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In the simplest three-neutrino model there are only two        ‘s
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Two are already measured (in experiments with
solar/reactor and atmospheric/accelerator neutrinos)--so
the unmeasured          is determined.
This is why LSND was a problem!  Perhaps now resolved by
MiniBooNE. No room for ~1 eV 2.
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Mass2

What is the absolute mass scale?

ν3

ν2

ν1

?



Direct Mass Measurements
from Ordinary Beta Decay





Secret Stories 
Experiments We No Longer Believe

Dirty Laundry



Discovery of a 35 eV neutrino





Residuals for fits

Fit with mν ≈ 35 eV

Fit with mν ≈ 0 eV

Used Tretyakov’s
unique toroidal
spectrometer

Mid 1980’s
Evidence for a 35 eV neutrino

Rusults of Lubimov et al



Discovery of a 17 keV neutrino

Two neutrino
mass states

m1 = 0
m2 = 17 keV/c2

|Ue2|2 ~ 1%

Data fit to a
“mν = 0” shape

Mid to Late 1980’s



Evidence for a 17 keV neutrino in the beta decay of 35S  

Residuals from the fit to the beta spectrum



|Ue2|2 = SIN2Θ 

Eight consistent experiments!



The massive neutrino would “violate
every theoretical prejudice we have in
particle physics, astrophysics, and
cosmology,” says Michael Turner, a
University of Chicago expert on
cosmology.

“It’s a true surprise.  If it’s true, then it’s
pointing us in a different direction than
previous physics suggests.” adds John
Bahcall of the Institute for Advanced
Study at Princeton.

Results widely reported!





95% CL

Postive
Results



Source made
with ~1% 14C

35S: Eo ~ 165 keV
14C: Eo ~ 156 keV



How should we analyze Ordinary Nuclear beta decay?
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Last generation of tritium experiments



Limits on neutrino mass from tritium experiments



Most recent tritium decay experiments



TLK

~ 75 m linear setup with 40 s.c. solenoids

KATRIN ExperimentKATRIN Experiment

Karlsruhe Tritium Neutrino 
Experiment
 

at Forschungszentrum Karlsruhe
unique facility for closed T2 cycle:
Tritium Laboratory Karlsruhe  



pre-spectrometer

main spectrometer detector

pre-filter
fixed retarding potential
U=18.3 keV
ΔE~100 eV

precision filter

variable retarding potential for scanning
U=18.4-18.6 keV
ΔE=0.93 eV

electrostatic spectrometers

tandem design: pre-filter & energy analysis



µµ-calorimeters for -calorimeters for 187187Re Re ß-decayß-decay

dielectric AgReO4 crystal

bolometer configuration

Genoa: metallic Re (MANU)
Milano: AgReO4 (MIBETA)



µµ-calorimeters for -calorimeters for 187187Re Re ß-decayß-decay

8751 hours x mg (AgReO4)

MIBETA: Kurie plot of 6.2 ×106 187Re ß-decay events (E > 700 eV) 

10 crystals:

E0 = (2465.3 ± 0.5stat ± 1.6syst) eV

MANU2 (Genoa)
metallic Rhenium
m(ν) < 26 eV
Nucl. Phys. B (Proc.Suppl.) 91 (2001) 293

MIBETA (Milano)
AgReO4
m(ν) < 15 eV

MARE (Milano, Como,
Genoa, Trento, US, D)
Phase I : m(ν) < 2.5 eVmν

2 = (-112 ± 207 ± 90) eV2

Nucl. Instr. Meth. 125 (2004) 125

hep-ex/0509038



ß-source = detector (187Re)
 

• metallic Re / diel. AgReO4
• low activity (< 105 ß / s)
  ~ 1 Bq / mg Re  [ x 350 as ~E0

3 ]
• energy: single crystal bolometer
• measure entire decay energy
• measure entire spectrum
• differential ß-energy spectrum
• modular size, expandable (>105)
• ΔEexpected ~ 5 eV (FWHM) 

calorimeter

external ß-source  (3H)
• condensed / gaseous T2
• high activity ~1011 ß / s
  ~ 2 Ci / s injection of T2
• energy: elstat. spectrometer
• measure kinetic energy of ß
• narrow interval close to E0
• integrated ß-energy spectrum
• integral design, size limits
• ΔEexpected = 0.93 eV (100%)

spectrometer
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Limit on neutrino mass

Primordial microwave background

Large scale structure

Cosmological connection to neutrinos

From three years of
WMAP



Double Beta Decay and
Majorana Neutrinos
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(A,Z) → (A,Z+2) + 2e– + 2 νe

2νββ: T1/2 ≥ 1018y

(A,Z)

(A,Z+2)

(A,Z+1)

ββ

Even-even nucleus2νββ

1935

Double Beta Decay
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82Se first directly observed by Moe and Elliot

Recent 2νββ spectra from NEMO

PRL95,182302(2005)



0νββ

ν e
e–

e–ν e

(A,Z)

(A,Z+2)

W

W

(A,Z) → (A,Z+2) + 2e– 

0νββ: T1/2 ≥ 1025y

1937

Neutrino-less Double Beta Decay

First suggested by Furry



0νββ: requires massive Majorana ν
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Dirac neutrino:
4 states
Lepton number 
is conservation
ΔL=0

Majorana neutrino:
2 states
Lepton number is
not conserved
ΔL=2

νD and νM only different if mν ≠ 0



Neutrinoless Double Beta Decay (0νββ)

Simple interpretation:
• Lepton number is not conserved
• Neutrinos are Majorana ( ν = ν )
• Neutrino mass is different!

νiνi

W– W–

e– e–

Nuclear ProcessNucl Nucl’

Suppose you see it!



EXCEPT



Experimental Signal of Neutrinoless Double Beta Decay

e-

e-

Z+2

Z+1

Z νe

Γ0ν = G0ν(Q,Z) |Mnucl|2 <mββ>2



~0.75             ~0.25
     

Majorana CP Phases 
φ = -1 ….+1

Cancellations possible

simplified relation if Ue3 negligible and φ = ± 1 (CP conservation)  

from solar and atmospheric ν´s

m1 scale unknown: quasi-degenerate, hierarchy, inverted hierarchy

0νßß and effective Majorana mass



APS Neutrino Study 2004

Γ0ν = G0ν(Q,Z) |Mnucl|2 <mββ>2
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Experimental Sensitivity depends on Nuclear Structure



ßß0ν: experimental techniques

bolometerbolometer Ge-diodeGe-diode
ßß foils

passive: source ≠  detector         active: source =
detector



Candidate Experiments
sin22 13 

Experiment Nucleus Detector 

NEMO III  100Mo et al 10 kg of enrich. Isotopes -tracking 

Cuoricino 130Te + etc. 40 kg of TeO2 bolometers (nat) 

CUORE 130Te + etc. 750 kg of TeO2 bolometers (nat) 

EXO 136Xe 200kg - 1 t  Xe TPC 

GERDA 76Ge 30 – 40 kg – 1t Ge diodes in LN 

Majorana 76Ge 180 kg - 1t Ge diodes 

MOON 100Mo nat.Mo sheets in plastic sc. 

DCBA 150Nd 20 kg Nd-tracking 

CAMEO 116Cd 1 t CdWO4  in  liquid scintillator 

COBRA 116Cd , 130Te 10 kg of CdTe semiconductors 

Candles 48Ca Tons of CaF2 in liquid scintillators 

GSO 116Cd 2 t Gd2SiO5:Ce scintill.in liquid sc. 

Xe 136Xe 1.56 Xenon in liquid scintillator. 

Xmass 136Xe 1 t of liquid Xe 

 

MOON CUORE

NEMO

Majorana

GERDA

EXO



6180 octogonal Geiger cells 
1940 plastic scintillators (d=10 cm)
PMTs (low activity)

source-foils 
(d=50 µm A=20 m2)

NEMO3 Experiment at Modane

passive foils (6.9 kg 100Mo) & electron track in Geiger cells (B=25 G)

expected sensitivity mν = few x 102 meV Neutrino Ettore Majorana 
Observatory

100Mo

100Mo82Se



Drift distance

100Mo foil

2νßß
vertex

2 ß-tracks from 2νßß (transv.)

ß1

ß2

total energy E1+E2=2088 keV

2νßß spectrum for 100Mo

electron energy [keV]

experiment
MC: 2νßß
MC: background

NEMO3 experiment at Modane

passive foils (6.9 kg 100Mo) & electron track in Geiger cells (B=25 G)

expected sensitivity mν = few x 102 meV

T1/2 = 7.72 ± 0.02 (stat)
        ± 0.54 (syst) × 1018 years



SuperNEMO preliminary design

Plane and modular geometry: ~5 kg of enriched isotope per module

Top view Side view
5 m

1 m

4 m

20 modules: 100 kg of enriched isotope
             ~ 60 000 channels for drift chamber
             ~ 20 000 PMT if scint. block 
             ~ 2 000 PMT if scint. bars

1 module:  Source (40 mg/cm2) 4 x 3 m2

 Tracking volume: drift wire chamber in Geiger mode, ~ 3000 cells
 Calorimeter: scintillators + PMTs

1 m



Claimed Observation of 0νββ in 76Ge

5 detectors  of overall 10.96 kg enriched to 86%.
Most sensitive to date.
T1/2 = (0.67 - 4.45) x 1025 years (99.73% C.L.)

Majorana ν Mass

<mββ>  = (0.1 - 0.9) eV (99.73% C.L.)
 <mββ> best = 0.45 eV

Heidelberg-Moscow
Experiment

Pulse-shape
selection

Klapdor et al., Phys. Lett B 586 (2004)56.66 kg-yr

Backgrounds from 214Bi



Possible evidence
Klapdor et al., Phys. Lett B 586 (2004) 198
<mββ>     (0.1 – 0.9) eV

APS Neutrino Study 2004



Future Ge-76 ExperimentsFuture Ge-76 Experiments  

GERDAGERDA MajoranaMajorana

- bare enrGe array in
  high purity LAr shield 

- enrGe arrays in
  high purity 
  shielding 
  electroformed Cu 



LXe time projection 
chamber (TPC)
with liquid 136Xe

EXO- Enriched Xenon Observatory

3.7131.3 x 10285.510709010
14518.3 x 10261.8570901

mßß T2
[meV]

mßß T1
[meV]

T1/2 0νßß
[years]

background
[events]

time
[years]

efficiency
[%]

grade
136Xe [%]

mass
[to.]



Bolometer

Heat sink: ~8 mK
Thermal coupling: Teflon
Thermometer: NTD Ge thermistor
Absorber: TeO2 crystal

TeO2 Bolometer: Source = Detector



 Output Signal

Voltage
(Channel
Number)

Time
(msec)



TeO2 Crystals Used in
Electro-Optical Components

High-end
Laser Printers

Optical
Modulators

Why 130Te is a good choice for CUORE

Natural isotope abundance: 33.8%
– No enrichment required

Q = 2530.0 ± 2.0 keV
– Large phase space, above most γ’s from U and Th
– 232Th Compton edge (2360 keV); Total absorption (2615 keV)

Extensive Developments with TeO2 Bolometers
Geo-chemical measurements: T2νββ

1/2 = (0.7 - 2.7) x 1021 y



Total detector mass: 40.7 Kg ⇒ 11.64 Kg 130Te

Cuoricino

11 modules, 4 detector each
crystal dimension: 5x5x5 cm3

crystal mass: 790 g
44 x 0.79 = 34.76 Kg of TeO2

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3

crystal mass: 330 g
9 x 2 x 0.33 = 5.94 Kg of TeO2

(2 enriched in 128Te @82.3%)
(2 enriched in 130Te @75%)

Running since 2003



COURICINO Results
Total Exposure: 8.38 kg-y of 130Te
BKG: 0.18 ± 0.01 cnts/(keV-kg-y)
FWHM at 2615 keV: ~ 8 keV

April 2003 - May 2006



Possible evidence
Klapdor et al., Phys. Lett B 586 (2004) 198
<mββ>     (0.1 – 0.9) eV

APS Neutrino Study 2004

Cuoricino
Exclusion

Status of 0νββ 
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CUORE
Array of 988 TeO2 crystals
• 19 Cuoricino-like “towers”
• 13 levels, 4 crystals each
• 5x5x5 cm3 (750 g each)
• Low conductance Teflon insulators
• OFHC Cu structure
• Crystals equipped with NTDs
• Suspended from cold stage
• Mechanically isolated



Cuore Cryogenics

Leiden 3.0 mW at 120 m°K



Summary



Slide B. Kayser
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Leptons

Q = 2/3

~0.004 GeV
~1.4 GeV

~175 GeV

u
c

t

d
s

b ~4.5 GeV

~.150GeV

~0.014 GeV

Q = -1/3

Quarks

Neutrinos

e
µ

τ

~0.0005 GeV

~0.105 GeV

~1.780 GeV

Q = -1 Q = 0Normal Inverted

OR

Hierarchy Problem:
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Neutrino mixing matrix
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The Standard Model of Quarks and Leptons

L M H



ν3

ν2

ν1

ν3

ν2

ν1

Normal Inverted

ν1 = νL
νL has little to do with νe !



APS Neutrino Study 2004

Long baseline:
Normal
Inverted

Ordinary β decay
Cosmology0νββ

This will
be hard




