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"You can observe a lot just by watching.”
Yogi Bera




In summary...
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Neutrino questions

What is the absolute mass scale?

What is the mass ordering (“mass hierarchy”)?

How strong is the subdominant mixing (angle 6,5 in the PMNS matrix) ?
Do neutrinos violate CP symmetry (angle 6 in the PMNS matrix)?

Are neutrinos Dirac ( v = v ) or Majorana ( v = v ) particles?

Are there sterile neutrinos?
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Neutrino questions and 0vfp

v What is the absolute mass scale?
v What is the mass ordering (“mass hierarchy”)?

v Are neutrinos Dirac ( v = v ) or Majorana ( v =v ) particles?
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Neutrino questions and 0vfp

v What is the absolute mass scale?
v What is the mass ordering (“mass hierarchy”)?

v Are neutrinos Dirac ( v = v ) or Majorana ( v =v ) particles?
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Neutrino questions and 0vfp

v What is the absolute mass scale?
v What is the mass ordering (“mass hierarchy”)?

v Are neutrinos Dirac ( v = v ) or Majorana ( v =v ) particles?
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Why are neutrino masses so small?
Answer (?): Majorana mass and the see-saw mechanism

With massive neutrinos, we need to add a right-handed neutrino field
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Neutrino oscillations

o [Two-detector measurement
« long baseline (735km)

o High intensity beam
« (120 GeV from Main Injector)
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Oscillations of neutrinos versus anti-neutrinos
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Phenomenology of Ovpp and 2vip

o Pairing interaction between nucleons (even-even nuclei more bound
than the odd-odd nuclei)

a0 e.g., 3%Xe and 13¢Ce are stable against § decay, but unstable
against Bp decay (BB for 13Xe and B*p*+ for 136Ce)

, 2epy

odd-odd

-2 Ra, ‘yf even-even

There are 35 BB~ emitters
6 Bp*
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Phenomenology of Ovpp and 2vpRp (2)

1 11 GT |? 5 6T |2 2
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M =nuclear matrix element (challenging) . o
a , B = linear combinations of a and S
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Phenomenology of Ovpp and 2vpRp (2)
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“The gauge”
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Practical matters

@ Natural radioactivity and cosmic rays dominate the
Qg Natural source of backgrounds - need to go
(MeV)  abundance (%)

underground + lots of local shielding
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vGe—7Se ( 2.040 78 ’Ekligost troubling gammas (highest energies):
2Se—92Kr (| 2995 [) 9.2 . 2087 104§2:‘l’2':l'h decay chain
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(11) BP emiters with Qgg > 2 MeV
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F. T. Avignone, S. R. Elliott and J. Engel, Hall C

“Double Beta Decay, Majorana Neutrinos, and Neutrino Mass,” OPERA BOX

Rev.\ Mod.\ Phys.\ {\bf 80}, 481 (2008) [arXiv:0708.1033 [nucl-ex]]. 10 cm Pb shielding
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Experimental techniques

Calorimeter / bolometer TPC (Xe), Liquid Sc. Tracking and calorimeter
Source=detector Source # detector
* ;
Resolution, efficiency Efficiency, Mass Background, isotope choice

Main features:

Exquisite energy resolution
Modest background rejection

Main features:

High background rejection
Modest energy resolution
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NEMO-3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

Source: 10 kg of Bf isotopic foils

The prl ﬂCi p|e: area = 20 m?, thickness ~ 60 mg/cm?
Topology and kinematics Tracking detector:
drift wire chamber operating (9 layers)

tracking tracking 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

=
Q.
o
+—
O
s

Magnetic field: 25 Gauss
Gamma shield: pureiron (d = 18cm)

Plastic - Plastic Nautron shield: 30 em water (ext. wall
scintillator scintillator
lori lori 40 cm wood (top and bottom)
calorimeter calorimeter (since March 2004:
+ water + boron)

Radio-pure materials and a lot of shielding

Karol Lang (University of Texas at Austin)  Colloquium at U. of Tennessee, March 7, 2011 17



NEMO-3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

20 sectors Source: 10 kg of Bf isotopic foils
area = 20 m?, thickness ~ 60 mg/cm?

Tracking detector:

drift wire chamber operating (9 layers)

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

3m

Magnetic field: 25 Gauss
Gamma shield: pureiron (d = 18cm)

Neutron shield: 30cm water (ext. wall)

40 cm Wood (top and bottom)

(since March 2004:
water + boron)

Particle ID: e7, e*, yand a
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NEMO-3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

ASECTOR

Source: 10 kg of B isotopic foils

area = 20 m?, thickness ~ 60 mg/cm?
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Tracking detector:

drift wire chamber operating (9 layers)

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
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Magnetic field: 25 Gauss
Gamma shield: pureiron (d = 18cm)

Neutron shield: 30cm water (ext. wall)

40 cm Wood (top and bottom)

(since March 2004:
water + boron)
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I— ‘ Particle ID: e”, e*, y and a—‘
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Bp decay isotopes NEMO-3
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External bkg
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(All enriched isotopes produced in Russia)
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Cathod rings

Wire chamber
PMTs

scintillators

: .
BP isotope foils — -
I
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Water tank

wood

coil

Iron shield
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Completed detector

NEMO-3 Opening Day, July 2002

Started taking data 14 February 2003
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Laboratoire Souterrain de Modane

(Frejus tunnel)
I lmm=E"== 0o hpm ="

Depth, Feet of Standard Rock = /
0 2000 4000 6000 8000 100( - K*lljl\llu(;{)EODM / NETHFRLA'JDS
[ | | I J 2% e
 Dunke ;i
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o Boulby Mine "’,B’eft Orléans Strasbourg AUSTRIA|
\ o Gran Sasso - 1. Nantes LDijon j m
Homestake CI-Ar ) SWITZERLAND

,Limoges Lyon
: Grenoble.
*Bordeaux  valence*

Bay of

Biscay

JJoulouse

Corsica
T T T T T (FR.)
NEMO | © 2000 4000 6000 800¢ =
Depth, meters water equivalent oea

Collaboration {

LAL (Orsay), IPHC (Strasbourg), INL (Idaho Falls), ITEP (Moscow), JINR (Dubna),

LPC (Caen), CENBG (Bordeaux), UCL (London), U. of Manchester, Tokushima U.,

Cornelius U. (Bratislava), Osaka, IEAP & Charles U. (Prague), UAB (Barcelona), LSM MOdane; France

Saga U., Imperial College (London), Mount Holyoke Coll. (South Hadley), Fukui U., (Tunnel Frejus depth Of ~4 800 mwe )
» »

INR (Kiev), CPPM (Marseilles), U. Warwick, Texas (Austin)

Karol Lang (University of Texas at Austin)  Colloquium at U. of Tennessee, March 7, 2011 26



Laboratoire Souterrain de Modane

e FRANCE ITALIE 4700 m.w.e

COMMISSARIAT A LENERGIE ATOMIQUE

DIRECTION DES SCIENCES DE LA MATIERE

Altitudes 1228 m : 1263 m : 1298 m
PR Distances ' 0 m ' '6210 m ' '12 868 m
SCIENTIFIQUE
rN 2 P 3 Built for Taup experiment (proton decay) in 1981-1982
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Radon Trapping Facility

o Radon trapping facility installed in
September 2004.

o The trapping time in activated charcoal
longer than %22Rn half-life of 3.8 days.

o Radon level reduced by almost factor of 10
in the detector by installing radon trapping
facility

Adsorption unit @-50°C
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Side view

Top view Typical BP2v event observed from ““Mo
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Typical Bp2v event observed in 1Mo

Deposited energy:
E,+E,= 2088 keV

Internal hypothesis:
(At), s —(At)yeo = 0.22 ns

Common vertex:
(Avertex), = 2.1 mm

vertex

e

Run Number: 2040
Event Number: 9732
Date: 2003-03-20

Trigger: atleast 1 PMT > 150 keV
=3 Geiger hits (2 neighbouring layers+1)
Trigger rate =7 Hz
25 B events per hour
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NEMO-3 backgrounds

1. Internal background (in addition to a potential 2vfp tail)
(due to 232Th (298T1) and 238U (214Bi) radio-impurities of the isotopic source foil)

B e B

source source source
T Bfoil A’ Qf%/

< X c/< ~a Y
~a € ) I
La
beta + IC beta + Moller beta + Compton
(dominant)

@ =radioisotope B = electron from beta decay IC = internal conversion

2. External background (if the y is not detected)

(due to radio-impurities of the detector)

T — T — T —— e_
€ source
source I — source
v foil | ¥ Y| gl | & foil
_r _>< \ 'Y ’/\-&
\ ! "\ - ] ! ¢
/

| et 1 e lL 18p g+ |t

pair creation Compton + Compton Compton + Moller

3. Radon (¢'Bi) inside the tracking detector

- deposits on the wire near the g foil

Each bkg is measured
- deposits on the surface of the B foil using the NEMO-3 data
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Cadmium Foill
Activity and Hot Spots

— 120

-
o
o

o
IIIIIIIIIII|IIIIIIIIIII|III|III|III|III|III|III|

80
60
40
20

Z-Position (cm

-20
-40
-60
-80

-100

120 - 0 i Ao grm—--
18 18.1 18.2 18.3 184 185 18.6 18.7 18.8 189 19

Production foil parts Sector Position

Vertex at the foil for
1 electron data

calibration tube
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Background: control channels

Example:

ey control channel

1000

g

'Illlllllllllllllllllll

Number of events/0.05 MeV
3
o

Energy of the electron

o

+« Data (939 days)
B “'Bi
- e
B *‘Eu

208TI

Other internals
Radon

I External

\ J | J 0 -
2.5 3 3.5
E.[MeV]

Number of events/0.05 MeV

102

150-Nd foil

Z(cm)

Energy of the photon

T |l|l|||

« Data (939 days)
I 7B
e
_— ey
208T|
Other internals
+ 1 Radon
+t¢, I External

e
f |

3 35
E,[MeV]

Karol Lang (University of Texas at Austin)
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1Mo 2vBp results (Phase 2, low Rn)

Number of events / 0.1 MeV

40000

30000

20000

10000

Sum energy spectrum

I

L |

I

1

NEMO 3
. Data
> - l:] BB “DMO
Sy Totbkg

2 622,619
- events
o S/B=76

Number of events

-
<
==
==

40000

30000

20000

10000

Angular distribution

- NEMO 3
! L] Data
" [:1 BB ™Mo
" Tot bkg
-
-~
” -
-
- -
-, -.:..-o- -
“ - - -
-~
-1 -0.5 0 0.5 1
cos(®)

T1p(2vBP) = (7.17 £ 0.01 gy £ 0.54 1) x 107 years

Phase 2 exposure: 3.49 y*6.914 kg = 24.13 kg*y

Karol Lang (University of Texas at Austin)
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OvBp: Mo and 82Se (Phase 1+2)

End-point energy spectrum

> 4
s 10 l*‘_ NEMO 3
— - ® Data
o 3 -@- T 2vBp™Mo
; 10 ' -9 ! Radon
.E | --- int BKG
@ ovpp'*°Mo
3 10 e for T1,2(Ov)=5.1023y
“ (1Mo =

10

1

2 22 24 26 28 3 3.3.4 3.6
Eror (MeV)

NEMO 3

@® Data
2v[3[3"’°Mo
Radon
int BKG
OVBBWUSe
for T, ,2(Ov)=1023y

N

Ty |
¢
R |

—
o

N events / 0.1 MeV
b 4

—
o

(0,0)

N)
W
®

2 22 24 26 28 3 3.2 3.4 36
Eror (MeV)

T, (OVBB) > 1.0x 102y @ 90% C.L.

<m,> < 0.47 - 0.96 eV

T,, (OVBB) > 3.2x102y @ 90% C.L.

<m,> < 0.9-2.5¢eV

Phase 1+2 exposure: 4.51y*6.914 kg = 31.18 kg*y

Phase 1+2 exposure: 4.51y*0.932 kg = 4.20 kg*y
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Results of 2vp3 measurements
Summer 2010

- %°Te, Low radon, 3.49 y, TS10
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Other physics
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i TOP VIEW ) SIDE VIEW
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CUORICINO results
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Summary and outlook

0 Very active experimental program worldwide

o NEMO-3 produces unique results
v many best results in OvBp and 2vpP
10Mo (2009):  T,,vFF > 1.1 x 10%*y (90% CL) <m,> < (450 — 930) meV
8Se (2009): T,,fF > 3.6 x 1023y (90% CL) <m > < (900 —2300) meV

v results for 5 other isotopes: 48Ca, %Zr, 16Cd, 130Te, 1°0Nd
v results on transitions to excited states, V+A, Majorons, SSD vs HSD, ...

o Full data set 2003-2011 currently being analyzed

0 Next: SuperNEMO (first module in 2013)
v sensitivity T,p(0v) = (1-2)x10%y (500 kg*y exposure)
<m,> = 40-140 meV (NME uncertainty QRPA + SM)
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