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Neutrinoless double beta decay

Normal beta decay is strongly suppressed for some
isotopes
— Double beta decay, 2v33-Decay
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— Neutrinoless double beta decay, Ov3-Decay
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Fig. 1, http vw.cobra-experiment.org/double_beta_decay



Neutrinoless double beta decay

Discovery of Ov33-decay would
e o demonstrate lepton number violation
o give information about the nature of neutrinos

— Majorana or Dirac particle

o give information about absolute neutrino mass

2vBp 0vpp

~Fig sigmond, INPA, Dec 2017

ostini, ICHEP 20



Neutrinoless double beta decay

Discovery of Ov33-decay would
e o demonstrate lepton number violation
o give information about the nature of neutrinos

(] — Majorana or Dirac particle

o give information about absolute neutrino mass

2vBB Oovpp

The experimental limit on the Ov33-decay half-life is very long:
> 0.9 - 10 years (for 7°Ge)*

Known double beta decay isotopes:
48Ca, 5Ge, 78Kr, 82Se, 86Ky, %671, 109Mo, 136Xe, 0T, . ..

sigmond, INPA, Dec 2017



But why Ov55-decay?
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What we know about neutrinos:

o 2nd most abundant known
particles in the observable
universe

o They love to oscillate

o Some neutrinos must have mass

Fig. 4, http. 1culty.wcas.northwestern.ec 1/2018
Fig. 5, minutephysics, YouTube (1 )18)
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What we know about neutrinos:

o 2nd most abundant known
particles in the observable
universe

o They love to oscillate

o Some neutrinos must have mass

o They are generators for Nobel
prizes
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But why Ov3-decay?

What we don't know about

Elec.tron Electron-Neutrino ne Utri nos:

p o Does the neutrino relate to

Ty 2 . ‘;}E : ;\;{ matter-antimatter asymmetry?
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o Absolute neutrino mass scale?
Muon  Muon-Neutrino Tau Tau-Neutrino © Nel:'ltrmo mass _hlerarChy?
o Majorana-CP/Dirac phases?
. Why is their mass tiny?
What we know about neutrinos: ° Wy y
o 2nd most abundant known Neutrinos are SUPER weird
particles in the observable - .

universe
o They love to oscillate
o Some neutrinos must have mass
o They are generators for Nobel
prizes

ninutephysics, YouTube
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But why Ov55-decay?

Neutrinoless mode of 53-decay
would show:

o Lepton number violation

o Neutrinos must have Majorana
nature

o Information of CP violating
phases

o Asolution to the
matter/anti-matter asymmetry in
the universe




But why Ov33-decay?

Neutrinoless mode of 53-decay

would show:

o Lepton number violation
o Neutrinos must have Majorana

o Information of CP violating

nature

phases

o A solution to the

matter/anti-matter asymmetry in

the universe
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But what about the insane
half-life of > 0.9 - 10% years?



Half-Life sensitivity

How can we measure a decay with a half-life much greater than the
age of the universe?

Sensitivity on half-life:

m~t , exposure
T o\ —E Bl AE with . background index

AE . energy resolution
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Half-Life sensitivity

How can we measure a decay with a half-life much greater than the
age of the universe?

Sensitivity on half-life:
m -t ) exposure
T o\ —E Bl AE with . background index
AE . energy resolution
AE — s limited by the detectors

m-t — is limited by funding
Bl  — can be improved!



Germanium Detector Array (GERDA)

®Ge —'° Se + 2e~ with Qs = 2039 keV

3
©Fig. 8-11, Eur. Phys. J. C 78 (2018) 388 6



Germanium Detector Array (GERDA)

®Ge —'° Se + 2e~ with Qs = 2039 keV

o Energy resolution Afq,, < 0.1%

Fig. 8-11, Eur. Phys. J. C 78 (2018) 388 6



Germanium Detector Array (GERDA)

®Ge —'° Se + 2e~ with Qs = 2039 keV

o Energy resolution Afq,, < 0.1%

— Next step: increase exposure
m-t
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Germanium Detector Array (GERDA)

®Ge —'° Se + 2e~ with Qs = 2039 keV

o Energy resolution Afq,, < 0.1%

— Next step: increase exposure
m-t o 40 detectors (35.6 kg enriched
Germanium)




Then reduce/reject the background:
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The GERDA-Experiment
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Phase Il data taking

5 it GERDAT806 J7q &
ks 1 Uf g, U IR R TR UTUELTL Finf LA AL U] UL L LT U =]
i f v I | R il g
@ 4 =
£ 150 2
v E 1 2
5 08fp i 40 4

04 [PRL 120 (2018) 13] —230

r H20

02§ [Nature 544 (2017) 47] —= 10

2016/01  2016/04  2016/07 201610  2016/12  2017/04 201707 = 2017710  2017/12  2018/04

Date (year/month)

o Dec 2015 — Apr 2018 (835 days
live time)

o 93% duty cycle

o Phase Il: m -t =59 kg-yr
o Phase |l +Il:m-t=82kgyr




Background before analysis cuts

Single-detector events
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The low background challenge

Water tank

Liquid Ar

Signal is a single energy
deposition within ~1 mm?
of the detector volume

1



The low background challenge

Water tank
Liquid Ar LAr veto based on
scintillation light
from ys and Bs

Muon veto based
on Cherenkov
photons in water

Pulse shape
discrimination
(PSD) for multi-site

Detector and surface events

anti-coincidence
of the array

1



Active background suppression - PSD LAr veto

10 & enriched detectors - 53.8 kgyr I after liquid argon (LAY) vete and PSD

Monte Carlo 2vBp - T, from [EPJC 75 (2015) 9]
50 keV blinding
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’Fig. 16, M. Agostini, ICHEP 2018 - July 20



Implications for neutrino physics
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o T, > 0.9-10%yr (90% C.L.)
— Mpp < (O.ﬂ — 0.25) eV

Fig. 17, M. Agostini, ICHEP 2018 - |

o Next target: inverted ordering
band
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Outlook: LEGEND

MAJORANA and GERDA merge to form the LEGEND collaboration

o Increase exposure m -t in steps:
1. LEGEND-200 with 200 kg of enriched germanium
o Add detectors to existing GERDA environment
o In preparation to reach T/, above 10% yr (starting in 2021)

Large Enriched
Germanium Experiment

for Neutrinoless BB Decay

2ap ere >roceedings 1894, 020027 (2017); htty 0 0.¢ 5007652 14
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Outlook: LEGEND

MAJORANA and GERDA merge to form the LEGEND collaboration

o Increase exposure m -t in steps:
1. LEGEND-200 with 200 kg of enriched germanium
o Add detectors to existing GERDA environment
o In preparation to reach T/, above 10% yr (starting in 2021)
2. LEGEND-1000 with 1ton of enriched germanium
o Decrease the background index B/
o Bigger detectors in order to reduce the number of cables and supports
o Deep learning for event selection
o Transparent, scintillating holding structures made of PEN

Large Enriched
Germanium Experiment

for Neutrinoless BB Decay
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Why Germanium?

v Source can be used as a detector
— High signal detection efficiency
v Detector material is very pure
— Very low intrinsic internal background
v' Very good energy resolution
— Background due to Ovj33-decay is negligible
v' Pulse shape discrimination is possible
— Powerful tool to identify background
v Considerable experience
— Industrial production, improvements possible
X Natural abundance is just 7.8
— Enrichment necessary
X Individual detector mass 1kg
— Ton scale needs around 1000 detectors



The Ge Detectors

HPGe detector signals:

signal induced by drift of
electron-hole clusters

time-projection chamber

identification of events with
multiple energy depositions

identification of events on the
surface

Signal/Background Discrimination!

M. Agostini (TU Munich)
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Energy Scale

Resolution o (%)

—— enriched coaxial

enriched BEGe

= o fitdata

o

summation lines

Counts / 5 keV

3198 keV (sum)

3125 keV (sum)

3000
Energy (keV)

Average shift of 2.6MeV line (keV)

Weekly calibration with Th-228 sources
Fluctuations between calibrations <1 keV

Resolution at Qbb better than 0.1
(3-4 keV FWHM)

GERDA 1805

¥ W{Ww yo'he

EEm Coax
BN BEGe

May/2016 Nov/2016 May/2017 Nov/2017 May/2!
Date




Pulse shape discrimination a from

ol
&
2
<|
3
e
il
o

enriched BEGe - 30.8 kgyr

D events after liquid argon (LAr) veto

[+ events after LAr veto and A/E cut
50 keV blinding
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LAr scintillation anti-coincidence

enriched detectors - 53.9 kgyr

[_] prior liquid argon (LAr) veto
I after LAr veto
Monte Carlo 2vBp - T, from [EPJC 75 (2015) 9]
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M. Agostini (TU Munich)
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