consequencies :

-The neutrino mass should be null in the Standard Model
-There is no referencial where it rest, then it has the speed of
light

GDR Annecy 2011 Christophe Hugon 38
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Cut's description

* Cut1: 2B topology
e Old style

- 2 tracks with associated scins
- 2 unassociated scins

- No positive tracks

- At least a negative track

- No delayed track

* Gamma tracking style (general 2f topology cut)

- 2 tracks with associated scins
- 0 <= unassociated scins

- No positive tracks

- At least a negative track

- No delayed track



Cut's description
e Cut 2 : the Time of Flight

e Old style

- exclusive 2e2y

- Internal ye > 1%
I\ No cluster /I\
- external ye < 1%

- Internal ee > 1%
- External ee < 0.1%
« Gamma tracking style

- Inclusive 2e2y+ny

- Internal y e > 1%

- external ye < 1% Y, means tracked gamma

Internal ee > 1%
- External ee < 0.1%



| 214Bi in
- chamber
208T] in
chamber
214Bj in
foil

2087 in
foil
2p32v
100M0

2p2v->0+
100M0

2p80v->0+
100M0

— — — — — — — — — — — — — —

nerated Trigged

0.58
0.58

0.62
0.62

0.58
0.58

0.65
0.65

0.76
0.76

0.68
0.68

0.98
0.98

At the cut 2

Cut 1

1.2e-3
1.4e-2

2.6e-3
1.8e-2

2.7e-3
2.4e-2

4 5e-3
3.1e-2

6.0e-4
1.3e-1

1.4e-2
5.0e-2

6.5e-1
2.3e-1

~050% more 2"Bi in chamb
~300% more signal

Cut 2

1.0e-3
1.6e-3

3.3e-4
9.8e-4

8.5e-4
2.5e-3

1.4e-3
4 5e-3

2.2e-4

act on the simulated data

Old style
GT stlye

Old style
GT stlye

Old style
GT stlye

Old style
GT stlye

Old style
GT stlye

Old style
GT stlye

Old style
GT stlye
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