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Neutrino—less Double—beta Decay
Search with the CUORE Experiment
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The Neutrino Hierarchy
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Neutrino oscillation experiments when analyzed all
together, give us this picture; however, there are

only

bounds on the lightest neutrino mass eigenstate
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n@ Neutrino—less Double—Beta

Decay
The only practical way to determine that

neutrinos are Majorana particles is by direct
observation of neutrino—less double—-beta decay.

Neutrino—less double beta—-decay would violate
the conservation of lepton number.

The measurement of the half life of neutrino-—
less double—beta decay would yield the Majorana-—
neutrino mass scale, although nuclear model

dependent.



Neutrino—less Double—Beta Decay

(A, Z+2)

All decay modes that engender O—neutrino double-—
beta decay require that the neutrinos involved
are Majorana particles: This was shown by
Schechter and Valle in their Black—Box theorem

and also independently by Boris Kayser and
Peter Rosen.



130Te Double—Beta Decay Level
Scheme

Can a nucleus like '3°Te decay by 2-beta decays, 1935 ?
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Half Life and Neutrino Mass
Relation
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Pl CUORE

Cryogenic Underground Observatory
for Rare Events
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A search for neutrino—less double—beta decay of
I30Te in the Laboratori Nazionali del Gran Sasso,
Assergi, Italy

CUORE uses the Bolometric Technique with TeO,
single crystal bolometers



<« DEGLI STUDI ) | - - : -'
- : M Lawrence Livermore
' NN CALPOLY @ ATz |G Racertansey

L %+ Universidad

v, AML Zaragoza
2, ‘W

UNIVERSITY OF

O3 UNIVERSI

S
'._‘

"

INAP
A\l \
freess |

,..-..




N2 =
N Y
@ 130Te: Double—Beta Decay 3 (&
Candidate =

LLarge Natural Abundance of ¥9Te, 33.167%
High transition energy: 2527.518 (13) keV %

[t has an encouragingly large theoretical
nuclear matrix element, hence a fast decay
rate.

The bolometer technique ran 1in CUORICINO,
with 40.7 kg of TeO, run at 8-mK for 3 years.

* Florida state group measured by the cyclotron

frequency ratios of pairs of triply charged ions
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Required Half-1ife
Sensitivity

mMAOCL)

IBM-2
(R)QRPA (central value J & UCOM)
pnQRPA (central value J & UCOM)

ISM (central value ] & UCOM)

50 meV

——

o
o
E -
S
2

[S—

-
r2
B |

1/2

CUORE Goal

Expected T

| | L~ | | | | |
Se *zr Mo ""°cd **sn **Te "’Te "*Xe "’Nd




mAOCC()

(I"n.n.'--u

Asse}gi, Italy




e
=
Q
U—l
Q
-
Q
—=
o
-
pd o
Z.
Q
N
pd o
Q
-)
QO
-
Q.
)
e
0
-
Q
-)
N
Q
o))
0p]
@)
mMACOCL)

3650 m.w.e

[, ~2.6x10"%tem™2
'y ~4x 10 %s—1em—2



=W

2 mﬂ)\

mMmACOCL()
0\

ggzgg Bolometric Detectors

The detection technique depends on the thermal
physics of phonons in pure single crystals or
bolometers, operated at 0.008 K.

The technique was developed for large
detectors for double—-beta decay over many
vears by Ettore Fiorini of the Universita di
Milano Bicocca and his colleagues and
students.
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Heat sink: Cu structure (8 mK)
Thermal coupling: Teflon (G = 4 pW/mK)
Thermometer: NTD Ge-thermistor (dR/dT = 100 kQ/uK)

-Absorber: TeO, crystal (C=2 nJ/KK =1 MeV /0.1 mK)

Single pulse example

ForE =1 MeV:
AT=E/C=0.1 mK

signal size: 1 mV

Time constant:
t=CIG=0.5s

Amplitude (a.u.) |

Energy resolution (FWHM). s ————
~5-10 keV at 2500 keV 00 00 o0

Time (ms)
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Thermal coupling

C = heat capacity

G = thermal conductance




The Development of CUORE Led by Ettor
Fiorini of Universita de Milano
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(lm CUORICINO, the Prototype for CUORE
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11 modules
4 detectors each
Dimension: 5x5x5 cm’
TeO, crystal mass: 790 ¢

Total mass
40.7 kg

BTe mass | ~ 5x10%
11 kg “Te nuclei

)

2 modules
0 detectors each.
Dimension: 3x3x6 cm?

Yaef

TeO, crystal mass: 330 g




The Response of the
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Calibration Spectrum with Th-232

~35 kg of TeO,
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The Double—Beta Decay
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-11.83 kg years of CUORICINO Data
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CUORICINO Final Result 19. 75
kg—y
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Astropart. Phys. 34 (2011) 822 |—— Best Fit
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* A CUORE-style tower assembled between
Fall 2011 - Spring 2012

B

* 4 crystals per floor, 13 floors

Copper frame

PTFE Spacers

* 39 kg TeO2 =>10.9 kg 130Te

* First tower assembled with the new CUORE
accecamhblv lina




CUORE-0 Calibration Spectrum
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* We calibrate the detector using two thoriated tungsten wires source placed
In between the outermost cryostat shield and the external lead shield.



CUORE-O Fit to the Data
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Combination with CUORICINO Data
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; WE| T ff:ﬁ'}:f:’ - onl = The 90% C.L. (Bayesian) lower limit
R I Cuoricin stat+syat based on the combined profile function

1 CUCRE-D + Cworicino combination 0 94

In:._ CUORE-D Preliminary Tj_ﬁ] :} _1{] X ]'D }TI‘

= This is the most stringent limit to date on
this half-life |
_ {mgg) < 270 — 650 meV

half-life Phase space factor 1) IEM-2 (PRC 51, 034304 (2015))
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) QEPA (PRC £7, 043501 (2013))
3) pulEPA (PE.C 024613 (2017)
#) IEM (NPA B18, 1389 (20007

7) EDF (PRL 105, 252303 (2010}

(mgg) < 270 — 760 meV

1) IBM-2 (PR 91, 034304 (2017))
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&) EDF (PRL 103, 251503 {2010))




Comparison with Other Data
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« Exclude shell-model NME for
o o comparison with limits from other
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19-Tower, 988 Bolometer Array Inserted
in the Shielded Cryostat
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Detector suspension
Pulse Tube

; : Outer Vacuum Chamber
OVC plate S - OVC (300K)

40K plate
IVC plate

Still plate Radiation Shield (40K)

Inner Vacuum Chamber
IVC (4K)

MC plate
- Still Shield (0.6-0.9K)

Lateral P shield

Mixing Chamber Mixing Chamber Shield (0.01K)
Top Pb shield
OVC shield

Detector IVC shieid
988 TeO,

crystals

988 bolometers
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Custom cryogenic system
Close pack geometry
No cryogenic liquids

Mechanical suspension of
detector isolated from DR

988 bolometers = 741-kg =
~200-kg of 13Te

Radioactivity control on all
components

300K plate

40K plate

Roman Pb
shields

Detector

'.\MI;|||.‘w|.|

4K plate
(IVC)

Mixing
Chamber
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Building the Towers R
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Z~S Paolo Gorla, 183 cm Tall, Stands Near
M the Outer Vacuum Chamber (OVC)

Motion boxes
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R. Maruyama (Yale): CUORE
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The Detector will have 19 Towers of 52
Bolometers of 750-g Each, or 988 Bolometers
with a total of 740-kg

Assembly of all 19 towers is complete!

L 'f
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— CUONCINO
[ — CUORE-0 - bkg: 0.05 cts/(keV kg y) ot
v ("UORE -~ bkg: 0.01 cts/(keV kg v

T TTTIT]

1 1l ll 1 L L L i1l
T ol o 10° 10" 1
Live time [y] Mypesr [EV]

In CUORE, we expect to achieve
5 keV FWHM RESOLUTION
0.01 counts/(keV kg y) BACKGROUND
5 years LIVE TIME

Expected 1o sensitivity:
T,,™(3Te) > 1.6 x 10%y




Where Do We Go From Here? What
Can There Be After CUORE

mMAOCL)

CUORE

(2015-2020)
CUORE-0O

Cuoricino (2013-2015)

Astropart. Phys. 34
(2011) 822831

T1p0v86> 2.8 x 1024y (90% C.L.) Projected T12P® > 9.5 x 10 yr (90% C.L.)
(mgg)ooy c.L. =300 — 710 meV  Surpass Cuoricino w/ ~1-yr data (Mg )gosy, o1, = 51 — 133 meV

R. Maruyama (Yale): CUORE - DBD2014 28
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To Go Beyond CUORE

* Enrich the Te to 95% in 1'Te

 Identify Background Events with Scintillating
Bolometers

* Separate Background Events with Cerenkov Light



Background Reduction Via Scintillating
Bolometers
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from: D.R.Artusa et al., arXiv:1404.4469 [hep-ex]

ECAWO, +5£ZnMoOs4

Cherenkov light or scintillation
Demonstrated to distinguish a from B/y:

=09 9% a s 130TeQ2, Zn®2Se, 16CAWO4
rejection @ and Zn'%MoO4

>00% signal A
efﬁcier?égna . * more rejection power needed

Light [keV)
Light [keV]

smeared o source i E 1
‘ e | h o . ! L. i
/.--* ¥ 4 T Critical element: light detector
; Bl
1 ey 2000 L] EILER] SURM ELEN] ,' 1 (R} 2000 L <A0HD FOMH G 00
Encrgy [keV] Energy [keV]
arKiv:1404 4469

SMCArcd o S0urce

g

Cherenko

c)

Light [keV]

TeO, d)

Light Detector

Light [ke V]

smeared a source o : Lt g Light «
' ; i

i
% » Thermometer
)
H

: ~200 eV signal @ Qge

) 2000 000 4000 5000 6000 7000 O 100 2000 3000 20p0  S000 600D

Scimtillating
bolometer

Encrgy [keV]

Energy [keV]

(a) C. Arnaboldi et al., 34, 143 (2010) Requires ~40 eV

(b) J. Beeman et al., Phys. Lett. B 710, 318 (2012) resolution for >99.9% a
(c) C. Arnaboldi et al., 34, 344 (2011) rejection @ >90% signal
(d) J. Beeman et al., Astropart. Phys. 35, 558 (2012)




- ""Te 90% exclusion
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Ge 90% exclusion 1360 . ' N g
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. CUORE 90% C.L. sensitivity
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Preliminary
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Change Gears from Neutrinos to Axions and
Axion-Like Particles from the Sun

High Resolution Search for Solar-Axions and
ALPs



arX1v:1310.0823v1 [hep-ph] 2 Oct 2013

ournal

Solar axion flux from the
axion-electron coupling

of Cosmology and Astroparticle Physics

3

“Arnold Sommerfeld Center, Ludwig-Maximilians-Universitat, Theresienstr. 37, D-80333
Miinchen, Germany
"Max-Planck-Institut fiir Physik, Foéhringer Ring 6, D-80805 Miinchen, Germany *

E-mail: redondo@mpp.mpg.de

Abstract. In non-hadronic axion models, where axions couple to electrons at tree level, the
solar axion flux is completely dominated by the ABC reactions (Atomic recombination and
deexcitation, Bremsstrahlung and Compton). In this paper the ABC flux is computed from
available libraries of monochromatic photon radiative opacities (OP, LEDCOP and OPAS)
by exploiting the relations between axion and photon emission cross sections. These results
turn to be ~ 30% larger than previous estimates due to atomic recombination (free-bound
electron transitions) and deexcitation (bound-bound), which where not previously taken into
account,

" Presently at the University of Zaragoza.
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Javier Rodondo calculated the flux under this peak
especially for us

D(6.4-keV)=g> {47x10 cm™s™"}

D(6.4-keV)=g> {4.06x10*cm™d™"}
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The Axio-Electric Cross Section
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B2/3

T)"Pe(Ea)

From: A. Derevianko et al., Physical Review D
82, 065006 (2010).

The same used by the XMASS and
EDELWEISS, and XENON100 Collaborations.



CCVR2: a Small-Sample Trial

Hl/vuk_k)':

CCVR2 Low Energy Spectrum

Fixed Gaussian at 4.7 keV:
FWHM = 0.728

Counts at 6.5 keV (90% CL) = 22.80
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A CCVR2 Example Continued % A
i ’)( i 42.65 kg-d :

Naaeq)eat - g:e {741 X 1042}

W 90%C L.limit
8o =47 41x10% ~\ 741x107
7.41x10 741x10

22.8 .
g < W=4.1x10 &
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"”Q]fg!!“ Possible bounds for CUORE running
for 5 years with 40% low energy data

MAOCL)

UPPER LIMIT (90% C.L.) Coupling Constant

50 <4.85 x 10 (-12)
100 <5.77 x 10 (-12)
150 <6.38 x 10 (-12)
200 <6.71 x 10 (-12)

Assume twice the fraction of data is good at low energy
and assuming a five year running time.



J
)
3

: 21 May 1998
NH,
Ty
: al‘fg PHYSICS LETTERS B
ELSEVIER Physics Letters B 427 (1998) 235-240

Theory for the direct detection of solar axions
by coherent Primakoff conversion in germanium detectors

R.J. Creswick *, F.T. Avignone III ?, H.A. Farach ?, I.I. Collar b A.O. Gattone ©,
S. Nussinov 2, K. Zioutas ©

* University of South Carolina, Columbia, 5C 29208, USA
" CERN, CH-1211, Geneva 23, Switzerland
© Department af Physics, TANDAR Laboratory, C N.EA., Bucnos Aires, Argenting
4 Tel Aviv University, Ramar Aviv, Tel Aviv, Israel
* Umiversity of Thessalomiki, GR-54006 Thessaloniki, Greece

Feceived 14 July 1997, revised 5 Febmuary 1998
Editor; W. Haxton



Coming Next Collaboration Meeting

Coherent Primakoff Modulation
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New Theoretical Analysis with Realistic
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M Conclusions About Neutrinos

1. Neutrino-less double-beta decay could answer several
important questions in particle physics and cosmology.

Are neutrinos Majorana particles (Leptogenesis)?
Is lepton conservation violated?
What is the neutrino mass scale?

2. The CUORE Experiment construction is near completion in
the Laboratori Nazionali del Gran Sasso, Assergi, Italy.

3. CUORE-0, the first constructed CUORE tower operated for
~ two years in the CUORICINO cryostat.

4. CUORE is projected to begin operations in late 2015.



2 CONCLUSIONS
m’g)-(gm About Axions and ALPs

AU

* The CUORE-type bolometers make good
detectors to search for these axion processes.

* CUORE-0 data is potentially very competitive
and will probably produce an excellent bound
with this method.

* CUORE could in the future produce the most
sensitive search for axion-electron coupling of
any technique.
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> Stuart Jay Freedman 1944-2012

Late US Spokesman and DOE Project Manager of CUORE
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