Advances in

neutrinoless double beta decay

Los Alamos Natlonal Labqratony

¥

1 A-lIR-16-26536 ,\\\1-,\ A



o N

Introduction 9
-
In a number of even-even nuclei, the is energetically forbidden.

A double-beta decay from (A,Z) to (A,Z+2), is energetically allowed.
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Introduction 2

nuclear matrix element
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Introduction - matrix element 9
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Introduction - matrix element

= candidates

48Ca’ 7GGe’ BZSe’ 962[‘,
100MO, 116Cd’ 128Te’ 130Te’

136Xe

150Nd

= uncertainties in matrix
element have direct on
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Introduction - neutrino masses / hierarchy

= candidates

1000 f
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* uncertainties in matrix
element have direct on
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Introduction - neutrino masses / hierarchy

from neutrino oscillation we know m # 0O
an experimental will give us a hint about neutrino mass hierarchy
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Introduction - current limits

« direct (Kurie plot) m <2.3eV (goal for KATRIN 0.2eV)

entire spectrum |

region close fo 8 end point |
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Introduction - current limits %

« direct (Kurie plot) m <2.3eV (goal for KATRIN 0.2eV)

e accelerators: m,, < 170 keV, m < 18.2 MeV
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Introduction - current limits %

« direct (Kurie plot) m <2.3eV (goal for KATRIN 0.2eV)

e accelerators: m,, < 170 keV, m < 18.2 MeV

* indirect (cosmology using WMAP and galaxy surveys)
m (L2 )< 0.24 eV (three neutrino families)

(with galaxy lensing and WMAP 3<0.1eV)
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Introduction - current limits
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direct (Kurie plot) m <2.3eV (goal for KATRIN 0.2eV)
accelerators: m,, < 170 keV, m < 18.2 MeV

indirect (cosmology using WMAP and galaxy surveys)
m (L2 )< 0.24 eV (three neutrino families)

(with galaxy lensing and WMAP 3<0.1eV)

neutrino-less double beta decay
T ,>10%yrs -->m_<0.3eV
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Introduction - current limits

e direct (Kurie plOt) pro: model independent

con: resolution

° acceleratorso pro: statistics
) con: resolution, correlations
* indirect (cosmology using WMAP and galaxy surveys)

pro: best hierarchy prediction
con: model dependent

* neutrino-less double beta decay

pro: T, ,measurement straight forward

Majorana nature of the neutrino
con: big uncertaintes in theory
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Neutrinoless double-beta decay measurements

IN/AE(E/ Qg )
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Neutrinoless double-beta decay measurements 2

First claim in Ge;

ANEE/ Q)

-
&

Counts/keV
S

T, =2.2373-10%yr T
(my)=032£0.03eV 4

2050 2060

H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004) 198-212
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Neutrinoless double-beta decay measurements %

First claim in Ge;

ANEE/ Q)

could not be reproduced by current experiments

H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 586 (2004) 198-212
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Neutrinoless double-beta decay measurements ?n
AT

General thoughts about this type of experiment

M -t
2 \ AE - BI
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Neutrinoless double-beta decay measurements ?n
/‘ ¥

General thoughts about this type of experiment

mass
abundance

measurement time

efficiency /
\ | [y

\AE-BI

.

background index

energy resolution

half-life limit

5/15/2016 Ralph Massarczyk 20



Neutrinoless double-beta decay measurements

General thoughts about this type of experiment
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“Ge T,, 90% Sensitivity [years]

Neutrinoless double-beta decay measurements

General thoughts about this type of experiment
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Neutrinoless double-beta decay measurements %

General thoughts about this type of experiment
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Experiments
different isotopes .... different ways to measure
past
Heidelberg-Moscow “Ge lonization
Couriciono 130Te bolometer
NEMO-3 1Mo / 82Se tracking
current (running / in construction)
SuperNEMO 82Se tracking
EXO 136Xe liquid TPC
NEXT 136Xe gas TPC
SNO+ 1°Nd liquid scintillator
Kamland-Zen 136Xe liquid scintillator
CANDLES “Ca scintillator
CUORE 130Te bolometer
GERDAI /I “Ge lonization
MAJORANA °Ge lonization
5/15/2016 Ralph Massarczyk
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Experiments

different isotopes .... different ways to measure

past

Heidelberg-Moscow “Ge
Couriciono 130Te
NEMO-3 1Mo / 82Se

current (running / in construction)

SuperNEMO 82Se
EXO 136X e
NEXT 136X e
SNO+ 150Nd
Kamland-Zen 136X e
CANDLES 48Ca
CUORE 130Te
GERDAI /I %Ge
MAJORANA %Ge
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Experiments

different isotopes .... different ways to measure

past
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Bolometer, e.g. CUORE

Cryogenic Underground Observatory for Rare Events

Isotopic abundance (%)

741 kg natural tellurium (206kg **°Te) 40

(O]
e source = detector 20
OO @,
« 988 TeO, bolometers at 10-15mK .© . ®
@ G ran SaSSO “Fca "Ge P*se *°Zr'"Mo'"cd " Te * %% &7 Nd

5 yr sensitivity ~ 50-130 meV

heatbath /S 7 /S ——Cu frames
(~10mK)

weak PTFE
thermal supports
coupling
Thermistor

Absorber , S—
crystal e !
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Bolometer, e.g. CUORE

Cryogenic Underground Observatory for Rare Events
e 741 kg natural tellurium (206kg 13°Te) E ﬁﬂfﬁ'i&"ii' IR $"§""'i"i"{»T'{'L"i"'"'"""E'i}'}"}"i"'}"i4 AT N T
2 RN R e
* source = detector 18F- : o025
|6E-  X*/NDF = 43.9/46 =
- 988 TeO, bolometers at 10-15mK s F El
@Gran Sasso < 10E- El
= 8 : -
5 : o1
fe . = 6 - m
* 5 yr sensitivity ~ 50-130 meV © el e L : :
- ! 0.05
- - EE + + ++H rl-|+ + | 0
* in contruction phase 24702380 2290 2300 2510 2520 2330 2340 2550 2360 2570
Reconstructed Energy (keV)
* first results from CUORE-O:

. T, >410%yr

PRL 115, 102502 (2015)

5/15/2016

Ralph Massarczyk

28

Event Rate (counts /(keV kg yr))



Bolometer, e.g. CUORE

Cryogenic Underground Observatory for Rare Events

* 741 kg natural tellurium (206kg *°Te) :‘; i%;&ln%lf”* i LIIJ»T};{'H PRI T
Z _zi_r.t.F..L.._l..?.I ST 3 T.T..ﬂ.}..{..}..ﬁ.._.....T......‘.f_.......T..T......§..T.....}lT it
. source = detector 1_;:: =
l6E-  %/NDF = 43.9/46 § g >
« 988 TeO, bolometers at 10-15mK S E 173
@Gran Sasso < 10g- ERE
= 8 : - g
2 ; -0 3
* 5 yr sensitivity ~ 50-130 meV = LT LT f N0 2
. . SR A AT T
* in contruction phase 2470 2480 2490 2500 2510 2520 2530 2540 2530 2560 2570
Reconstructed Energy (keV)
* first results from CUORE-O: e
. T1/2 > 4 10%4yr m_IT e
« My, < 270 - 760 meV -
https://arxiv.org/abs/1604.05465
PRL 115, 102502 (2015) Y : J

mhglnun(EV}

5/15/2016 Ralph Massarczyk 29



TPCs, e.g. NEXT-100

Neutrino Experiment with a Xenon TPC

90 kg enriched Xenon (90%)

@Canfranc

source = detector
tracking capability

5 yr sensitivity ~ 100 meV

HV, HV,,
Energy plane Tracking plane
Pressurized vessel (10 - 15 bar)
Active valume
- VA —ir

PMTs

5/15/2016
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-="  Scintillation

-

Cathode
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event at Qg™

background event
-;-.‘.ﬁ";"
at Qgp L

http://arxiv.org/abs/1307.3914
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TPCs, e.g. NEXT-100

Neutrino Experiment with a Xenon TPC

* 89 kg enriched Xenon (90%)
@Canfranc

* source = detector
* tracking capability
* 5 yr sensitivity ~ 100 meV

* NEXT-100 full data taking 2018
currently NEW, a 10kg TPC

Events / 5 KeV

100 meV, exposure = 500 kg year

18 —
— Ti208
16
Bi214
14 m—Total background

'_n.__l'I|III|III|III|IIIIIIIIIIII

=

3v]

oo

2.55 2.6
Energy (MeV)

simulation of NEW background

|-
SR

AT woa |
2.25 2.3

2.35 2.4

=]

245 25

- NEXT=
R& (10 (100
(1
(2010-2014) (2015-2018) (2018-2021)
Demonstration of Underground and radio-pure Neutrinoless double
detector concept operations, background, BB2v beta decay search
figure from Wrights talk at Neutrino2016
5/15/2016
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liquid TPCs, EXO-200

Neutrino Experiment with a Xenon TPC

* 200 kg enriched Xenon (80%) @WIPP

* source = detector
* current sensitivity ~ 190-450 meV

* taking data /—HV FEEDTHROUGH
— COPPER VESSEL
CATHODE
VUV TEFLON
REFLECTOR TILES
U AND WV

WELDED
BULKHEAD

U APD ARRAY

| L— WIRING
II C‘Y T
| FELp  CTSTEM

SHAFING RINGS
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liquid TPCs, EXO-200

Enriched Xenon Observatory

e 200 kg enriched Xenon (80%) @WIPP
* source = detector

* current sensitivity ~ 190-450 meV

a + Data 232Th (far) 7 —
S8 Best fit _ Vessel ‘UK, B0Co, G-
al Rn 857, 232Th, 238(J) sl
- = 135YE 137Yg — O a 4l JL e |

= n-capture 2uip =
o 3 a2 a T
= o
=+ 2
— N 1 - 'I__ 1 i
P o [l ] S = =
g 2 "--1_1 - I' 5 0 T P Y PRI _i—r.df .'—“ X .
f'..!:" = we Ll : 2,250 2300 2350 2400 2450 2,500 2,550 2,600
g 1 By |I e oy ._ Energy (keV)
% " LT N f : ¢

[
B
=-—

=
(o) lenpisay

Nature 510 229 (2014) PRL 107, 212501 (2011)
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liquid TPCs, EXO-200

Enriched Xenon Observatory

* 200 kg enriched Xenon (80%) @WIPP

* source = detector

* current sensitivity ~ 190-450 meV > NEXO (4_7 tons)

<« 13m —— >

nEXO
Detector

EXO-200
Detector
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Tracking Detectors, e.g. NEMO-3

* 10 kg (7kg ***Mo, 1kg #Se,..) enriched
material @Modane

SOURCE DISTRIBUTION in NEMD 3

* source # detector B ro 6.9 k)

- Cu (0.62 kg)
B
- "Pea 0.40 ki)

L
[ [ TR
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Tracking Detectors, e.g. NEMO-3

* 10 kg (7kg ***Mo, 1kg #Se,..) enriched
material @Modane

* source # detector

* gaseous tracking detector around foils

tc’a Py I -@1“ |

figure from Waters talk at Neutrino2016
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Tracking Detectors, e.g. NEMO-3
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Tracking Detectors, e.g. NEMO-3

* 10 kg (7kg Mo, 1kg &2Se,..) enriched /| 0 el
material @Modane [l ==So. == D[

* source # detector ALY

* gaseous tracking detector around foils AL

* Nemo-3 until 2010,
limits on various isotopes

* SuperNEMO m ~100kg,
sensitivity ~ 50 meV

 Demonstratror running and taking | )i gﬁgﬁ
data ==

new NIM A Article in press, Povinec et al.
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* highly enriched (up to 88%) and natural

germanium detectors,
total mass around 40kg each experiment

* detector in
- IgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)

5/15/2016 Ralph Massarczyk




Germanium crystals, GERDA and MAJORANA

* highly enriched germanium detectors
(up to 88%)

e detector in

- lgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)
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Germanium crystals, GERDA and MAJORANA %

: ) : % 3 BEGe, 5.826 kg yr
* highly enriched germanium detectors o Phase || BEGe 5.8 kg yr L blore PSD ¢ L
(Up to 88%) é B after LAr + PSD
82 I

fit window

IR

1 ‘ L 1 L 1 1
1900 1950 2000 2050 2100 2150 2200

* detector in
- IgAr (GERDA, @Gran Sasso) |
- vacuum cryostat (MAJORANA @SURF)

-

|

e
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'—'%IIII“III“III“III“
oo
Ln
o

« GERDA Phase I: T,,>2.110*®yrs oncegy [keV]
GERDA Phase I+1I: T, > 3.510%®yrs >3 :
) 1/2 y 2 Phase Il coax 5.0 kg yr - b’.gi‘;?;igiy+ LAr
and on-going S -
- > ai:tcrLAr i
PRL 111 (2013) 122503 E W aer LA+ PSD
- |
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Germanium crystals, GERDA and MAJORANA

Based on current Bl and duty cycle:

* highly enriched germanium detectors 18 M median e
Il 68% prob.
(Up to 88%) [ Y A I B
1.4 | 95% prob. ....... i
1.2 b — . "i“"___mném_m

* detector in
- lgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)

90% C.L. limiton Ty, [yf]

« GERDA Phase I: T,,>2110*yrs
GERDA Phase I+Il: T ,>3.510®yrs
and on-going

]

3.5<NME <5.8

PRL 111 (2013) 122503 e

90% C.L. limiton |mg,| [eV]

0.1 -.ZZZIIII:ZIZZIIZIIEZZIIZIIIIZZ:IIII o

2017 2018 2018 2020

time [yr]

2012 2013 2016
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Germanium crystals, GERDA and MAJORANA

* highly enriched germanium detectors
(up to 88%)

* detector in
- lgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)

« GERDA Phase I: T,>2110*yrs
GERDA Phase I+Il: T ,>3.510*yrs

and on-going
PRL 111 (2013) 122503

* MJD first module started data taking in '15
both modules in shield in Aug 2016
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Germanium crystals, GERDA and MAJORANA

highly enriched germanium detectors
(up to 88%)

detector in
- lgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)

« GERDA Phase I: T,>2110*yrs
GERDA Phase I+Il: T ,>3.510*yrs
4.2 10% yrs
and on-going PRL 111 (2013) 122503
Neutrino2016

MJD first module started data taking in '15
both modules in shield in Aug 2016

comparable backgrounds (cts/t/yr/ROI):
MJID (module 1 only) 23"

GERDA 37 145
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Germanium crystals, GERDA and MAJORANA

* highly enriched germanium detectors
(up to 88%)

* detector in
- lgAr (GERDA, @Gran Sasso)
- vacuum cryostat (MAJORANA @SURF)

« GERDA Phase I: T,>2110*yrs
GERDA Phase I+Il: T ,>3.510*yrs
and on-going

PRL 111 (2013) 122503

* MJD first module started data taking in '15
both modules in shield in Aug 2016

started efforts for a joined collaboration
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Experiments P
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Experiments

@® In construction / started data taking / anticipated by MC

@ done/running

103
Couricino

o HM

102

SNO+

>
o)
S
§ 10
= KamLAND-ZEN
> . MAJO%ANA
&)
- .Gerda 1T
2
© 10 100 c/ tlyr
102
0.1 c/ thyr 1 c/ tlyr 10 c/ tlyr
1 10 100 1000
AE _ .., (keV)
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Conclusions

* Experiments on neutrinoless double-beta decay are an excellent tool to investigate
neutrino mass-hierarchy, neutrino masses and therefore the nature of the neutrino itself.

1000 ¢

100 |

10

Effective pp Mass (meV)

0,,=33.58 8m°, = 75.8 meV’|
0,;=8.33 dm°_ = 2350 meV"| -

5 4567 I S RSy
1 10 100 1000
Minimum Neutrino Mass (meV)
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Conclusions

* Experiments on neutrinoless double-beta decay are an excellent tool to investigate
neutrino mass-hierarchy, neutrino masses and therefore the nature of the neutrino itself.

* Demonstrator experiments are running and first results show that it is reasonable to go to

ton-scale experiments.
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2015 2016 2017 2018 2019 2020

2015 2016 2017 2018 2019 2020

Ralph Massarczyk

from
Neutrinoless Double Beta
Decay report
to the
NUCLEAR SCIENCE
ADVISORY COMMITTEE
(Nov 2015)
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Conclusions

* Experiments on neutrinoless double-beta decay are an excellent tool to investigate
neutrino mass-hierarchy, neutrino masses and therefore the nature of the neutrino itself.

* Demonstrator experiments show that it is reasonable to go to ton-scale experiments.

* We need a strong theoretical effort to support experimental findings.
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Conclusions P
"

Experiments on neutrinoless double-beta decay are an excellent tool to investigate
neutrino mass-hierarchy, neutrino masses and therefore the nature of the neutrino itself.

Demonstrator experiments show that it is reasonable to go to ton-scale experiments.

We need a strong theoretical effort to support experimental findings.

... and/or theory might point to a new way to understand the nature of the neutrinos.
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Outlook

New experiments .... new theory

Left-Right symmetric type contributions to the effective Majorana mass parameter
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