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Note
In the simplest three-neutrino model there are only two Am’'s

2 2 2
Am,,” =m; —m,

2 2 2
Am,,” =m,; — m;

2 2 2 2 2
Am,,” =Am,,” + Am,," =m;, —m;

Two are already measured (in experiments with
solar/reactor and afmosphemc/acce/er'afor' neutrinos)--so
the unmeasured Am,;’is determined.

This is why LSND was a problem! Perhaps now resolved by
MiniBooNE. No room for ~1 eV ?.



What is the absolute mass scale?

I V3

Mass?
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Direct Mass Measurements
from Ordinary Beta Decay
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Discovery of a 35 eV neutrino

gy e e RO

6. Neutrino mass would account for the missing mass of the
universe.
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Mid 1980's

Evidence for a 35 eV neutrino Used Tretyakov's

unique toroidal
spectrometer

Rusults of Lubimov et al
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FIGURE 6.11 The ditference between the expenimental data and the theo-
retical fit for the end-point region of the tntium spectrum for two different
values of M_*.(a) M_* =966 eV-and (b) M_* = 0.{Boris et al., 1987).

Residuals for fits



Mid to Late 1980's
Discovery of a 17 keV neutrino

*°S with m =17keV and 10% mixing

Two neutrino :
mass states 8
Q-17keV O=1(’37keV
\\\
m; =0 e AT
m2 = 17 kZV/CZ 140 145 150Energy1(5k5ev) 160 165
o
| Uez | 2~ 1 /o
Shape factor plotted for 1% mixture
of heavy neutrino
Data fit to a ~o &
\ » =
'm, = 0" shape i




Evidence for a 17 keV neutrino in the beta decay of 35S
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Residuals from the fit to the beta spectrum



SUMMARY OF POSITIVE RESULTS

SOURCE SIN*© Mv EXPERIMENT TYPE

3H 1.10 +/-0.30 17.07 +/-0.09 Implanted source

3H 1.11 +/-0.14 16.93 +/-0.07 Implanted source

14C 1.40 +/-045 17.00 +/-2.00 Implanted source

71Ge 1.60 +/-0.74 17.20 +/-1.30 IBEC

S5Fe 0.85+/-0.45 21.00+/-2.00 IBEC

355 073 4+/-0.11 1690+/-040 External source

355 0.84 +/-0.08 17.00 +/-0.40 External source

63N 099 +/-0.12 16.75+/-035 External source
U,,|2= SIN2@

Eight consistent experiments!




- Research News

Results widely r'epor‘red! Is There a Massive Neutrino?

hree far-f o 1
the Stan M
The massive neutrino would “violate e nd s ety s | e el it o el | b bk v e St

every theoretical prejudice we have in
particle physics, astrophysics, and i i R o | o o i f 0 3 2 e | o b s’ v e i
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.
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Source made
with ~1% 14C

35: E, ~ 165 keV
14C: E, ~ 156 keV
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How should we analyze Ordinary Nuclear beta decay?

[
(@iu; — Cp(E+m,) (Ey— E)\/(Bo— E) — m? F(E)0(By — E —m,)
)
m€
C = G%Qw?) cos” O |M|?

dl’ 2 dT,

: —=MU,|[ ==

Incoherent B E il r

COher‘enT: mve = <ve m Ve> = El Uei |2 mi

3
my, = \ > |Ueil*m?  Used in Practice
=1
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3H

3He q

ITEP

T3 in complex molecule

magn. spectrometer (Tret'yakov)
Los Alamos

gaseous T, - source
magn. spectrometer (Tret'yakov)

Tokio

T - source

magn. spectrometer (Tret'yakov)
Livermore

gaseous T, - source
magn. spectrometer (Tret'yakov)

Zurich
T, - source impl. on carrier
magn. spectrometer (Tret'yakov)

Troitsk (1994-today)

gaseous T, - source
electrostat. spectrometer

Mainz (1994-today)

frozen T, - source
electrostat. spectrometer

\%’f Last generation of tritium experiments

my, , Aplp=7x10*
Tret 'yakov umseSupse

17-40 eV

magnetic guiding field: analysis of momentum

AEIE=1x10"°
MAC-E [

magnetic guiding & electric retarding field




Limits on neutrino mass from tritium experiments

ITEP my
T5 in complex molecule :
magn. spectrometer (Tret'yakov) 17-40 eV experimental results
Los Alamos o i
gaseous T, - source <93eV 50 F
magn. spectrometer (Tret'yakov) N; I
Tokio o o fF|l=== =7+ &~ —
<131ev & [ 4 1 —{
T - source £
magn. spectrometer (Tret'yakov) S0 | 4 3! W T
Livermore 100 | A Los Alamos
gaseous T, - source <7.0eV I ® Mainz
magn. spectrometer (Tret'yakov) 150 ) m Tokio
Zurich I | ® Troitsk
o T
T - source impl. on carrier <11.7eV -200 | ‘I;?ngi;(step)
magn. spectrometer (Tret'yakov) s
Troitsk (1994-today) el |- | electrostatic
- ' spectrometers
gaseous T, - source <205 eV .300 magnetic |
electrostat. spectrometer | | spectrometers
Mainz (1994-today) 960 Laimcden oo i e s g misiees ony ca
frozen T, - source <23eV 1986 1988 1990 1992 1994 1996 1998 2000
electrostat. spectrometer year




Most recent tritium decay experiments

Troitsk Mainz

windowless gaseous T, source quench condensed solid T, source
analysis 1994 to 1999, 2001 analysis 1998/99, 2001/02
2 2
m’=-231£25+20eV? my=-121t22121¢eV

my< 22eV (95% CL.) mys  22eV (95%CL)

\,' o



KATRIN Experiment

Karlsruhe Tritium Neutrino
Experiment

at Forschungszentrum Karlsruhe
unique facility for closed T, cycle:
Tritium Laboratory Karlsruhe

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



electrostatic spectrometers

tandem design: pre-filter & energy analysis

'0’19

~

So,
G/e
)

pre-filter

fixed retarding potential
U=18.3 keV
AE~100 eV

precision filter

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



u-calorimeters for '8’Re 3-decay

187Re - 18705+ ™+ ¥ ’ 185 "
85 86 = isotopes "Re (37.4%) ®"Re (62.6%)
A 186 g/mol
3
Genoa: metallic Re (MANU) | o volue | Ho3 em
) electronic. configuration Xe]| 4f145d56s2
Milano: AgReO, (MIBETA) | crystal structure hep
density 21.02 g/cm?
| fi . Debye temperature 417K
bolometer con Iguratlon transition temperature 1.69 K
electrical resistivity (300 K) 18.4 x 107% Qcm
Heat sink (contact pads) | critical field 20 mT

/ Al bonding wires 17um & x 2mm

\

Epoxy joint
POXY) Thermistor

AgReQ, absorber
X-ray calibration source

_




u-calorimeters for '8’Re 3-decay

MIBETA: Kurie plot of 6.2 x10° 18’Re 3-decay events (E > 700 eV)

50
45F

MANUZ2 (Genoa)
metallic Rhenium
m(v) < 26 eV

Nucl. Phys. B (Proc.Suppl.) 91 (2001) 293

40F

__ 35|
w
| @ 30}
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wi=
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MIBETA (Milano)
AgReO,
m(v) <15eV

 Z Nucl. Instr. Meth. 125 (2004) 125

MARE (Milano, Como,
Genoa, Trento, US, D)
m,?= (-112 £ 207 + 90) eV? Phase | : m(v) < 2.5 eV

hep-ex/0509038

1.0 1.5 2.0 2.5
energy [keV]

E, = (2465.3 + 0.5, + 1.6,,) eV




calorimeter

R-source = detector ('8’Re)

» metallic Re / diel. AgReO,
* low activity (< 10° 3/s)
~1 Bg/mg Re [x350 as ~E’]
« energy: single crystal bolometer
* measure entire decay energy
* measure entire spectrum
* differential [3-energy spectrum

» modular size, expandable (>10°)
. AE ~ 5 eV (FWHM)

expected

<=

spectrometer

external R-source (°H)

 condensed / gaseous T,
* high activity ~10"" R/s
~ 2 Ci/s injection of T,,
e energy: elstat. spectrometer
* measure kinetic energy of 3
* narrow interval close to E,
* integrated [3-energy spectrum
e integral design, size limits
* AE =0.93 eV (100%)

expected



Limit on neutrino mass

Emi <0.7eV

an

AN

From three years of
WMAP

o‘-

A7)
Large scale structure

-



Double Beta Decay and
Majorana Neutrinos



Double Beta Decay

A,Z+1
Z,VBB Even-(exe,nZ;]ucleus ( + )
Bp

(A,Z+2)

2vpp: T,, = 1078y

(A.Z)

1935

(A,Z) — (A, Z+2) + 20 + 2v

e




Bethe-Von Weizsacker semi-empirical mass relation
M(A,Z)=Zm,+(A=-Z)m, —a,A+ a A +a 7’ A +a,(A-272)PA"+6

0= -a,A" (even,even) or +a, A (odd,odd) or 0 (even,odd)
a,->33.5 MeV

81.95

£Ga “Nb |
81.94 | ‘

81.93 |

Mass [u]

81.92 |

81.91 L




82Se first directly observed by Moe and Elliot

Number of events/0.05 MeV

180 |
160 |
140 |
120
100 |
80 |
60
40 ¢
20

Recent 2vpp spectra

NEMO 3 (Phase I) 82Ge
0.993 kg.y
2,750 BB events
S/B=4

Number of events/0.05 MeV

12000
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2000 |

from NEMO

—T T

NEMO 3 (Phase I)

219,000 BB events

S/B =40

100V o

7.369 kg.y

2

25 3
E,, (MeV)
PRLO5, 182302(2005)



Neutrino-less Double Beta Decay

Ovpp First suggested by Furry

Ovpp: T,, = 105y
(A,Z)

(A,Z) — (A,Z+2) +




OVBP: requires massive Majorana v

n=p+e +v. > 742

(RH v,) LHv,)
V,+n=>p+e
Elliot



Dirac neutrino:

Lorentz 4 states

| | Lepton number

Voo,V V= » Y+ is conservation
CPT CPT AL=0

(b) Majorana neutrino:
2 states
Lepton number is

CPT hot conserved
AL=2

Lorentz

Vo o, V4

vp and v,, only different if m, # 0



Neutrinoless Double Beta Decay (0vfp)

ER
b wl

Nuc] == Nuclear Process = Nuc/'

o~

Suppose you see it!

‘ Simple interpretation:

- Lepton number is not conserved
» Neutrinos are Majorana (v =v)
* Neutrino mass is different!



Exchange of a light neutrino,

only left-handed currents

d N u N
|
| Wp,
|
=
v
-
Wt
|
d N u _

Exchange of a heavy neutrino,
short range hadron physics at play

d u
'I -

| Wpg

|
s

V)ugatvy

e

' Wr

EXCEPT

Exchange of a light or heavy neutrino
and one right-handed Wy,

d R u N
I
| Wgr
|
=
v
e
| Wi
|
d N u N

Exchange of supersymmetric particles,
R-symmetry violated

d u

L Ll

I
| € (selectron)
I

>

e
X (neutralino)

€

-

| € (selectron)
o




Experimental Signal of Neutrinoless Double Beta Decay
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OvRR and effective Majorana mass
(m) = |S"U%m,| = ]mee)\ + e'®2 \mee)] + '3 \mee)\

1)) _ 2
my. | = Uy |"my,

(&

(2)) — 2 /A2 1 a2
mee’ | = |Uga |1/ Amsy + m7,

Majorana CP Phases
=-1....+1
Cance//at/ons possible

mE)| = |Usl’ \/A m3, + Am3, +mj
simplified relation if U_; negligible and ¢ = + 1 (CP conservation)

(mpg) ~ |Uet[Pmy £ U e2!2\/ mi + omi,
~0.75 ~0.25 from so012

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



effective mass <mgg> (eV)

1.000

0.100

0.010

0.001 ¢

Inverse

Degenerate

| APS Neutrino Study
L bl L I L |

2004

0.001

0.010 0.100

1.000

minimum neutrino mass m, (eV)

Iy

min

= Gy (Q,2) M, l? <m,3/3>2

V_

3
<mﬁ/3> = 21|Uei

2
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double beta decay isotopes

o0
T

N
| 754 73 |

n

natural isotope fraction [ % ]

E A

S Ca— 4271 |0187
:_ 48Ca 6Ge—’%Se 2.040 7.8
o 825e—82Kr 2.995 9.2
[ 967pr—9% Mo 33560 |28
- , o150Nd 100Mo0—100Ry 3.034 (9.6
- 96Zr 100Mo 110pd—110Cd 2018 [118
. i16cde 825 . eCd»16sn  |2.802 |7.5

e

50 ® 136Xe o 1245n—124Te 2.228 |b5.64
E 124Sn.. 110Pd 130Te—130Xe 2,933 34.5
o 76Ge 136 Xe—136Bq 2479 |8.9

150N) 150

5 i o 310 e 2 Nd Sm 3867 |56




Authors/Ref. Method T /.2(130Te ) FN(I?’OTe ) FN(TGGe)
(1023 y) (10—13 y—l) (10—13 y—l)
QRPA Staudtetal., 1992 [ 3] pairing (Paris) 0.77-0.88 29-34 5.9-10
pairing (Bonn) 0.9-1.1 24-29 4.5-8.9
QRPA  Staudtet al., 1990 [1] 5 5.22 1.12
Pantis et al., 1996 [5] no p-n pairing 8.64 3.0 0.73
p-n pairing 21.1 1.24 0.14
Vogel et al., 1986 [6] 6.6 3.96 0.19
Tomoda et al., 1987 [ /] 5.2 5.0 1.2
Civitarese et al., 2003[%] 5.2 5.0 0.7
Barbero et al., 1999 [V] 3.36 7.77 0.84
Simkovic et al, 1997 [10] Full RQRPA 4.66 5.6 0.27
Simkovic, 1999 [ 1 1] pn-RQRPA 14.5 1.79 0.62
Suhonen et al., 1992 [12] 8.34 3.13 0.72
Muto et al., 1989 [ 1 3] 4.89 5.34 1.1
Stoica et al., 2001 [ 1] large basis 10.7 2.44 0.65
short basis 0.83 2.66 0.9
Faessler et al., 1998 [ 15] 9.4 2.78 0.83
Engeletal., 1989 [16] generalized
seniority 24 10.9 1.14
Aunolaet al., 1998 [ 17] WS 4.56 5.72 0.9
AWS 5.16 5.06 1.33
Rodin et al., 2003 [ 1 5] QRPA 34.6 0.75 0.45
RQRPA 37.9 0.69 0.36
SM Haxtonetal., 1984 [19]  weak coupling 1.6 16.3 1.54
Caurier et al., 1996 [20]  large basis 58 0.45 0.15
OEM  Hirshetal., 1995[21] 7.3 3.6 0.95




Experimental Sensitivity depends on Nuclear Structure

50 e RQRPA (g,=1.25) E

i m RQRPA (g,=10)
E i o QRPA (gA:1.25) :
4018 g ° s QRPA (g,-10) ; -
2/\ 3.0 —E : L ¢ ¢ E} R
R T R L
Vaof L %:
1.05— H -
ook ‘

82 96 100 116 128 130 136
Se /1 Mo Cd Te Te Xe
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RR0v: experimental techniques

passive: source # detector active: source =
detector detector
s,

bolometé\. /4



Candidate Experiments

sin“2013

Experiment |Nucleus Detector

NEMO Il |"Moetal |10 kg of enrich. Isotopes -tracking
Cuoricino | "™°Te + etc. |40 kg of TeO, bolometers (nat)
CUORE 9Te + etc. | 750 kg of TeO, bolometers (nat)
EXO X% e 200kg - 1t Xe TPC

GERDA ®Ge 30 — 40 kg — 1t Ge diodes in LN
Majorana |"°Ge 180 kg - 1t Ge diodes

MOON %Mo nat.Mo sheets in plastic sc.
DCBA ONd 20 kg Nd-tracking

CAMEO "16¢cd 1t CdWO, in liquid scintillator
COBRA "8Cd , ™°Te | 10 kg of CdTe semiconductors
Candles ®Ca Tons of CaF; in liquid scintillators
GSO "ocd 2 t Gd,SiOs:Ce scintill.in liquid sc.
Xe X% e 1.56 Xenon in liquid scintillator.
Xmass %% e 1 t of liquid Xe

Ultra-low activity

U EXO



e

\a/ NEMO3 Experiment at Modane

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

e _ 5
expected sensitivity m, = few x 10 meV Neutrino Ettore Majorana

\ / Observatory
source-foils \

(d=50 um A=20 m2

\7{(;’-8&{-— ', e
BIEi 7|
/

: H-MMAAM&AH

T

r
il
|

TN NN TNy 2

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




NEMQO3 experiment at Modane

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

expected sensitivity m,, = few x 102 meV

2 [3-tracks from 2vR3[3 (transv.)

Events / 51keV

7000

6000

5000

4000

3000

2000

1000 —

2v313 spectrum for %Mo

T

Jae == experiment
w N MC: 2v33
. ** ~ MC: background

1o = 7.72 £ 0.02(stat)
- 0.54 (syst) x 1078 years

T T
1500 2000 2500 3000 3500

electron energy [keV]



SuperNEMO preliminary design

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

1 module: Source (40 mg/cm2) 4 x 3 m?
Tracking volume: drift wire chamber in Geiger mode, ~ 3000 cells
Calorimeter: scintillators + PMTs

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

Top view Side view



Claimed Observation of 0vff in 5Ge Heidelberg-Moscow:

5 detectors of overall 10.96 kg enriched to 86%. Expeririell |
Most sensitive to date. *‘; .

T, =(0.67 - 4.45) x 102° years (99.73% C.L.) 'i’ : g:
Majorana v Mass ’

<mg> =(0.1-0.9) eV (99.73% C.L.)
<Mg> et = 0.45 €V

Backgrounds from 214Bi

18} 96.66 Kg-yr | st Klapdor et al., Phys. Lett B 586 (2004) |
) Pulse-shape

selection |

Counts/keV

1 - — A -
(]
- S " iln ey ]M

gooo 2010 2020 2030 2040 2050
Energy, keV




effective mass <mge> (eV)

1.000

Degenerate

=
[a—
o
(=)

Inverse

Possible evidence

Klapdor et al., Phys. Lett B 586 (2004) 198

0.010 <mg,> »(0.1-0.9) eV

Normal

0.001

N 3 ~ APSNeutrino Study 2004,
B 0.001 0.010 0.100 1.000 .
minimum neutrino mass m, (eV)

min




Future Ge-76 Experiments

GERDA Majorana
oo Clean room
> o/ ok
\ Water tank /‘buffer/ muon veto
AN Vacuum insulated
- steel cryostat with inner £
4 copper liner

Liquid Ar

/ ; G//Array

- bare ¢ Ge array in
high purity LAr shield

- €"Ge arrays in
high purity
shielding
electroformed Cu




EXO- Enriched Xenon Observatory

136xe — 136Bg*+ +2e~ (Q=24 MeV)

L Xe time projection
chamber (TPC)
with liquid 36Xe

mass grade | efficiency time background | T, OVBR | mg; T1 | mgg T2

[to.] | 136Xe [%] [%] [years] | [events] [years] | [meV] | [meV]
1 90 70 5 1.8 8.3x 102 51 14
10 90 70 10 5.5 1.3x10%8 13 3.7




Bolometer

TeO, Bolometer: Source = Detector

Heat Sink

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

Absorber: TeO, crystal

Impinging Particle

Teflon

IVAVAVANE B o7}
Crystal Parasitic Power
Glue Spots
Wires + Pads
Thermistor
Lattice
Electron/Phonon
Decoupling Rg R4 vV
Tot
Thermistor -
Electrons Electrical Power
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Why 130Te is a good choice for CUORE

TeO, Crystals Used in
Electro-Optical Components

High-end Optical
Laser Printers Modulators

Natural isotope abundance: 33.8%
— No enrichment required

Q =2530.0 £ 2.0 keV
— Large phase space, above most y’s from U and Th

— 232Th Compton edge (2360 keV); Total absorption (2615 keV)
Extensive Developments with TeO, Bolometers
Geo-chemical measurements: 7B, , = (0.7 - 2.7) x 1021 y




Cuoricino

Total detector mass: 40.7 Kg = 11.64 Kg 3°Te

11 modules, 4 detector each
crystal dimension: 5x5x5 cm3
crystal mass: 790 g

44 x 0.79 = 34.76 Kg of TeO,

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm?
crystal mass: 330 g

9x2x0.33=5.94 Kg of TeO,
(2 enriched in 128Te @82.3%)
(2 enriched in 3°Te @75%)

Running since 2003




COURICINO Results

Total Exposure: 8.38 kg-y of 13Te
BKG: 0.18 = 0.01 cnts/(keV-kg-y)

FWHM at 2615 keV: ~ 8 keV

Ov —DBD result

T, ,>2.410% [y]
@ 90% C.L.

April 2003 - May 2006

203
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10 3

*Co sum peak
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Possible evidence

Klapdor et al., Phys. Lett B 586 (2004) 198



Scaling to higher sensitivity

Figure of Merit
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CUORE

Array of 988 TeO, crystals

like “towers
13 levels, 4 crystals each
e 5x5x5 cm3 (750 g each)

e 19 Cuoricino

 Low conductance Teflon insulators

e OFHC Cu structure

e Crystals equipped with NTDs

e Suspended from cold stage

* Mechanically isolated




Cuore Cryogenics

’ ; detector damping
i suspension
b
M| dilution unit
:; . thermal shields
J I i V 24 mixing chamber and
r & e i cold finger
TeOp detectors
lead shield

Leiden 3.0 mW at 120 m°K




Summary



l Bounded by CHOOZ

From Max. Atm. mixing,
V3= (Vy + V) A2

Am’, =Am}, = Am’ =2.472107eV?

atm

{ From v|,(Up) oscillate

2
7 -
(mass) AMgtm but v, (Down) don't

P In LMA-MSW, Fé(\’e — Vo)
= Ve fraction of V2

v ' ey A =805 210V
2 From distortion of Va(solar)

2 -
V1 Bl }AmCD*_ and V{reactor) spectra

. Vv, T
Y 5 { From Max. Atm. mixing, V1 & V>
l‘ include (v, — Vo) /2

Slide B. Kayser



Hierarchy Problem:

Quarks

T ~175 GeV b —— ~45 GeV
c ~1.4 GeV S ~.1506eV
u ~0.004 GeV d ~0.014 GeV
Q=2/3 Q-=-1/3
Leptons
T — ~1.780 GeV ——
= < OR -
uw ~0.105 GeV
e ~0.0005 GeV Inverted

Normal Q=0
Neutrinos



Neutrino mixing matrix

U Ue2 Ue3
U=\U, U, U,
U Ur2 U‘r3
1 0 0 cos, 0 e™rsinf,| (cosh, sinf, 0\ (I 0 0
=[0 cosO,, sinf,, |x 0 1 0 x|-sinf, cosB, 0|x|0 e“" 0
0 -sinf,, cosfy,) |(-e®rsinf, 0  cosO, 0 0 1) {0 0 7"
— o o _ +24 =9
5=7 p="



The Standard Model of Quarks and Leptons

(MELEN
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Sialled 8210



Normal Inverted

I v
3 B v
BV,

B vV
I V;

BV,

v, has little to do with v, !



Ordinary 3 decay

Long baseline: Ovps Cosmology
=hdsrime— | N\ /
=Taverted= | . N v

Degenerate

o
[a—
-
o

Inverse
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