- Neutrinoless Double Beta Decay
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Double Beta Decay

Double beta decays:
BB (4, A) = (Z +2,A) +2e” + 20,
0vBB: (Z,A) = (Z +2,A) + 2~

?

Matter is created
Lepton number not conserved: AL = 2

Neutrinos are Majorana particles

Experimental signature:

« Peak search at Q-value
« Measure half-life of decay
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Fundamental Symmetries

Accidental symmetries in Standard Model: Exact global symmetries:
- B (baryon number) * Le- Ly

 Le, Ly, L, (lepton flavors) . Ly- L,

- L=Le+ Ly + L, (lepton number) - B-L

. B observed in universe but not in proton decay p — et +

* Le- L, violation observed (e.g. T2K)
- Ly-L, violation observed (e.g. OPERA)

- B-L we don’t know yet
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Neutrionless double beta decay é
—— €
(NLDBD, 0vBp) ”
- violates B-L 7]
- BSM process > e
* creates matter § W
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Why Is there more matter than anti-matter in the Universe?

Baryon number asymmetry (B)

observed toda Today — 14 hillion years
matter - antimatter 4 HivopietE 4 ...
Acceleration \— 11 hillion years
asymmetry B - observed in universe Dark enetgy dominalc e e e
Solar system forms\ = e O
L - hidden in CvB Star formation peak

Galaxy formation era\ \
Earliest visible galaxies - 700 miIIion years

N}.tsp!:x{y.i.-,"zﬁ

T ‘ > 3] Jan
Recombination Atoms form =) 00 000 years .S,
Relic radiation decouples (CMB) ‘ ‘ Q (.J .=

matter antimatter 5
Matter domination — 5000 years

Onset of gravitational collapse

Nucleosynthesis — 3 niinutes

Light elements created - D, He, Li | ’ J .
Nuclear fusion begins —— 0.01 seconds —

Quark-hadron transition

Lepton number asymmetry (L) Protons and neutrons formed

transferred to Baryon number

asymmetry (B), B-L conserved IAEHCTELQIETSITT
Electromagnetic and weak nuclear

see - saw
mechanism

forces first differentiate

- l lrgzttrli\f]ijorana Supersymmetry breaking
Lepton number asymmetry (L) Axions o2
heavy Majorana produced by decay of heavy v
eutrinG GraEnd unification transition F—
- lectroweak and strong nuclear
Matter and antimatter forces differentiate .
produced equally (L=0, B=0) Inflation

Quantum gravity wall
Spacetime description breaks down




Standard Mechanism: Light Majorana Neutrino Exchange

_ ' Ov Ov 12 )
T,,) =G"-|M
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EEEEd phase nuclear matrix ef—fectiv.e Majorana
: space element neutrino mass
half-life
factor
experiment atomic physics nuclear physics particle physics
Mass of a virtual electron neutrino propagator:
— 2 2 (ay,— 2 —i(a;+26
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normal ordering
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Neutrino Parameters

Neutrino mixing: PMNS (Pontecorvo-Maki-Nakagawa-Sakata) [Vasor > = 2 Ul i >
1 0  0Y[ 0, 0 50,5-¢c)(cO, 0, 0Y(1 0 0 )
U,=|0 ¢Oy 5O 0 1 0 50, ¢®,, 0|0 e 0
0 =50y cOp)|-50,;- 0 o5 JL 0 0 1)\0 0 e
Neutrino masses: B vi v, V-4
o = Am;, ~ 8 meV
S| ¢ T Y
4 vi KB Vv: & \/Am223 ~ 50 meV
. 1 v

?7?? absolute mass
scale unknown

" - M atian- 2 2
. Precision measurements with oscillation: ©,, ©,3, O3, Am;,, Amj,

. Upcoming oscillation measurements (subdominant matter effects): ,
- Not accessible with oscillations: absolute mass scale, Dirac (v # ) or Majorana (v = v, a, f3)

Can be measured in neutrino mass and double beta decay experiments



Different Neutrino Mass Observables

f-decay (kinematic) cosmology
model independent model dependent
mass eigenstate . ACDM
mixing 7N
mﬂ = Z mi / | 2 . l
/ LN j

double beta decay
model dependent

* lepton number violation
+ light Majorana neutrino exchange
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Other Ov33 Decay Mechanisms
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Other OvRB Decay Mechanisms
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PRD 83, 113003 (2011)
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Schechter-Valle theorem:

- If Ov[3PB exists, it can always be
interpreted as a neutrino Majorana
mass term pPRD 25, 2951 (1982)

*  Numerically this might be very small
JHEP 1106:091 (2011)
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Mass Excess (MeV)

www.nndc.bnl.gov
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Nuclear Physics: Double Beta Decay Isotopes

Isobar A=76
odd # protons +
odd # neutrons
even # protons +
even # neutrons
28 29 30 31 32 33 34 35 3 37 38 39
Protons Z
_ . T6Br
Z=5[D "
. : -
W TN=82 ;
. | | = _H
n o - N
| T4As
2 Pn=s0
—N=28 720,_

N=8

neutron number N
—_—

N=126

= ~ 3000 known isotopes

~ 250 stable isotopes
35 2v[3-3-isotopes
34 2vECEC isotopes

j—

TTBr T8Br 80Br
T95e
T8A=
TTGe
T73Ga T4Ga 75Ga T6Ga


http://www.nndc.bnl.gov

* Ingredients to connect measured half-life to neutrino mass
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Nuclear Physics: Phase Space and Q-values

Phase Space Factor (G%)

100F
Nd W approximate
SOf @ this work
Ca Zr Cd T
204 (0} ‘ Te Xe U
S n Gd
10F
Nd
5 b
Pd
2 Sm
- Ge
1 b
Te PRC 85, 034316 (2012)
40 60 80 100 120 140 160 180 200 220 240

Mass Number

. GY% scales with Q-value by E5

45005\Cc1
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3500F"7 *ng E (1B): 3.275 MeV

3000 . Ste
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2000 o Ge
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Isotopic Abundance [atomic % |

- Experimentally lower background
with higher Q-value
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* Ingredients to connect measured half-life to neutrino mass <T1/2) = G%

- Difficult to describe nuclear system of O(100) nucleons

Nuclear Physics: Matrix Elements

(1) Many body methods
« Approximation to few nucleons in nucleus - Treat explicitly all nucleons in nucleus interacting

- x3 difference between models
- Overprediction of 3-decay: ad-hoc

guenching of ga

(2) Ab-initio methods

with realistic forces
- Computationally expensive
- Indicates that ga quenching is problem in models

Nuclear Matrix Elements (MO”)

- EDF &4 arXiv:2202.01787 -
7 1M T ]
- QRPA + o & * _
6L NsM TTTx I . . . Large differences of M between
FIMSRG T ¢ | ]
s cc T : y - - nuclear models
e 4 ‘k ‘A o : ]S 2
82 4 [ . T : 1 1% . Enters with (MO” )
B L I ” L 5 .
3 iE I T T X J o % °* gA enters with (gA)4
K 4 x :
2 [ - r 1] - Noreliable nuclear models yet
“+
0 B ] . .
1 F E - * Active work in progress
O : yl ‘:I | | ] | | | | ]
48C3 76(3e 8286 100Mo 11GCd 130Te 136Xe 150Nd
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Experimental Challenges

10 g
Sensitivity, background-free: - background-free
B —
: 102 - P
Tl/2 X efﬁ01ency -M-T - background-limited e -
g1028;— el T
i s . . o 1 AeeT LT e
Sensitivity, background-limited: = PR
M-T Q17 2T e
. o) - e e e |
T, x efficiency - A S o 10 M range
B - AE I—: 10%° = —— Background free
m — 0.025 counts/FWHM-t-y
i - - - 0.1 counts/FWHM-t-y
i i 10 =
Main experimental challenges: Z == 1.0 count/FWHM-t-y
) e 10 counts/FWHM-t-y
* RedUCIng baCkground 1024 1 1 lllllll 1 1 l]lllll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 L1 1111l

1073 1072 107" 1 10 10° 10°

* Improve energy resolution Exposure [ton-years]

« Scale up mass
Long list of NLDBD experiments

ol cts/ROI/yr]
210" 102107 1 10 10°
URLU ST R
a B Iege
u H
m P

How to measure extremely long half-lives?

» Activity of <10-12 Bg/g

100Mo

- ~2x1026 atoms in 20 kg Ge Banana -

equivalent .

* Expect =1 decay / yr 31 Ba/g
m :l

arXiv:2202.01787



B - AE
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sensitive background [cts / (mol

Sensitivity:

Detector Technologies
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Liquid Scintillators: KamLAND-ZEN (136Xe), SNO+ (130Te)

KamLAND-ZEN

g ——
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. ¥

@Kamioka, Japan

ML N SELNL S S SN

< VT

Sws ~ 4

b~ Goon ~ammn ~ meon

Advantage LS: Large target mass,
self-shielding, multi-purpose detectors

1 kt LS, ~1900 PMTs (~34% coverage)
91% enriched 136Xe

KL-Zen 400 KL-Zen 800 KamLAND 2 Zen (future)
. 2011-2015 « since 2019 - x5 light collection,
- 350 kg Xe - 745 kg Xe scintillating balloon,
* Ti2>1.1x1026 yr * T12>2.3x1026 yr new electronics
. My <61-165 meV . My <36 - 156 meV * 1tonne Xe
* Ti2 ~2 x 1027 yr (goal)

PRL 117, 082503 (2016) arXiv:2203.02139 (2022)

SNO+

@SNOLAB, Canada

filling with liquid scintillator

780t LS, ~9300 PMTs (~50% coverage)
natTe (34% 130Te)

Sensitivity for natTe loading:
* 0.5%: T12~2 x 1026 yr (goal)
* 1.5%: T12~4 x 1026 yr (goal)
« 2.5%: T12~1 x 1027 yr (goal)

(0.5% loading ~1.3 t 130Te)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082503
https://arxiv.org/abs/2203.02139v1

Xe TPCs: nEXO, NEXT, Darwin (136Xe)

LXe TPC single phase: EXO-200, nEXO

* enriched 136Xe (90%)

lonization

Scintillation

EX0-200
. 200 kg e"Xe

I
|
|
|
-
|
|
|
|
|
|
|
|
1

Ground -75kV Photodiodes

EXO-200 TPC @WIPP, USA PRL 123, 161802 (2019)

HPXeEL TPC: NEXT
IR '
S

-80 60 -40

3 topology 1D

-20

NEXT-100 TPC @Canfranc, Spain

* T12>3.5x 102 yr (90% CL)
.« Mgy < 93 - 286 meV

Experimental plans:
NEXT-White (5 kg)
NEXT-100 (100 kg)
NEXT-HD (1 t, ~1027 yr
NEXT-BOLD (~1028 yr)

arXiv:1906.01743

- signal: charge + scintillation light

nEXO

* 5tonne enrXe
* T1/2 ~ 1028 yr (goal)
. My~ 6 - 18 meV (goal)

Advantage Xe TPC:
Self-shielding, Particle 1D

0 e o 0

e

® SNOLAB

arXiv:1805.11142
Future potential: ® externalBa
measurement

LXe TPC dual phase: Dark Matter detectors

. Xe WIMP detectors also sensitivity to Ovf3f3 - decay

. Discovery of 20UECEC in 124Xe (Xenon-1t)
Nature 568, 532 (2019)

DARWIN:

+ 50 tonne natXe (9%),

* T12~2.4 x 1027 yr (goal)
arXiv:2003.13407

— ionization electrons
N UV scintillation photons (~175 nm)

5
E

Drift time
indicates depth

L S1

) internal Ba

measurement » Extract |
—)
N ]

barium tagging

136X€ — 136Ba++ + 26_

laser

Ba* .
*

Decay Site

~.

Nature 569, 203 (2019)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.161802
https://arxiv.org/abs/2003.13407
https://arxiv.org/abs/1906.01743
https://arxiv.org/abs/1805.11142
https://www.nature.com/articles/s41586-019-1169-4
https://www.nature.com/articles/s41586-019-1124-4

Thermometer coupling
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Bolometers: CUORE (30Te), CUPID (19°Mo)

Thermal bath
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®LNGS, Italy

CUORE

- natTeQo crystals

- Heat

* T1p2>2.2x 1025 yr (90% CI) similar mass but major
.« Mpp < 90-305 meV background reduction

Nature 604, 53 (2022)

Background in CUORE dommated by alphas

10

CUORE Preliminary

'E B = I B

= B [ SRS ! :

Data (M1) St o . '

— Fit Reconstruction : L T N T T ;
= * Da el o
: : : : o

1000 2000 3000 4000 5000 6000 7000
Reconstructed Energy (keV)

Advantage bolometers: Good
resolution, segmented, flexible isotope

Light Detector

Light —

Thermometers

Energy
release - *

<« Bolometer

CUPID

« Li2190MoQ4 crystals (enriched)
« Heat + light

* T12 ~ 1027 yr (goal)

. Mpg~ 10 - 20 meV (goal)

Alpha background removed by heat and light

~ 25
— 7 ~ LMO 1, Physics data
i L+ Woe/y LY cut
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Heat signal (keV)
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https://www.nature.com/articles/s41586-022-04497-4

HPGe Detectors: GERDA, MJD, LEGEND (76Ge)

Advantage HPGe:
Best resolution, segmented

GERDA Majorana Demonstrator

- HPGe in liquid argon « HPGe in vacuum
Lowest background Best energy resolution
44 kg enrGe 30 kg enrGe
T12>1.8x 1026 yr T12>8.3x 1025 yr

Mpg < 80 - 182 meV Mgg < 113-269 meV
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Pseudo data
— OuBB (10% yr) Example for full

I ZVﬁ,B (1021 yr) LEGEND'1 OOO
——— Other background exposure with
signal at 1028 yr

LEGEND-200

« Under commissioning in
GERDA infrastructure

* T12 ~ 1027 yr (goal)

LEGEND-1000
« Tonne scale 1
« Underground argon
* T12 ~ 1028 yr (goal) | | |
+ Mgg~10 - 20 meV (goal) 071940 1960 1980 2000 2020 2040 2060 2080

Energy (keV) 19
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Conclusion I: Experimental status 2022

Multitude of different detection techniques in different isotopes investigated in past decades
3 most promising techniques identified for “tonne-scale” NLDBD

- Germanium detectors (76Ge) - LEGEND-1000 arXiv:2107.11462

» Liquid xenon TPC (136Xe) - nEXO arXiv:1805.11142

« Cryogenic bolometers (19Mo) - CUPID arXiv:1907.09376
Preparation for CD1 in 2023 - major funding imminent
Data taking around 2030 for O(10 yr)

Mg 99.7% CL discovery sensitivity [meV]

30

25

20

15

10

Discovery sensitivity

- v NSM (m™) (PDG 2021) @ 1 ©
B Bp ‘10 E
i QRPA —— meant 1o 1 >
-~ ¢ EDF —— mean + 26 0 1 2
B 4 B 25
s = |BM —— mean + 30 - =
i . ]l ¢
: .0
| :
— — o 1 20
: )
' sl
: O
: X
- — 8 156
I g | l { €
i | ! )
-8 g $ :
- ' l bof © - 10
- 2! i -
- % |
i 2 ‘ i
- L 1 ~ 5
76Ge 100M0 136Xe

T,,=13x10%yr T,,=1.1x10"yr

Typ = 7-4x107 yr

Exclusion sensitivity

I
v NSM

QRPA
¢+ EDF
= |BM

T T 1

' |
(M), (PDG 2021) (b)

—— mean +* 1o
—— mean + 20
—— mean + 30

1 1 I | CHI [ Y |

o
l

I
o

g[l

A a4 3l l L

o[l |

o0

I | I I .| I 11 1 | I

......NSMnnot available __________f

7SGe
T,,=1.6x10%yr

100MO 136Xe
Tp=15x107yr T,,=1.3x10"%yr

20


https://arxiv.org/abs/2107.11462
https://arxiv.org/abs/1805.11142
https://arxiv.org/abs/1907.09376

Conclusion II: What if Normal Ordering?

- Bayesian sampling of lobster plot (assuming flat priors on phases)

normal ordering

I T IIIIIIII T IIIIIIII

inverted ordering

T TTTT
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I I |
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L B, T
---------------- Jim = = = = = | - O o o= o -t - OE O = = = 3

T TTT
| llIIIlll
I IIIIII|

probability density [eV?]

10
10° £ EN =
i 1 F PRD 96, 053001 (2017) -
10—4 1 L Lol Ll Lol | L1 11 10—2
10°° 110° 1074 1078 1072 10 1
m, [eV]

- Even if normal ordering is realized there is good chance of discovery!
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Conclusion lll: What if we discover NLDBD?

« Observed matter creation
« L and B-L are violated
* Neutrinos are Majorana particles

BUT: What is the mechanism?

 Disentangle mechanism with
observation in multiple isotopes

 Very strong motivation for different
Ov33 decay experiments / isotopes

Possible other signatures:

Same sign di-lepton di-jet searches

2
Tip)” =G MY .y,
12) = i i
mech i
different dominant LNV mechanism?
coherent sum of multiple LNV mechanisms?
light Majorana Higgs : right handed
) neutrinos triplet SUSY particle currents
- ;a > N » ]
§>A< Ni.r Y '
GY R
?a 1 ]
LNV with rare Kaon decay Cosmic Neutrino Background
e
- KT = ntw 3:&{%3_’
e
. K, — 7w e
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Neutrino Connection

~ 1
2,
Eu OvBP decay limit (90% CL), smallest NME OvpBP decay limit (90% CL), smallest NME Ovpp decay limit (90% CL), smallest NME
B B U <
107 E0vpp decay Timit (90% CL), largest NME VBB decay limit (90% CL), largest NME 5
i | s ||
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o _ T =
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arXiv:2202.01787
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