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Ov2[3 decays AL=0

germanium 76

TABLE V. Isotopic abundance and Q-value for the known
2vB33 emitters [175].

I[sotope isotopic abundance (%) Qpp [MeV]
BCa 0.187 4.263
6Ge 7.8 2.039
825 9.2 2.998
A 2.8 3.348
100Mo 9.6 3.035
16cq 7.6 2.813
130e 34.08 2.527
136X e 8.9 2.459
15ONd 5.6 3.371

Qps = M(Z+2)-M(Z) -2m.

* Two beta decays at the same time

e Only a few isotopes able to undergo 23

® those with peculiar energy level arrangements

such that the emission Is more convenient than the
unstable isotope
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Figure 2: Ground state mass parabola for isobaric nuclei, showing the necessary configuration for double beta
decay. Only the one (a) on the even-even (E-E) shell, whose B-decay is blocked (b) but which could decay via two
subsequent steps (c) is allowed to do double beta decay. The shift of the parabola of the odd-odd (O-O) nuclei is due
to the nuclear pairing energy [2].

2VBB: (A, Z) > (A, Z+2) + 2¢ + 2V,

2nd order process, observed, T,, ~ 101°-102* yrs
%Ge: T,, ~10%' yrs



0v2p decays

p n P * [wo beta decays at the same time
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. . * Only a few isotopes able to undergo 23
w w | ® those with peculiar energy level arrangements
v , such that the emission is more convenient than the
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: \}ﬁ\ OVBB : (A.Z) > (A, Z+2) +2¢
— - new physics, T,, > 10% yrs
2VBB (A, Z) = (A, Z+2) + 2 + 2V,

2nd order process, observed, T,, ~ 101-102% yrs
%Ge: T,, ~10%' yrs
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nuclear matrix element effective Majorana
phase space factor neutrino mass
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S. Dell'Oro, S. Marcocci, F. Vissani,

Why look for it...

¢ Only way to determine if neutrino is its own antiparticle: ¢ =——f————u
W
V=V = Majorana particle exchange of light ¢
Majorana particles
e
s/
d . u

PRD 90 (2014)

0.01

0.001

e A weighted average of neutrino masses
enters the decay rate (decay half life)
*NB: experiments measure T,

* Limits on mee from above, can also

exclude IH
e because one Is still looking only at

electron flavour; therefore a mix of
mass eigenstates, with their MH

104 L

0.01 0.1
arrangement In <mMee>

10~ 0.001
mli;:hlnl [(.'.V]

oy 1 * nuclear matrix element uncertainties

v|l v v m g, . . .

T = G (05, 2) W™ ( - (me )= Um, are the biggest spoiler in the

, . . conversion

nuclear matrix element effective Majorana

neutrino mass

phase space factor
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What to look for...
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counts / keV

2000
energy [keV]

Ovpp

2000
energy [keV]

2VBB: (A, Z) > (A, Z+2) +2¢" + 2V,

OvBp : (A, Z) — (A, Z+2) @

Measure overall energy of
"2e" considered as ‘one
body” In a 2-body decay

— with no neutrinos it's a

ine at £ = Opgp



Neutrinoless double beta decay

dN/d (K_/Q)

[arX1v:hep-ph/0611243]
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kinetic energy K, of the two electrons ':.
in units of kinematic endpoint (Q) /

Smeared by the energy resolution
of the hypothetical detector




Comparing different isotopes

R.G.H. Robertson arXiv:1301.1323
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No theoretical preference

® Phase Space and NME
inversely correlated. Tend to

compensate.
® Theoretical uncertainties

very large

Experimental/practical criteria

® Enrichment cost
® Energy resolution

¢ Narrow peak for discovery
® Background index

¢ Ultraclean components

¢ Avoid surfaces

¢ Especially in a vacuum

® Scalability

¢ Liquids, gases, large crystals

OvBB decay 7



How to look for it...

Challenges of double-[3 decay experiments

M- T

1171 T’) c & .A. p ’T_;,"'v..__.\
Sensitivity on 1, \/b-AE PRSI\
V X%
3 detection efficiency \ T,,%> 10% years !! ‘gj
A isotopic abundance | | | 7Need
o high target mass
M active mass o high exposure
T exposure > o low background rate
o good energy resolution
b background rate

Natural radiation decay rates

AE  energy resolution A banana ~10 decays/s
J A bicycle tire ~0.3 decays/s
1 | outdoor air ~1 decay/min

100 kg of 13°Xe (2v) ~1 decay/10 min

Strength of liquid B3 detectors
OvpBp decay >10000 x rarer than 2v[33

Age of universe 1.4 x 10'% years
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Synoptic comparison (not most up to date)

Isotope Experiment Exposure To"ﬁﬁ To"ﬁﬂ < m, >  Reference
(kg yr) 1/2 i (meV)
average (10°°yr) Ranae
sensitivity 90%CL fromg
(10%yr) NME*
L. Pandola for GERDA
GERDA 46.7 5.8 >8.0 <120-270 o s 017
7GGe
Majorana C.E. Aalseth,
Demonstrator 10 >2.1 >1.9 <240-520 arXiv:1710.11608v1
C. Alduino, et al.,
130Te CUORE 86.3 0.7 >1.5 <140-400 arXiv:1710.07988v1
Albert et al. arXiv:
EX0-200 177.6 3.7 >1.8 <147-398 ;07 707 po1r)
136y @
KamLAND-
Jen 504** 4.9 >11 (run2)  <60-161 (e oeasey

Note that the range of “viable” NME is chosen by the experiments and uncertainties related to g,
are not included. ™™ All Xe. Fiducial Xe is more like ~150 kg yr

To achieve higher sensitivity, the next generation of
experiments will be at the ton-scale.

https://indico.ph.gmul.ac.uk/indico/getFile.py/access?contribld=36&resld= | &materialld=slides&confld=170
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https://indico.ph.qmul.ac.uk/indico/getFile.py/access?contribId=36&resId=1&materialId=slides&confId=170
https://indico.ph.qmul.ac.uk/indico/getFile.py/access?contribId=36&resId=1&materialId=slides&confId=170

https://zenodo.org/record/ 1 28/7604# XH2VINF /kcg

Isotope: Germanium
Example: Gerda
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https://zenodo.org/record/1287604#.XH2VfNF7kcg
https://zenodo.org/record/1287604#.XH2VfNF7kcg

Searching in "*Ge

S~c-f. run non-zero background

BI ' A E BI = counts/(keV-kg-yr)

S: sensitivity t . measurement time

e: efficiency BI: background index )

f: abundance of OvPBP isotope AE: energy resolution at Q Germanium detector
, : B

M: detector mass

Advantages of Germanium: Disadvantages of Germanium:

® High &: Source = Detector o at QBB= 2039 keV more challenging

® Small instrinsic BI: High purity Ge to reach low enough background

® Excellent AE: FWHM ~ (0.1-0.2)% ® Small f of °Ge:

® Well-established technology 7.8% — Enrichment needed! — ~ 86%

in GERDA

® Limited sources of crystal &
detector manufacturers

» Small G% (Q B’Z)
R. Brugnera Roma Tre, 13 September 2017 OV£B decay 8

12



Gerda @ LNGS: Background reduction

® GERDA situated in LNGS
underground laboratories

.
-~
¢

® 3800 m.w.e.

Ve

£ 23800 m.w.e.

1 a : , .0 o \-\'
Possible backgrounds from: R AT
External: R "i L

® y from Th and U chain O

® neutrons
® 1 from cosmic rays
(prompt and delayed)

Internal:
® cosmogenic “Co (T =5.3 yr)
® cosmogenic “Ge (T =271 d)
® Radioactive surface contaminations

R. Brugnera Roma Tre, 13 September 2017

OvBB decay

11

13



plastic scintillator panels
muon veto

| slow acitivity
o 1o PMTs

— 3

: wavelength
1 shifting fibers with
| SiPM read-out

array

low acitivity
PMTs

- .«| 64 m?LAr cryostat d) 6
590 m? ultra-pure water egolant, shielding g = low mass
T B 83 detector holder
neutron moderator/absorber — LY o~
muon Cherenkov veto 4 5! 1)

a) overview c) detector array BEGe detector
) liquid argon (LAr) d) detector module 2 3
O\ ‘vétoinstrumentation 7 |

high-purity germanium (HPGe) detectors enriched in 76Ge to (86—88)%: source + detector
detectors mounted in low-mass holders (to minimize radioactive bkg)

embedded in liquid argon (LAr): cryogenic coolant and absorber against external radiation
ultrapure water tank: buffer around cryostat as additional absorber + Cherenkov muon
veto




BACKGROUND REDUCTION CONCEPT Gerda

Water tank

Liquid Ar

Muon veto based
on Cherenkov

photons in water Signal: single energy

deposition within
~1 mm? of the

LAr veto based on detector volume

scintillation light

from ys and Bs
Pulse shape

discrimination (PSD)
for multi-site and
surface events

Detector
anti-coincidence
of the array

W

GERDA
15



BACKGROUND REDUCTION CONCEPT Gerda

Water tank

Liquid Ar

Muon veto based
on Cherenkov

photons in water Signal: single energy

deposition within
~1 mm? of the

LAr veto based on detector volume

scintillation light

from ys and Bs
Pulse shape

discrimination (PSD)
for multi-site and
surface events

Detector
anti-coincidence
of the array

W

GERDA
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ENERGY RESOLUTION
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Date

Weekly calibrations with
228Th sources

Energy resolution stable over
more than two years
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GERDA 18-05

2500
Energy (keV)

500 1000 1500 2000

e Energyresolution at Qgg

Coax — 3.6(1) keV

BEGe — 3.0(1) keV
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Bayesian analysis

5
>

1

Posterior probability P(1/T

Most recent result, run ll-b

.

—

Median sensitivity

—
[

E enriched coaxial - 23.1 kgyr

—————
—————— ]

——— T, = 0.910% yr limit (90% C.L.)

-
3

=

counts / ( keVkgyr)
S © o

0.8:102¢ yr (90% Cl) , . — :
101 enriched BEGe - 30.8 kgyr | :Qupzzo § 5
Best fit — background only 0 i B
P(signal+background) _ &
P(background) =0.054 " I WV J 'f‘ =F S2arns pr—
T,,>0.8:10% yr (90% CI) 1 2000 2050 2100 G

Probability of stronger limit 59%

B oY
| L

12k

10+

Phase | (T, >2.2x 10® yr at 90% Cl)
Phase Il (T > 6.0 » 10% yr at 90% CI)
Phase l+ll (T >7.6 x 10% yr at 90% CI)

GERDA 15805

L e —— :

0.6 0.8
Signal strength 1/T _ (10™ yr’)

Phys. Rev. Lett. 120, 132503 + summer 2018

updates

18



Isotope: le, Xe
Examples: LS

(SNO+, KLZ, EXO)




Why LS?

vy backgrounds — a challenge in Ov[3[3 search

cC
O ._ I B R R A A
8 T \:‘:i’u 8%, (b) Lead (£ = 82) o
7)) M *‘ ér o — experimental O,
b ) A . -
7 Tpe g Shielding a detector from MeV
S T b i gammas is difficult!
- — Rayleigh % Typical Ov[33 —
O RN aﬁ
=0 \ % Q-values Example:
o L 'O - y—ray interaction length
2 | NN L ——] in Ge is 4.6 cm,
p= i \N T comparable to the size
= T ocmen OR SmmT T of a germanium detector.
c | NN T
(D ) mb [ | | i N b | |
10 eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy




| km underground in Kamioka

Current world best limit from

KamLAND-Zen

Chimney

»

134

'
bR

'
i : : : 0
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AARY Y v | —
- \Sll\ .‘A A ‘\
A NN Y W O Y O T

_~ Photomultiplier Tubes

- Buffer Oil

__ Fiducial Volume
(12 m diameter)

~. Outer Balloon
(13 m diameter)

N\ Inner Balloon
(3.08 m diameter)

LS 1 kton
< < @ | &
90% enriched 13Xe argest
320kg for phase-1 amofl;rr\t SO

380kg for phase-ll

750kg for Zen 800 (to start in months)

https://arxiv.org/pdf/1605.02889.pdf

e Xe+LS allows to have source and detector at
once, minimizing other materials
e enriched LS (decane, PC): 90. 77% '3¢Xe

o 136Xe — 136B3 + 2e

* Q = 2458 keV, higher than most Y rays from
common radioactive nuclides
* scintillation only

* getting to several tons of Xe feasible keeping
bkg low (“easy’ to purify)

* exploits existing detection infrastructure
and radio-purity of KamLAND
® 200 m3,U: 3.5 10'8g/g, Th: 5.2 10-"g/g
* reactor neutrino detector (KamLAND)
acts as photon screen for KLZ

2.3<E<2.7MeV |

N
2]

Z.(m)

.
Dettt
Bt

Simulated *'*Bi Event Rate (Events/Bin)

L IIIIHIIl L
)

L L L 1 L ) = Pf~e 4 ! )
0 1 2 3
X2+Y? (m?)

E.g.: http://iopscience.iop.org/article/10.1088/1 /42-6596/888/1/01203 |

a3
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https://arxiv.org/pdf/1605.02889.pdf
https://arxiv.org/pdf/1605.02889.pdf
http://iopscience.iop.org/article/10.1088/1742-6596/888/1/012031
http://iopscience.iop.org/article/10.1088/1742-6596/888/1/012031

Phase-1 320kg

10°

; (a) DS-1 + DS-2 —— Data *¥U Series
- — Total amea f::'l"h Series PhaSE‘l,z
10* k- —Xe2vpp L Bi combined results
(OvBp U L) A

10%} **Xe OVPP

(90% CL.UL)

214Bi balloon T

> 1.07 x 10?6 yr
=3P 1/2 y

~

10°

T T YO
, S
g

BRI IIHHI\
N\ er””

Events/0.05MeV

/ YA m < (61 — 165) meV
oF | \ | B < ﬂﬂ> ( )
- [
l? l |
e IL"-I u ..;- {.
10" 1 2\
Visib (MeV)

Phase-2 380kg

104 Period-2 e Phase-|: Oct 201 | to Jun 2012
;H . BG redu % (fn : =‘°m e T1% >19 10% yr
> N 3 ~ Suqcess . ® dominant '"%Ag from Fukushimal
T L S Sl s o Xe-LS purification campaign until
S FyS TR R 1 Oct 2013
20 5 * Phase-Il: Nov 2013 to Oct 2015
E | T: o exposure of 504 kg yr of 13¢Xe
Er o e O(E)/E = 7.3%//E(MeV)
o L )
Visib
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{Ca YZrTNd{
Se Cdte
1 — l {TC
: Tl‘?
Xe
3 -
)
=
e IH
\E/ | i
107%F -
L NH i
107 -
1 llllllll 1 llllllll 1 llllllll 1 lllllll’_llllllllllll
o* 10 0% 10™ 50 100 150
mlightest (GV) A

NOT most up to date

Figure 5. Effective Majorana neutrino
mass (mpp) as a function of the light-
est neutrino mass, Miightest- 1Lhe dark
shaded regions are from the best-fit neu-
trino oscillation parameters for the NH
and IH mass hierarchies. Light shaded
regions are the 30 ranges of the oscilla-
tion parameter uncertainties. Horizon-
tal bands indicate 90% C.L. upper limits
on the (mgg) from KmaLAND-Zen and
other experiments.

Remember: assumes one calculation on NME, but large variations (up to
factor 3!) from different nuclear models (see Giunti-Kim p.504)
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Searching for Ov[3 in 13¢Xe

Phased approach:

1. EXO-200: 200kg liquid-Xe TPC Anode
; BN
. applied ! ' '
' electric
'+ field
lonizing
) ’ ' " > - '
y M nony v V v V

scintillation

Cathode

Liquid-Xe Time Projection Chamber

* Liquid Xe at 168K
* Detection of scintillation light and secondary charges

* 2D read out of secondary charges at segmented
anode
* Full 3D event reconstruction:
1. Energy reconstruction
2. Position reconstruction
3. Event Multiplicity

24



Scintillation vs. ionization, 222Th calibration: Reconstructed energy, 226Th calibration:

3500 - :
3500 T ' ' T
7 — Scintillation: 5.0%
A A
LPHA CUI/ Er ,,4..._:‘;; _' 3000¢ — lonization: 3.0%
v, FLTTUING - ,{ TR .. 2500} !
5 250007 R g > |
R o 2000} <
T 2000k 4 T N = 00 |
R S, ' o
S el AN S E 1500} g :
o AT XA a &N
= 15005 nacaa o 000 & < n_
c L i \ € 1000 2|
o X U e o
¥ e ‘. Lol ' . o 0 !
1000 ﬁ .;' y ' ;\\\‘ 500 | I
So i .x.-‘l:' AL l l | | | L
00 1000 1500 2000 2500 3000 3500 900 1000 1500 2000 2500 3000
lonization energy [keVl Eneray [keV]

* E resolution better for ionization (3.5%) than scintillation (/79)
e combined gets down to ~1.2% at Q value
* correlated measurements
* rotation angle provides best resolution (from calibration with #28Th)

25
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Energy [keV]

Sensitivity of 3.7 x 102° yr (90% CL)
T,.°%> 1.8 x 102° yr
(mygg) <147 — 398 meV

(90%C.L)  Ey0200-I1

Counts/bin

Counts/(15 keV)

Bl ~ (1.5+02) 103
* Bkg rejection exploits
event topology like Gerda

https://arxiv.org/abs/1707.08707/

109
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https://arxiv.org/abs/1707.08707
https://arxiv.org/abs/1707.08707
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Future of Ge

LEGEND 200 (first phase):
up to 200 kg of detectors

m  Sensitivity for limit setting
® Limit (90% CL)

Bl ~0.6 cts/(FWHM-t-yr)

program

lllllll I IIIIIIII I Illlllll T TTT

LEGENDy

LEGEND-1000 (second phase): -
* 1000 kg of detectors (deployed in |

stages)
« Bl <0.1 cts/(FWHM-t-yr)
» Location tbd
« Design exposure 12 tyr
e 1.2:1028 yr

S. Schonert | TUM
NuPhys2017

use existing GERDA infrastructure at LNGS

design exposure: 1 t-yr

Phase Il ... 07
e g 8 Sensitivity 10%7 yr
.
2014 2016 2018 2020 2022 2024 f"‘L;J( = 107
Date ' ’ | |
\m 10°

T, . 3¢ DL [years)
R

Sensitivity for 3o signal discovery

LEGEND-1000

T llllml i

T

LI lllll‘

LEGEND-200 - .-
Lt — L7

- N
- i
v - o
- - .
- - "
- ’ o
» e
-
-

10%° ﬂD [ ]10 rr‘{;;‘ range
= e’ —— Background free
N T - - - 0.1 counts/ROI-t-y
100 7 -§ 1.0 count’ROI-t-y
4 10 counts/ROI-t-y
m“_ MR EEETEETTTT ST EETETr EERr ey R I
10°% 10°° 1 10 107 10°

Exposure [ton-years]

17 meV discovery sensitivity
for “worst case” NME of 3.5
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(mgg) (eV)

Future of Xe

L
1F :
| |
10~'F KamLAND-Zen (**Xe)
Hamaguchi i
I 0—2 - 24-55mevV |-
: NH I
107} 3
A T I 11 S S I P S T S R A 171 I AN W AT 11 A VAN A A W A
10" 100 107% 107 50 100 150
Myigpgest (V) A
!
o 107
|_T_
'l
3
O 107
>
®
107

starts |n' 74
months

low BG film, 750 kg xenon
KamLAND-Zen 800

5x10%y (5y)

1—nEXO Sensitivity, 30% C.L.

e, ---nEXO Discovery Potential, 3¢, 50% Prob.
= = 0 EXO-200 Sensitvity, 90% C.L.
::::():....3.7x.1 025 ......................... g .......................... ? .......................... ?.........................?. .....
oo @FXAVE 1?0? 8707v1 :
Y S Ex.o._zoe.sen.s.lt].vlty ........................ ! .......................... !........:. .....

L 1 1 l 1 1 1 I 1 L 1 i 1 L L I 1 1 L l

0 2 4 6 8 10

Livetime [y]

Methodology:

» 3860 kg fiducial Xe
* 90% enrichment

* 1% cE/E resolution

* Realistic background
projections based on
measurements

* EXO200-like analysis
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Back-up



Phase |l upgrade: BEGe detectors e I,

y interactions:

- multiple Compton scattering (MSE) !
- sequence of peaks in current signal **TI DEP: i '

- Double escpape peak (DEP): W% acc x7y

proxy for OvBB events
s £ Aoupp > Ause events on n+ surface:
§ : oot - semiconductor junction -> weak E field
g N3 I f - slow current signal
e e p-rays from *Sr.
3 <1.6% acc
3 ‘7.- 3
S E M)A\w f .
58 F :
n+ electrode a2 E |
(DL ~ 1 mm) 8 E
R \ g
\ B tus) anargy V]
\ ‘__--—'
N SR
&3 events on p+ electrode:
OVBBO - electron drift faster then holes
- - - faster charge signal a-rays from *'Am
' g 25§-<8% acc

222';1
/' 210p, o T

p+ electrode % g ;
(DL ~ 0.3pm) ¢ v )
5 F
[JINST 6 2011 P03005, JINST 4 2009 P10007, EPJC 73 (2013) 258] il arorgy be]
Matteo Agostini (GSSI/LNGS) Gerda -
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PSD and LAr veto during Phase [l commissioning

225Ra calibration run (single BEGe string in GERDA):

> 226 R . W
E Ra calibration run __ AMC* vaﬂmwmc)& (L"i?) veto (MV)
w0 10° AC + MV + Pulse shape discrimination (PSD)
» AC + MV + LAr + Pulse shape discrimination (PSD)
E 10
g
10°
10°
10
1
1200 1400
energy [keV]
228Th calibration run:
> . >
i i anti-coincdence cut Muon veto (M
£} 108 22%Th calibration run ~ IE— w’w'mucwgc’v;o(d‘) (MV) 310.
'2 AC + MV + Pulsa shape discrimination (PSD) .y
. B AC + MV + LAr + Pulse shape discrimination (PSD) P
£ 10 E40°
3 g’
e |

10°

1000 1200 1400 1580 1620
eneigy [keV] energy [keV]

Combined suppression factors: 2742 (for 22°Ra) and 300+28 (for 2?8Th)

Suppression depends on isotope, location and detector configuration

Vatteo Agostini (GSSI/LNGS) main components before LAr veto/PSD: 0
o a from 210pg 225R,

o B from 42K G
o v from 214Bj 208T] e rda




Active background reduction tools Gerda

_ . LAr scintillation
Signal ‘LL\ ight 128 nm)  Backgrounds
Ge ﬁ.,\-\
:.(-:_:'~ j" v —_— -l . , .i " 48 »_: yy :
Bg | |
Point-like (single-site) energy “Multi-site energy deposition
deposition inside one HP-Ge diode inside HP-Ge diode (Compton

scattering), or surface events

» Anti-coincidence with the muon veto (MV)

» Anti-coincidence between detectors (cuts multi-site) (AC)
» Active veto using LAr scintillation (LAr Veto)

» Pulse shape discrimination (PSD)
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Gerda Active background suppression

photo sensors

Ge array _ -

-> discriminate backgrounds from point like (single site) bb interactions by detector-

anticoincidence (AC), pulse shape discrimination (PSD), liquid argon (LAr) veto

S. Schonert | TUM
NuPhys2017 12

"PSD" now enhanced (new BEGe) and "“LAr" now possible (LAr bath)

see e.g. Majorovits, Phys.Proc. 61 (2015) 254-259
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FIG. 6: Relation between the Tl/uf % in Ge and *%Xe for
different matrix element calculations (GCM 20], NSM [21],
IBM-2 [22], RQRPA-1 [23] and QRPA-2 [5]). For each matrix
element (m)gg is also shown (eV). The claim [4]718 represented
by the grey band, along with the best limit for "°Ge [19]. The

result reported here is shown along with that from [7]
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Phase |l final array configuration

» Deployed in Dec 2015

» 30 enriched BEGe (20 kg)
» 7 enriched Coax (15.8 kg)
» 3 natural Coax (7.6 kg)

= | 35.8 kg of enr detectors

String 1 String 2 String 3 String 4 String 5 String 6

SEEE—

[

T
l%
T

)

——J—

S —

1
e [

I
—
—_——
—
—
——

S —

e

Matteo Agostini (GSSI/LNGS)

Gerda
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