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Neutrinoless Double-Beta
Decay (Ov3B)
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R.D. McKeown and P. Vogel, hep-ph/0402025v1

What it may tell us about
neutrinos:

1. Majorana particles?

2. Improved constraints on
absolute mass scale?
neutrinoless i~ € §

3. Mass hierarchy?
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What We Measure &
What It Tells Us

What we are looking for is an /N
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Hierarchy &
Experimental Sensitivity
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mass range
corresponding
to claim of
discovery in

How Cuoricino & CUORE

Measure Up
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Counts

CUORICINO Performance and Results
(PRELIMINARY)

= Average FWHM resolution
(at 2615 keV): ~8 keV

= Average background (near Q-value):
0.18 counts*keV-1*kg 1*yr-1

= Statistics March 2003 — June 2008
(total exposure 18 yr*kg 13°Te):

= = =
o £ o]
bbb b bl [11

[e]

Energy T1/2(9O% C.L.) > 2.94x102%4 yr
CUORE Goals -2 <m,> < (0.21 - 0.70) eV *

» Average FWHM resolution: 5 keV
= Average background: 0.01 counts*keV-1*kg 1*yr1
= Predicted limit after ~5 years of running:

T, ~2.1x10%°yr > <m>< (24 -83) meV *

*NME from review table of QRPA calculations in Rodin et al Nucl. Phys. A 766,107 (2006) + Erratum nucl-th:0706.4304v 1
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Cuoricino to CUORE:

phe Ry

g !

Cuoricino:

44 5x5x5 cm?3
and 18 3x3x6 cm?3
TeO, crystals

detector mass 40.7 kg;
130Te mass 11.34 kg

standard dilution
refrigerator

CUORE:
988 5x5x%5 cm?® TeO, crystals

detector mass 741 kg;
130Te mass 203 kg

cryogen-free dilution
refrigerator
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Most relevant backgrounds —
U and Th contamination

= Flat a background
o Copper surfaces
(50 £ 20 %)
o Crystal surfaces
(10 £ 5 %)
= 2615 keV y line
(30 £ 10 %)

o Decay chain of Th in
cryostat shields

...And additional concerns
for CUORE

= 90Co from cosmogenic
activation of copper
supports?

= 2VBP tail?

= N ]. 208 1y
> |
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Energy (keV)
CUORICINO spectrum in region-of-interest

Avg. background in region-of-interest:
0.18 £ 0.01 counts*keV-1*kg 1*yr-1
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Cuoricino to CUORE:
Backgrounds

Run underground in the
Laboratori Nazionali del Gran
Sasso in Italy to reduce /
cosmic rays (~3500 m.w.e.)

v“¢More stringent

material selection, Several layers of
production, cleaning, lead shielding =
handling, and storage
procedures for all
detector components
for CUORE ¢

GOAL FOR CUORE

Avg. background in region-of-interest:
within a factor of 2 — 4 of goal 0.01 counts*keV-1*kg-1*yr-1

So far demonstrated:
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Detector Technology:

Bolometers & Thermistors

The basic detector unit is a TeO, crystal (13°Te natural abundance 33.87%).
A decay deposits energy in the crystal, causing a temperature rise:

A E t () crystals’ heat keep array
AT(t) = ——°¢F (_ ?) T = — capac1ty ==3» in a cryostat
’ G C o T3 at 8-10 mK

thermal conductivity (&

f

R(T) — Roe\/?o

_ N\
~+— Heat sink 8000 ]
~—Thermal coupling A P rales tine: tans mesc
i ] »decay time: hundreds msec
+—Thermometer ] g; a
E
Decay e
\ 2000 ]
Crystal absorber
0.0 _|
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Voltage signal - needs to be calibrated!
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Calibration Approach

Bolometers provide only energy information.
The response of each is different, so they must be calibrated individually.

We calibrate against y sources of known energies ~monthly.

Between calibrations we stabilize the response with a heater + pulser system, and stabilize
the base temperature with a DC feedback loop.

[Tesupseinm ) 232Th: used in Cuoricino

¥ B11 ey 2615 keV & | o Several peaks throughout spectrum
B 911 keV (228A¢) (208T1) k 1

<as |1 969 kev (2%Ac) o Strong peak near Q-value

(2135}71) o = Option of using different sources
- .
(double escape) (Sm%e merpe] = Non-linear energy response

o Currently re-optimizing analysis using all
= R Cuoricino data

e = Calibration uncertainty affects
—*F fit of peak positions to resolution, and is a systematic error in
Ezm? calibration function determining TO"l /2
B o Cuoricino: £0.4 keV (negligible with
5t respect to +2 keV Q-value uncertainty)
o o Goal for CUORE: +0.05 keV or better

- (similar to improvement on Q-value

g
g

500

T measurement)
Amplitude
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Calibration Approach

Bolometers provide only energy information.

The response of each is different, so they must be calibrated individually.

We calibrate against y sources of known energies ~monthly.

Between calibrations we stabilize the response with a heater + pulser system, and stabilize
the base temperature with a DC feedback loop.

If we add ©°Co,
$ 511 keV

keV
(2087Y)

LT

1173 keV

as well:

(QQBAC)
7 (228AC)

P 1-_x7
d
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(208TY)
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fit of peak positions to
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R
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232Th: used in Cuoricino

o Several peaks throughout spectrum
o Strong peak near Q-value

= Option of using different sources

= Non-linear energy response

o Currently re-optimizing analysis using all
Cuoricino data

= Calibration uncertainty affects
resolution, and is a systematic error in
determining T%, ,,
o Cuoricino: £0.4 keV (negligible with
respect to +2 keV Q-value uncertainty)

o  Goal for CUORE: £0.05 keV or better

(similar to improvement on Q-value
measurement)

Larissa Ejzak
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Requirements

BETWEEN the detector towers

Detector Calibration
System (DCS)

[sotope: 23?Th (plus
60Co?)

Source carrier moves
between 300 K and
detector region

o Static heat loads

o Thermalization

o Friction

Low-background
o Materials
o Source parking position

o Failsafe against detector
contamination

;

Computer-controlled
motion boxes with

- % Chains of individual

i;‘;d;hield TOP VIEW sources: 12 strings

. I'nK . of ~30 sources each,
with a total activity

(| ~50 Bq (~1.3 nCi
| lead

shield

/

Guide tubes:

P

to get calibration sources in

P

for even illumination
Detector area
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Stage T [K]

40K 40 - 50
IvC 4-5
STILL 0.6 -0.9
HEX 0.05-0.1

MC 0.01

TSP 0.01

Thermal Considerations

Stainless Steel

o . es Copper
Calibration Static heat Radiation from .
static cooling load from source string ©®  Perfect thermal coupling
power budget [W] guide tubes [W] at 4 K [W] O Weak thermal coupling

~1 ~1 -- internal external
0.3 ~0.09 - 300K - B

0.55m 0.13m 0.08p 40K - -
1.1p negligible 0.3u 4K -@——@-—
1.2y 1.07u 0.08p
< ~1.2n 0.25p 0.7K - — >

1y
70mK
/ / 10mK -O——
e of

2 Conductanc .

guide tubes o String must be at g
o Radiation funneled 4sI§f21;r?§el;?¥of1§)r R

from 300 K — =

o Minimize friction detector
from source motion
through tubes
- —

Larissa Ejzak
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Kevlar string
dia: 0.35 mm

\ active
source

N
4:1 PTFE
heat shrink
thickness:
0.1 mm 8 |~9.2
mm| mm
A4

crimp cross-section

_. e
e b N |

. N
i T

"‘11[."* s

S o
PR T R )

LN

Source Carriers &

Thermaliz

Detector
region

ation

| INTEGRATION IN
® CRYOSTAT 3D MODEL

blade

top view

Need to
provide
sufficient
pressure to
ensure good
thermal

pushing contact
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w Motion & Friction Tests

6.76 -I
Lab mock up of a representative
‘de tub p ti p . reproducible profile allows
gulde tUDE rou 1 o ' monitoring of source’s travel
’ R\ o0 Ll through the tubes
| ‘ load cell = A
tracks tension = *f
in string ol
. reliable motion, m '
. little fraying | »
10’000 cycles # of turns of spool ; h
USB camera integrated takes snapshot of source F

i
=D

N 7

=

/ J — WL\

e TR —
T E { =] hammes— —

proximity sensor

counts capsules
passing by

i

voltage

'

with LabView control
software

after given number of —>
turns of the spool

T

time

MANr

| |
\“ ]  positioning |

8 accuracy of |
~0.5 mm |

Time sinze wiars imnp
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W CUORE Status & Schedule

Summer 2009 (now) | Crystal production ongoing since 2008 (~30 per month)
Cryostat ordered, will be assembled as parts come in
Hut construction is almost complete

Winter 2009-2010 | Installation of 1st tower in Cuoricino cryostat (CUORE-0)
Delivery of dilution unit for cryostat

Cryostat hardware tests (room temperature and cold)

2010-2011 Assembly of detector, Faraday cage, and electronics
2012 Start of data taking
Summary

CUORE is now in the construction phase

CUORE will be one of the first Ovpf3
experiments to probe the inverse hierarchy
mass region

CUORE plans to start taking data in 2012
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m A Major Interruption...

1 On April 61, an earthquake destroyed
L’Aquila, the nearest major city to the
Gran Sasso lab.

155
2

Baseline
-
=

TN e
! ¥

8 T T T . Ty * i
T M P G [ A
WAL A T RV

£
|III|III|III|III|III|III|III|III
S

S

=

E TS R | L | US| SR UL

0 V 5 10 15 20 25 30 35 40
NsTime/1e09/3600+(1+12/60) ((hour))

the main shake and aftershocks as seen by

the large-scale R&D detector running in the

Cuoricino cryostat (the final test of copper
cleaning procedures)

Estimated delay of up to 6 months

Larissa Ejzak DPF Meeting 22



How Can 0Ov(p Tell it

Neutrinos are Majoranar

Diagrams from J. Schechter and J. Valle, Phys. Rev. D 25, 2951 (1982) -
yg 1t
d i w
—p- _— SRR vppiipte-rrincos o snzoriany
| : :
[}
|

W BUT =1
S VBB d :Z:l
VP[5 cou : E
F 4 : :
¢) ) 150 be BLACK BOX
L mediated by "
*w' some other _ :_:!
e s mechanism, - d i
oL : e P
e.g. SUSY ................_.._.._.;.u..:;;.\;:::_..__,
Standard diagram for Ov(3[3: particles Y
nn>ppe e Crossing-symmetry diagram:
or 0>dduuee

dd—>uue e

Thus any observation of Ovp3 implies that neutrinos are Majorana.
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Calculation of Nuclear

Matrix Elements

Nuclear Shell Model (NSM)
= Defines a ‘valence space’ to

work with — restricts 6.0
number of nucleons B ©
considered 53 I g
= Uses effective Hamiltonian il _ T N
obtained from empirical X N3
data A‘“}T 1 5
= Can be used to describe 2 | ? I T 3
nuclear deformation "2 301 1 - ° 1 £
Vo 8 I ) %
Quasiparticle Random Phase 20 A A 3l | A T o =
Approximation (QRPA) i ® 1741 %
= Treats a large fraction of 1.0} ¢ A NSM (Jastrow) 1 =
nucleons I ® (R)QRPA (Jastrow) go
= Considers a limited number oot — o —( ”: (R)(I%I:PA (SﬂCOM)i - N
of correlations; useful only Ge "Se Zr Mo Cd “Te "Te “Xe &

for (nearly)-spherical nuclei

= Dependent on the value of
the particle-particle
interaction
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Upcoming Experiments & -

Projected Sensitivities

tellurium Experiment  Isotope - Mass of Sensitivity  Sensitivity
dioxide crystal isotope, kg 1 9,y (my), meV
bolometers germanium
diodes
immersed in
germanium liquid argon
diodes
surrounded liquid xenon
:gizzailrg SuperNEMO  ®2Se 100 (4 oye dpEe e e tlmshirgsgmn

or 1°Nd — not yet decided

A.S. Barabash, arXiv:hep-ex/0602037v1 (2006)
source foils surrounded
by gaseous tracking
chamber and calorimeter
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w NTD Thermistors

Prepared from Neutron N
Transmutation Doped
germanium wafers:

neutron irradiation
activates Ge, which then
decays to As, Se, and Ga
- p-type doping

material-dependent:
0.5 for NTD Ge

o(T) = po exp (To/T)d
. 2 \
independent of

doping level depends on doping level:
lower doping - higher T,

Larissa Ejzak DPF Meeting
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B3-decay Candidates &
the Selection of 13VTe

a different way to express ['y,:

/ 1:“N = G» | Mnucl | 2 m62

Parent Isotope Fn(y™1) Qzp (KeV)  Ab(%)
48Ca (5.473) - 10714 4271 0.187
Ge (7.3 £0.6) - 1014 2039 7.8
828e (1.710:5) - 10713 2995 9 o
100Mo (5.0 £0.15) - 1013 3034 9.6 enrichment
116Cd (1.3%0-7) - 10713 2902 7.5 ~ necessary
130T (4.2 £0.5) - 10713 2530 33.9
136 Xe (2.8 £0.4) - 10~ 2479 8.9
150Nd (5.7153) - 10712 3367 5.6
/
relatively lies above all natural gammas except 2615 keV (?98TI);
favorable in clean window between peak and Compton edge

Larissa Ejzak DPF Meeting 27



Since the sources extend only
slightly above and below the
detectors, the middle layers see
more activity than the top and
bottom

T

TSP 5

55 S
A |

Total source
length = 840 mm

760
detector 0
array
15 -380
55 ﬁ L -420

Hifect

Solid-Angle

Norm hit rate z-direction - Peak 5

g 1 We can
ZosE compensate
3 nof- somewhat by
%,,85:_ increasing the
2.:F activity at the
075t = | top and bottom

b of the source string
0.65 = Calibration time vs Layer

L e T oo

wray ez

Note: so far
this analysis
only done for

56CO

Distance between
bottom of the source

and

bottom of the MC

vessel is 30 mm

wn

Calibration time [days]
-

3

01z

4-8 57

Larissa Ejzak
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Friction

Major factor is the motion of the source
carriers over the bends in the guide
tubes:

\T
angle of contact
/( = bending angle
in our case)

T
T

= e’

\ kinetic friction
coefficient

Open Questions:

Extraction of a s1ngle source strmg

Te=06
TSP —
. E;mﬂm fron botton STIE
290708 -1y assuming constant
1
B N speed: 0.1 mm/s
o 2e-8E 1
Q W ok
L =4 Lok
« -
.& L. S8 L LL
g "'"""lr.(" -
s \ ey Rt
o le=BE L ¥ LY
[} ™ It L'-_I
'-'":l_. -
5 g ™,
Ay Se-a7 R - By
H\\ o o B
! ‘1_L
A JH-LH"‘-L e Ll"\

i i - i
L] - 1.8 1.5 2.8 2.5

Distance traveled from bottom [m]

= Optimization of this model gives
~49 hours for extraction of all 12
strings
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A Controversial Claim
in "°Ge

Heidelberg-Moscow
experiment: ~11 kg of
enriched germanium

<m > = 0.4 eV

H.V. Klapdor-Kleingrothaus et al., Nucl. Inst. .
And Meth. A 522, 371 (2004) ”

181

16

141+ f\

Ovpp peak

Ovpp peak |

Y/

Counts/keV
-
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— |
—~7~

_H_
|
|
CountsikeV
[#%]
———

UL pulse shape
} : selection
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r
- =

4
1 ' i

J
h u h, |

==

A -

0l 'l ) 3 I | : I - L bl LI 1] | ] |
2000 2010 2020 2030 2040 2050 2060 2000 2010 2020 2030 2040 2050
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Cryogenics

All figures from Pobell, Matter and Methods at Low Temperatures Third Edition

T T T

2.0

Superfluid
1.5 5

Temperature, T [K]

0.5}

4
0 0.25 0.50 0.75 1.00
3He concentration, x

At low enough temperatures,
a SHe/*He mixture separates
into a ‘concentrated 3He’
phase and a ‘dilute 3He’
phase

CS,d > CS,C

When 3He moves from
concentrated phase to dilute
phase, cooling occurs

To " . .
pump Traditionally precooling is
From 1.5K accomplished by immersion in
Condenser Almost pure ®He

a ~4K “He bath; pulse tubes
provide a mechanical means to
reach that temperature

Main flow
impedance —.:

Vapour
‘ g Heater \ W
Still heat o ST 3 ;:(' St”l 07K Iw Reservoir
exchanger —= [RaRas volume
) e
Secondary 4 LU ‘_"-‘?‘Dti:ute / m
3 phase .
ey vwen 1 .
impedance — = Orifice
&
Heat Heat S
— han
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Direct Mass
Measurements: Trittum

5 5 B If CPT is not respected (v and v can
H — “He e v« have different masses), bound relaxes
from 2.1 eV to ~200 eV

A. Strumia and F. Vissani, arXiv:hep-ph/0606054v2

:i:.-\ So far, can’t resolve these
Eg features that would result
> —— from different mass states
= __— with ve components; can

only measure an effective

mass:
O=my Q=my 9
E,

‘e

-mf,__ﬂ = E |V2,£ |m? — cos> ng{mf cos® By + -mg sin’ B12) + -mg sin’ 03
i
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J

c; and s

Neutrino Mixing Matrix:
Standard Parametrization

ij are short for cosb;

and sin;; respectively

‘solar’ angle

/

C12C13
id
—812C23 — €12823513€
1)
S12893 — C12C23813€"

N/

‘atmospheric’ angle

‘reactor’ angle

~. . |

512C13 513 "3"1':(‘:“‘./2 V1
_ 10 10 o2
C12C23 — S8125823813€ 823C13€ e T Vo
%) 1)
—C12823 — S12C23813€.° C23C13€" V3

Majorana CP-violating

Dirac CP-violating phases

phase
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