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decay LNM- light Majorana neutrino mechanism

(allowed in SM) (beyond SM)
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Particle
Physics

Decay probability proportional to coherent F — 1 -
sum of involved mechanisms: T
1/2

Phase Space Factor Hadronic coupling || Nuclear Physics
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Standard mechanism for Qu2(
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How 0v-DBD is connected to neutrino mixing :1&_._ e
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m,, vs. lightest v mass
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m,, vs. lightest v mass
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Quenching;:

Effects of a quenched gA on NMEs of O decays:
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Example: 0v33 NMEs of 7°Ge, effect on the half-life

@ Jiao ef al.: Phys.
Rev. C 96 (2017)
054310

Free value of g (Particle Data Group 2016) from the decay of free neutron:

gfee — 1.2723(23)

(GCM+ISM)

@ Menendez et al.:

Nucl. Phys. A

Effective value of ga:

eff _ free
8A = 48A
Massrange A=76-82 A=100—-116 A =122-136
S0 0.7 - 0.9 05 05—07

818 (2009) 139
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@ Senkov et al.:
Phys. Rev. C 93
(2016) 044334
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Neutrino Mass Ordering From Oscillations and Beyond:
2018 Status and Future Prospects

Pablo F. de Salas, Stefano Gariazzo, Olga Mena*, Christoph A. Ternes and Mariam Tértola

Frontiers in Astronomy and Space Sciences | October 2018 | Volume 5 | Article 36 /
published: 09 October 2018 doi: 10.3389/fspas.2018.00036

Global fit: the Bayesian analysis to the 2018 publicly available oscillation
and cosmological data sets

provides strong evidence for the normal neutrino mass ordering vs.
the inverted scenario, with a significance of 3.5 standard deviations.

In order to exclude the inverted ordering allowed range for 8l (in case

there is no sterile neutrino), one would need to constrain #ls: ~10 meV, which
corresponds to "ov 1/2 2 1 X 10**year, with some dependence on the material (phase
space and NME). This means that none of the current generation experiments will

be able to reach the required sensitivity, and we will have to wait for next
generation upgrades and new projects.
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SEBOW- GERDA - 1| MAJORANA - D LEGEND-200
2006 2013 2014 2019 -> 2015 - 2019 -> 2020 =

Heidelberg-Moscow  |GEX — Baksan IGEX — Canfrank
1990- ?003 1992 -> now 1993- 2002

% .u!]{k‘
200 kg ™G e in upgrade of
N e

6.8 kg of enri in ®Ge d lealOlcts/[tonl:nw)
] 017 ::u-nsi[m KeV |y) around 2040 kev J_uz ¥°:";"°;‘£‘
Tuz(0vE8) > 1.6 X 102 yr 0% C.L) bl
Pheys. Rev. DGS, 092007 (2002) . ':ﬂ:zm:: ::"
ldh'.ll]ltl“hnll]ll LEGEND -1 ton
il.Smdmma in NGoidetoctors 17.7 kgof enfched in ™Ge detectors 35.6 kg of enriched in ™Ge detectors
0.11 countsi(kg keVy) around 2040 keV 0.01 cts/(kg keV y) near 2039 keV LAr scintillation Veto,
Ty (Ov86) > 1.9 X 1025 y (30% C.L) T OVBE) > 2.1 x102% yr (o C.L) 0.0005 counts/(kg keV y) near ROI
Eur Phys Jera A I2 (2001) 147 PRL L, 122563 (3013) Ton (OV0R)> 1.8x10% yr mow c.L) 29.7 kg of enriched in "%Ge s
e ———— Tirz (2vBR{1.926 £ 0.084)x 107 yr at sensitivity 1.8 x 102 yr $°°“°""";“;9 ";‘LW near ROI
{ s 2 kK N ¢ (2 & oy >
1o have o beerved (28 8+/.6.0) decays e S o m,, < 0.08-0.18 eV b ‘aﬁn,m:;“ o ?ﬂsc’:'
Tim = (119037 0.23)x10% yr (68% CL.) exposure 1288 mole yr(Phases I4) for d:é”““" 518 : ‘
Phys. Len B 86, 198 (2004) for data release May 2020 Tan goal ~ 10" yr
(Later T, = 2.23x1 05 yr ¥ Kermadic Tatk @ NEUTRING' >0 V. Guispper, Talk at NEUTRING'I8 | for probing <my,>down to 10 meV
Phys Lett A 211547(2008 g s se——— MMsamnl
At the end of the 207 century the Heidelberg-Moscow and IGEX E ‘
nat only yield the best current limits on my, they also provided i ‘ | | i [
most of the technology needed for future "*Ge experiments | | | [ I | " l | "-,l'..
i 1
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Heidelberg-Moscow 1990- 2003 GERDA - I 2014- 2020
11.5 kg of enriched in *Ge detectors, 35.6 kg of enriched in "®*Ge detectors
~ - - -
0.11 counts/(kg keV y) around 2040 keV 20 yeas LAr scintillation Veto,

T112 (OvBR) > 1.9 x 10%° yr (90% C.L.) ‘ 0.0005 counts/(kg keV y) near ROI
Eur.Phys. Jurn. A 12 (2001) 147 T,,, (OVBB) > 1.8 x1 028 yr (90% C.L.)

<0.08-0.18 eV

[Tg(/);] -1 (%A o) 4G (0v) ’M 0,/)’ ( ’,’,l,: )2 exposuEQZSB mole yr (Phases I+l)
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GERDA Setup
a) mBJ -

590 m? of ultra-pure water
Neutren moderator/absorber
Muon Cherenkov veto

GERDA Phase 11

cooler/chiclding

Low maasa detector
holder

a) overview
. b) liquid argon veto (LAT)
low activity ¢) detector array

FMTs
d) detector module
Inverted-Coaxial
BEGe

41.8 kg yr

from previous experiments
(HAM, IGEX)

I |
53.3kg-yr + 85kg-yr = 103.7kg-yr

tested for next generation
experiments
(LEGEND-200, LEGEND-1000)

produced for GERDA Phase IT
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Active Background Reduction

GERDA Phase 11

A

\
Pure water
7 A Liquid Ar \ \
P e

e DMuon veto based on Cherenkov
light and plastic scintillator

light read by fibers and PMT
e (e detector anti-coincidence

¢ Pulse shape discrimination (PSD)
for multi-site ﬁd surface a events

e LArvetobased on Ar scintﬂlatiog

BB decay signal: single energy deposition
(Qpp=2039 keV) in a 1 mm? volume

PSD: Reject multi-site and surface

events based on detector signal shape

¥~ n+ electrode

“germanium Yocs

groove p+ electrode
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Present & Future

GERDA-II at LNGS LEGEND-200 at LNGS

LEGEND-1000 at SNO lab

low-mass, low-
activity electronics

R

f wavelength
shifting fibers with
SiPM read-out

-
- -7 I[ Ge detector
i, - array

Re-entrant tubes

A

~@7 m cryostat

@12 m water tank
~@15 m cavity !,f

10%

|long-term
- 1 ton
- T, > 10%8 yr

LEGEND
1000

%
T ||II|T|'|

—— - — — T
i

l— Background free
I- - - 0.1 counts/FWHM-t-y
I-- 10coumFwrmey | 30 Kg

: 10 countsFwhmty | T9Y, > 1026 yr

'E1028_E e

b =

% - o : mid-term
- B, g " 200 kg

‘gg E e et X0 20%° yp
r_10213-5——-—— e 10 mfz" range '

running/ended

%

1024 L1 ||||||| | ||||||' [ IR MR LA 0
10% 1072 107 1 10 10° 10°
Exposure [ton-years]
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OcHoeBHaa uenb akcnepumeHta GERDA (GERmanium Detector Array) -
nouck OvpB-pacnaga “Ge. GERDA pocturna GecnpelLefeHTHO HWU3KOro
c¢doHoBoro uHgekca 5-10* orcyertoB / (kaB- kr-rog) B obnactv UCKOMOro
CUrHana 3a cYeT UCNONb30BaHUA OTKPLITLIX repMaHUeBbLIX OETEKTOPOB U3
oborawjeHHoro °*Ge B aKTMBHOW 3aluTe W3 XWAKOro aproHa. 3a obwyto
akcnosuuuo 127,2 Kr-net UICKOMbIA CUrHasn He HabnwgaeTcs U yCTaHOBIEH
HOBBbII Npeaen Ha nepuop nonypacnaga Ovep ana °Ge: T12> 1,8-10%° ner.
OtnuuHble xapakrepuctuku, aocturHytele B GERDA, nponoxunun nyTtbe K
AKCMNepUMeHTY cnegywoLyero NMOKOSIEHUA, NOAroTOBIIEHHOMY
konnatopauuven LEGEND. SkcnepumeHt LEGEND HaueneH Ha
yBenu4yeHne YyBcTBUTenbHocTH no Tiz (OVBB) Ao 102 net, vnm no
Macce Nerkoro anekTPoHHOro MavopaHOBCKOTO HEUTPUHO A0 Mg < 17
MaB. Ha nepBom 3Tane LEGEND-200 wucnonb3yetca UMeRLlaaAcs
nHppactpyktypa GERDA B natopatopmm LNGS (HUtanma). Hakano
Habopa gaHHbIX ¢ 200 Kr °*Ge Hame4eHo Ha 2021 r.

HecmoTpsa Ha To, 4To nouck OvBR pacnaga '°Ge Ha OCHOBHOM YPOBEHb
AoYepHero sapa °Se ABNSeTCA Ha AaHHbIA MOMEHT [NMaBHOW M
Hanbonee am6uUnozHOMU Uenbio GERDA u LEGEND, WMpokKuit cnekTp
Apyrmx Bp-moa n MexaHM3MOB, a TaKXe psaa peakux npoueccos, Obin,
ecTb M byaet uccnegoeatbcA B pamkax GERDA n LEGEND, obewasn
MHOIO HOBbIX BaXHbIX pe3yNbTaToB.

14



Moabl BfB-pacnaga v NOUCK Apyrux peakux npoueccoB B GERDA (... n

All at 90% C.L.

[

LEGEND)
N Process Isotope Exposure Exposure Final Exposure ~Exposure
in Phase | in Phase |+l| in GERDA (I+II) in LEGEND-200
Tiz (limit) Taz (limit) ~Ti2 (sensitivity)
T2 ("mlt) T2 (sensitivity) T2 (sensitivity)
1 OVBBLMN.... Ge-76 21.6 kgxyr 82.4 kg-yr 127.2 kg-yr 200 kg x S yr
*aa—> 0'as > 0.9 -10%yr > 1.8 -10%%yr S ~1-10%yr
> 2.1 -1025yr > 1.1 .10%yr S ~ 1.8 .10%yr
2 2vRR Ge-76 17.9 kg-yr -
| S = (1.926 * 0.094) = (1.9.. £ 0.03) = (1.9.. £ 0.01)
102" yr -102" yr 102! yr
3 2vBep Ge-76 22.3 kg-yr -
3a 0*gs.— 2% >1.6 -108 yr > 5.3 108 yr S ~1.2 -10%%yr
3b 0'gs—> 0% > 3.7 1083 yr > 3.3-1083 yr S ~-1.1 -102%r
3c 0'ge—> 2% >23:108 yr >2.7 108 yr
4 OvBp Ge-76 - 2
4a Dge—> 2 > 5.5 x10%* yr S ~ 8 x10% yr
4b 0'gs—» 0% > 1.9 x10%° yr S ~3x10® yr
4c 0+g.s.—> 2%,
5 OvpeRxX. Ge-76 20.3 kg-yr 30.8kg-yr (BEGe) + 4
5a n=1 > 4.2-102 yr > 1-102% yr
5b n=2 > 1.8-102 yr > 4-102* yr S ~2-10 yr
5¢ n=3 > 0.8-102 yr > 2-10%2 yr S ~8102 yr
5d n=7 > 0.3-102 yr > 0.7-10% yr S ~5102 yr
S ~2-108 yr
6 OvBBRLV Ge-76 30.8kg-yr (BEGe) o d
>1.0-102" yr
S ~2-102%yr

Standard Bp
OVBp, .\ - light Majorana

Non-standard Bp Other processes
neurrino —

mechanism

15



MpoponkeHue Tabnuubl

N Process Isotop Exposure Exposure Final Exposure ~Exposure
e in Phase | in Phase [+l in GERDA (I+ 11) in LEGEND-200
T2 (limit) T2 (limit) Tz (limit) ~T12 (sensitivity)
Tz (sensitivity) T2 (sensitivity) | Tz (sensitivity)
7 OVECEC BAF > 3.6 -10%" yr - S~ 110%yr g e
8 Tri-nucleon | Ge-76 - + ++
decay
8a ppp — >7.110%yr >2.29-1028 yr
8b ppn — >7.410%5 yr >2.33.1028yr
gg pnn — >7.710% yr > 2.441026 yr
= >3.410% yr > 1.4210% yr
9 Super- Ge-76 - = +4
WIMPs at M =150 keVi/c?
9a axion-like gae < 3 x10°12
Sb dark o’fo < 6.5 x10°24
photons
10 Others... ++

All at 90% C.L.

r:| Standard BB

For more details see: A4.4.Smolnikov, GERDA Searches for Ovpp and other B3 Decay Modes of 76Ge,

:I Non-standard B |:| Other processes

AIP Conference Proceedings, 2165, 020024, 1-4, 2019
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Final Results of GERDA on the Search for Ov3[3 decay of 76Ge

1500 2000 2500 3000 3500 4000

“j; 10° E  All detectors - 103.7 kgyr 2
2 F [ Prior to analysis cuts b
3 5 I After LAr veto : g
X 10°F B After LAr veto and PSD cuts Extremely powerful complementarity

P F — 2vppdecay between LAT veto and PSD cuts!

,

=

4500 5000
Energy (keV)

Background level =5.2-104 cts / (keV kg yr)

[ 1Prior to analysis cuts [l After analysis cuts

Background best fit and 68% C.L. interval

I 90% C.L. Ty 5 lower limit (1.8 x 10 yr)
—— Event energies

I | | W | | L I | | |

102 £ _
3 = 107"
w o Qpp 2 E
= l > -
g 10! ﬁ%\dﬂf Uﬂj J”ﬁf[ hj{ % 10-2 -
O - } ﬂj 2] r
W | = -
1 S 107
:||||;|||||| | ;
2000 2200 2400 2600 1950

Phase I and Phase II data together give a total exposure of 127.2 kg yr, which

|
2000 2050 2100 2150
Energy (keV)

corresponds to 1288 mol yr of 76Ge. The combined analysis has a best fit for null

signal strength, and provides a half-life limit of

Ty /o > 1.8 x 10°° yr at 90% C.L.

arXiv:2009.06079v1 [nucl-ex] 13 Sep 2020
submitted to PRL
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counts / 15 keV

10*

102

10

Half-life of 2vBp decay of 76Ge

From Phase |
(1.926 + 0.094) -10*

Phase ll
(2.03 £ 0.02) -10*' yr
After LAr Veto performance

Phase Il - 34.5 kg-yr [ ] prior liquid argon (LAr) veto

[ after LAr veto

Monte Carlo 2vfp (T1/2= 1.92 -10%"yr)

GERDA 17-07

energy [keV]

>
L Phase Il - 34.5 kgyr
= 1000~ prior liquid argon (LAr) veto 42 K
> L
b= | [ after LAr veto
3 n
o
800 40
r K o
[ EC
600—
2K
400— <
L &
)
200

1460 1480 1500

1520 1540

energy [keV]

Survival fraction between 0.6 and 1.3 MeV:

(68.6 £0.3)%

T,,,(2v2B) fixed as 2.03 102! yr

40K and *?K continua

strongly suppressed
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K. Tyces

OvpBp with liquid scintillators

Phase | + Phase II:
T1/2 > 1.07 X 102 yr (90% C.L.

Phys. Rev. Lett. 117, 082503
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KamLAND-Zen 800
Mini-balloon Radius =1.90 m

Xenon mass = 745 kg
Started January 2019

Future

* KamLAND2-Zen
Xenon mass ~ 1 ton

X 5 increase in light collection

Scintillation balloon film
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OvpBp with bolometers CUORE

Macro Bolometer Technique

» The absorbed energy causes an increase in absorber temperature Theirial bath
LSS
» Use temperature change to measure energy absorbed Thric
Thermometer «— coupling
[\ \[:
|
g \
)
3 \
@ %
i ©
Time \
| Absorber
o For dielectric crystal absorbers, heat capacity ~ T3 ==
o Typically operated at ~10mK
LN CUORE uses
< ryee * Relative energy resolution of 0.2~0.3% FWHM routinely achieved this technique




Ovp3 with bolometers CUORE

C U O R E Cryogenic Underground Observatory for Rare Events @S

CUORE

4 TeOy crystals (5 cm x 5 ¢cm X 5 cm) per floor

¢ Hosted at Gran Sasso Underground Lab

13 flocrs per tower
_— PTFE Spacers
/ o Close-packed array of 988 natTeO, bolometers
o (Total active mass: 742 kg)
N e Operated at T~11 mK
L Cu frames T
V . . * Primary physics goal: Ovpp decay of '30Te
\\ Ge thermistor . ; » |sotopic abundance 34% => 206 kg
hester i » Q-value: 2527.5 keV

o CUORE design goals:

Sample Evant Waveform

i E » Energy resolution: 5 keV FWHM near Qgg

,g C
Tf._ 08— \

Relatively slow detectors

* X » Background: 0.01 c/keV/kg/y near Qgs
pa \  pulse duration ~1 second
3 ’ k\ » Ovpp sensitivity for 5 years of livetime:
0'———_:——‘ L | PR S ; 0 21’
g At ) Tijy = 9 x 10%yr

K. Tyces




0vpp with bolometers CUORE

CUORE: OvBB Search

CUORE RO Spectrum Posterior for Fos |

18F  Beatit (bl mode) y = o * No evidence for OvpB decay

16 reeeer 90% limit on T, F [{ Y

e _ 05 T, > 3.2 x 10% yr (90% C.1.)
3 L A o8 '
; : 03F ¢ Interpretation in context of light
“’ ‘ } - B I Majorana neutrino exchange

| "B / ‘ mgg < 75 — 350 meV
T80 L0 BN 54 56 2580 S 5Ll

Redoiatracisd Buergy (V) ] 05 Phys_Reu_Let: 124, 122501 (2020)

See A Cémpani, Postér
#101 Session 1

o Total exposure TeO2:  372.5 kg - yr

o Bayesian Analysis (BAT) — Detector Performance Parameters —

o Likellhood model: flat continuum (BI), posited Background Index
peak for Ovp (rate), peak for €Co (rate + position) (1.38 £0.07) x 10 %cnts/ (keV - kg - yr)

e Unbinned fit on physical range (rates non-negative),
uniform prior on oy Characteristic FWHM AE at Qgp

7.0+ 0.3 keV

K. ryces | ® Systematics: repeat fits with nuisance parameters, allow
neqgative rates (<0.4% impact on limit)




How to reach the few meV scale

80 000 bolometers of TeO, (natural isotopic composition)

20 dilution refrigerators with experimental space 4 x wrt CUORE
can be hosted by an LNGS hall .

Mass of each crystal: 1.3 kg (6x6x6 cm)
Efficiency: 90% — Already achieved
Energy resolution: 5 keV FHWM

Background index: b = 10 counts/(keV kg y) (testable in CUPID)

Live time: 10y

90% sensitivity:

T, >7x10%y
m_ . <1.6-7.5meV

|mecl [eV]




Sensitivity

The reach of an experiment is typically characterized through

Iimit setting sensitivity:
“limit on signal strength expected assuming no signal”

signal discovery sensitivity:
“minimal signal strength for which a discovery is expected”™

At the background level of next-gen experiments:

= Different sensitivity definitions = different numbers
S Ihmit setting sensitivity has pathological behaviours

We search for a signal...
let’s focus on the discovery sensitivity




Projected 2024 OvBB Sensitivities

¥ B2 OORPA-IY mQRPA-TU & ORPA-CH ONR-EDF @R-EDF A ISM-Mi & ISM-5t/Ma

1000 LI 5.1 136Xe 10Te %Ge | I =,
e 2! 12 ga=1.25 = 9 |
1> =1 IN | 8
¥ o = = z
' + ' l lm ]
o) 8 &
I 11 l;‘ g :
v

I (I Ie “ :
m 3 ' 2 -
B3 1 13 |
(meV) ! c :
]
100 i

\

lines of constant
M% /G
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Table 1. Comparison of present and prior experiments. Lower half-life limits L(T,,) and sensitivities S(T;,-), both at 90% C.L., reported by recent Ovpp
decay searches with indicated deployed isotope masses M; and FWHM energy resolutions. Sensitivities 5(T,») have been converted into upper limits of
effective Majorana masses myy using the nuclear matrix elements quoted in (20).

I _Agostini et al., Science 365, 1445-1448 (2019) 27 Septembre 2019

Experiment Isotope M; (kmol) FWHM (keV) L(Ty2) (10%° years) $(Ty2) (10% years) mg; (meV)
GERDA (this work) "5Ge 041 33 g i 11 104 to 228
MAJORANA (27) 5Ge 034 25 2.7 ) 48 157 to 346
CUPID-0(28) B2%e 0063 23 0.24 ) 0.23 394 to 810
CUORE(29) 0T 159 74 15 ) 07 162 to 757
EXO 200 (30) 136xe 104 71 18 ) 37 93 to 287
KamLAND Zen | 21) 136e 252 107 76t0 234
Combined 66 to 155
EXPERIMENTS|  ISOTOPE m FWHM, keV | S(T, ), Yyr w
LEGEND Ge-76 1100 329-72.1
GERDA Ge-76 0.41 3.3 180 81.3-178.2
CUORE Te-130 1.59 7.0 90 44.8 -210.9
KamLAND
76n-800 Xe-136 4,98 270 500 25.4-78.2

KLNDZen-400

Xe-136 2.52 270 56 76 - 234

COMBINED 234 -51.3
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GERDA SENSITIVITY CALCULATIONS

It was used BAT-0.9.4. mtf model: apriori ,Gauss,flat,1/sqrt(S).

Two channels: Phasel + Phasell

*Phasel —61 EVENTS; FWHM =4.13 keV
* PHASEII — 13 EVENTS; FWHM = 3.29 keV

* 5 channels: Golden+Silver+BEGe+Phasel+
+ Phasell

(4749) EVENTS / 4.26 keV 3 EVENTS / 2.73
2 EVENTS / 4.16 keV
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BAT SENSITIVITY

« Poissons in the energy interval 260 keV  with line

y = 1417 - 5.742e-4*E

Q) Systematics — E, FWHM, Eff

*A) full region [ 1930,2190] keV

*B) with exclusion of effect region —[2037,2041] keV

*C) statistics — 5000 FITS
GERDA final — per ALL detectors were

made 408 partitions, i.e. time intervals

with stable resolution and efficiency.
s2sy2 SENSITIVITY = 180 Yyr. -
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| Summary |

o ?« \ S \
4 { \ . actns., s o b o i SNV

The combined analysis of sensitivities of current
searching for the OvBB decay experiments in active phase

and some finished ones gives us for (mgp) restriction in
range 23.4 - 51.3 meV.

GERDA Bl is 2 counts / FWHM / t*yr
Sensitivity - 1.8x10%° yr.
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The sensitivity

sensitivity F: lifetime corresponding to the minimum detectable number
of events over background at a given confidence level

Experiment with Zero background

background = — experiment
e b: specific background coefficient

[counts/(keV kg y)]

__————”’

live time energy resolution b ~10%orless
“ Foec MT

nuclide choice
(large uncertainty due to nuclear physics)

source mass

F oc (MT / bAE)Y/2

If you reach a limit
M*in5y,
you have to
measure 75 more
years to get M*/2

sensitivityto M, <C
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