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* Physics motivation - Ov[3 decay

» Current and future experiments

 Summary




The Big Bang Theory - CMB meets Neutrinos

Nobel Laureate George Smoot (Berkeley & IAS HKUST)

Nobel Laureate Art McDonald Queen s)

When it Is on
the Big Bang Theory,
It Is Important science.




Ovpp decay

What is Ovpp decay?
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Double-Beta (Bp) Decay

Two-neutrino mode
(AZ) AZ—l—Q +2e —|—2Ve—I—Q55
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(A Z) (A, Z+2)

Standard Model process

Directly observed
R. Saakyan, Ann. Rev. Nucl. Part. Sci. 2013)
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Double-Beta (Bp) Decay

Two-neutrino mode
(A,Z) — (A,Z—|—2) +2e —|—217€—|—Q55

\ Even-A

e e
W- A AW-

NUCLEAR
# %:

PROCESS

(A Z) (A, Z+2)

M(A,Z)

Standard Model process 1
Directly observed

R. Saakyan, Ann. Rev. Nucl. Part. Sci. 2013) Za: ey Z 2+t Z32

T12/1/2 ~ 101824 y




Double-Beta (Bp) Decay

Two-neutrino mode 0-neutrino mode
(A, Z) = (A, Z+2)+2e +20.+Qpp (A, Z2) - (A, Z+2)+2e +Qgp

e e
R
W- A AW-

NUCLEAR
# #

PROCESS

(A, Z) (A, Z+2) (A, Z) (A, Z+2)
Standard Model process - AL=2 process
Directly observed - 3 Majorana mass term
R. Saakyan, Ann. Rev. Nucl. Part. Sci. 2013) Schechter &Valle, Phys. Rev. D 25 (1982) 2951
Tl‘?/”2 ~ 101872 y T{J/VQ > ~10%° y
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Low energy probes of BSM physics

B Current

B Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs

(8-2)

CC (P)

CC (V)

CC (§,T)

NC (Moller)
NC (eq)

0 2 4 6 8 |0 |12 |4 |6 |8
EWSB GUT Planck

Logio [Ai(GeV)]
/\: effective new physics scale

V. Cirigliano and M. Ramsey-Musolf, Prog. Part. Nucl. Phys, 71 (2013) 2-20
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Neutrinoless Double-Beta (0vpp) Decay
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Neutrinoless Double-Beta (0vpp) Decay

(A, Z) = (A, Z+2)+2e +Qpp

Measure half-life 77/, :

~1
(TIO/VZ) — Gm(QBB, Z) | Mz (A, Z)%P

G.(Qps,Z) = Calculable phase-space factor.

M,(A,Z) = Hard-to-calculate nuclear matrix
elements (NME).

Nz Particle physics parameter.
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“Vanilla” mechanism

U, ‘L
€1l W 2
- g e (mpg) = ‘Ueimi| = f
dr, ur
hierarchical cancellation quasi—degenerate
| (only normal)

E / Am3 cis cos 2015

0.1}

0.01 ¢

Imee| [eV]

0.001 ¢}

\/Am 9%20%3
AmA 913
0.0001 : :
0. 0001 O 001

|771 )lIIOI' > |772 )IHOI‘

-
-"""
=

—\/Am 2+ misiyc
—/Am?2 + m2s?,

2
13

0.01
m [eV]

0.1

* OvBp is mediated by light Majorana neutrinos;
» other AL# 0 mechanisms are negligible.

—1
(79) " = Goul(Qss: 2) IMos(A, Z)P (s

(9127 myq, Slgn(Am?él)a Q, 6)

PMNS matrix: U

M. Lindner et al,
PRD 73 (2006) 053005
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Measuring the “mass” m;

Cosmology:

3
E m = E m; = M1 + Mo + M3
i=1

B decays:

mp = \ Z \Ue?;\2m?

BB decays:

3
mgs = » |UZm]
1=1

Oscillations:
2 2 2
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Do other mechanisms tell us anything about

(light) m(v)?

“Vanilla” mass mechanism

(msp) Z! mil

dy =

e

oveg haltife may |
‘not yield any direct |

'information about

'the neutrino mass. :

L-R symmetric model

dp L= = ugp
V+A
Mo "Lavea > e
Heavy neutrino exchange sy
:,\VI\LH‘V+A > 61;
dy y VEA > .
d; — > u
7V?1v-A . e
.o Xmyp
L-R mixing o
AI/I‘/RJ‘PVJrA > 81;
di o V+HAg > e
dr R > “r
W e
Doubly-charged Higgs triplet s +__<
Ap
exchange . -
d > V+A >




Complementarity to LHC / heavy flavor physics

e | NV via heavy

right-handed neutrino exchange can be

probed via [~

u
d

S

Same sign: [~

Non-observation gives

stringent limits on
short-range Wr
mechanisms

+ 29

+ 27

Hirsch 2016
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Experimental signal

e e
R\
W- A AW-

! Background (B) Signal (S)
= broees [ TP, ~ 1007y T))y > 10% y
(A Z) (A, Z+2) (A, Z) (A, Z+2)
\

2.0 -
= 1.5-
g S (QBB)6 Ti/s
1 s B AE ) T,
~ 1 .O - /
p
© ¥

0.5+

0.0

0.0 0.2 0.4 0.6 0.8 1.0
E/Qﬂl% E = sum of electron energy

n/:n\rﬂ
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Experimental considerations

M -1
b-oFE

Tlo/’/Q(FOM) X Q- E€-

* Preferably:
* high isotopic abundance
* high efficiency
* |large mass
* long exposure (counting time)
* good energy resolution
* low background: 2vf3, U/Th, cosmogenic
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Experimental considerations

M -1
0
* Preferably:
» high isotopic abundance There Is not an
. high efficiency obvious choice

of isotope or
* large mass detector

* long exposure (counting time) B YT Te) (o1e )
* good energy resolution

* low background: 2vf3, U/Th, cosmogenic
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Experimental consideration: Target
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L A
4=
o0
@
oo

4000

O

(@)

o N
-4

150

)
N
S
=
Z
o

00
N
w2
¢
o

S
S

lllllllllIlllllllllllll'llll'llllll

116Cd o

136
124 o
Sn

76
e C€

130

Xe ® Te

Q-value [keV]
S 8

1500

128

1000 o Te

| | |
5 10 15 20 25 30 35
Isotopic Abundance [atomic %]

-

19




Detector Technology

Resolution

Tracking-calorimeters

High resolution SuperNEMO 82Se
calorimeters

CUORE/CUPID 13Te NEXT %¢Xe Tracking

GERDA/MJ/LEGEND 7:Ge [N | S

COBRA 116Cd nEXO 3%Xe Scaleability

ANIORES VIO P

PandaX-lll 136Xe

Large, self-shielding
calorimetry

136Ba Tagging

SNO+ [307e
KamLAND-Zen '36Xe

CANDLES “Ca
ZICOS 9%Zr



Current 0vpp decay half-life limit

[sotope Tcl)’/’2 (x10%° y)  (mgg) (eV) Experiment

o 5 > 58 x 1073 <35 99 ELEGANT-IV

2 > 8.0 < D.12 = 0.96 GERDA
>:1:9 < 0.24 — 0.52 MAJORANA DEMONSTRATOR

82Ge .86 102 < 0.89 — 2.43 NEMO-3

0T ¢ 1 Jovdl | | e < 72195 NEMO-3

e Lixie < 0.33 —0.62 NEMO-3

i 5| =100 304 <1495 NEMO-3

1286 ) N | i -

el 1 >1.5 < 0.11 — 0.52 CUORE

o > 10.7 < 0.061 —0.165 KamLAND-Zen
> 1.8 < 0.15 — 0.40 EX0-200

150N( >20x 1802 <16-5.3 NEMO-3

Goal for the next generation of experiments
Ty, > ~10% y
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Next-Generation Ovpp Experiments

Signal rate
T12 (OV)  [cts/(ton-Ge y)
1025 y 500
5x 1026 10
5x 1027 1
> 1029 <0.05

Need a “large-scale” experiment

&
Background index < ~ O(0.1) count/(ton-Ge yr) in ROI
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How crazy is 0.1 count/(ton yr)?

500 MQ SMD resistor used by GERDA

Th-234 | Ra-226 |Th-228 | K-40 Pb-210
[uBq/pc] | [uBg/pc] | [uBg/pc] | [uBq/pc] | [uBq/pc]

0603
0.48 mm3/pc 4+2 1.9+03 0.6+x0.2 10x4 46 £5
1.33 mg

0402
0.153 mm3/pc 2+1 0.7+0.1 0.2+0.1 <2.6 32+3

NECvraxlna
V.V lllsl P\.a

1 uBg ~ 0.1/ day
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6Ge HPGe: GERDA, MAaJoRANA, LEGEND

MAJORANA DEMONSTRATOR

LEGEND 200

Use existing GERDA
infrastructure at LNGS

» Up to 200 kg

» BG goal: 1/5 of existing
»  Start by 2021

24

LEGEND 1000

>

>

»

Deep underground

UG LAr

Phased implementation
BG goal: 1/30 of existing
(0.1 c/FWHM t y)




136Xe TPC: EXO-200 & nEXO

charge strip-

pad tiles

(anode) \

4 m2 SiPM
coating the ot eXe

barrel 1.3 m
electron
drift
46 cm

EXO-200

cathode

Dolinski (DPF2017)

SS Events
[cts/(0.02 MeV)]

=
o
.'.a

MS Events
[cts/(0.02 MeV)]

B v [ Sum

2v33
F|d VoI

B Other Bgds.

Inner 3 t Inner 2 t Inner 1 t

L LR
L i i

1.0 3.0 1.0 3.0 1.0 20
Energy [MeV] Energy [MeV] Energy [MeV]

1o6
10°
104
103
102
10?
10°

10‘5
10° |
104
10°
10?2
10!
10°
10!

3030 20 3.0
Energy [MeV]

Discovery sensitivity (30, 50%) after 10 yr
T1/2OVBB - 55X1O27 yf

If 136Ba-tagging can be implemented:

T,,2PP =1.6x108 yr

=~

25 ‘:—”} iﬂ
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136Xe Liquid Scintillator: KamLAND-ZEN

KamLAND-Zen

Zero Neutrino
Eouble beta decay search

KL-Z 400 T}/, >1.07x 10y

T | 10* (@ Period-2 . paga Hom A g
. e — Total U+ Th+*'°Bi
TI 0 e Total +2%Po+¥Kr+*K
B >1 (OVBB U.L.) - IB/External
‘ ﬁ - — Xe 2vBB - - Spallation
7 5 8 5| T 102k — ¥Xe OVBB
/ \ S F (90% C.L. U.L.)
'““ § of
\® ) 4] =
Q 4 b :1‘ .
- Visible Energy (MeV)
A\ \yenrXe loaded LS in7 //p ,
a mini-balloon A : i }CaSCYZrTl:d}
| il | | %
tele ede olle 4 ~;|
KL-Z 400: = = T
' F KamLAND-Zen ("~ Xe)
« Phase 1- 320 kg (119mAg background) = E
 Phase 2 - 380 kg (after purification) £ :
107 3
KL-Z 800: ) -
« 745 kg enrXe started in 2019.01 10_3'_ i
E AR R T T I W R T 17| B |||||||§||||1||.||.l

KL2-Z: I 10 40?1 S0 100 150
- 1000 kg+; Y2026?  K.Inoue (2019) 26 Mhighest (V) A ;;Du!




130Te / 100Mo Bolometers: CUORE / CUPID

CUORE (130TeO>)

5 3 i
e ol {
2 _1
2 2=
16 CUORE
—~ Exposure: 86.3 kg-yr
14 Phys.Rev. Lewt. 120, 132501 2018) 0
> [
v 12| " PB
2 10
Q B 6OCO
~ 8__ v @
3 e
5 6
i F1L 1T e
s - - mEEEaew o ' v w
i AT
0-..|...|...|.....|.
2480 2500 2520 2540 2560

Reconstructed Energy (keV)

CUPID (Li2'®°Mo0O.)

Light Detector

Light

Thermometers

Energy
release

<« Bolometer

‘ l;ffffff i“
V. Singh (WIN 2019) 27 ;DJ



130Te Liquid Scintillator: SNO+

Liquid scintillator being filled

e 39tTe
« /780t LAB(+PPO+Te-ButaneDiol)
¢ 0.5% loading — 1300 kg ¥Te

:.g B 0vBB (100 meV)
> == 2vpp
. 2 L B U Chain
Pure H20 running = 888 Th Chain
§ 80 +l Déta I I 1 1 | | I \>\ 40 - (a’ n)
> 70t Sig. + Bkg. Fit _ @ Egtsrggl
e | - Syst. Uncertainty g 30 S Cosmogenic
A 60r 50<T,<15.0MeV S
= |
E % 20
é 4T phys. Rev. D 99, (2019) 012012
3 30 10
3|
20} d
+ + | 0
10} } ! ] 22 23 24 25 26 21 2.8BB 29" 3
I I Teff (MCV)

9008 06 204 -02 00 02 04 06 08 1.0
cosOg,,
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Comparing the experiments

M -t
T% (FOM) < a -€ -/ ———
104 EI I I T = T T 1= T T T o E T T T T T T3
- O Past -
® Running |’
103 () CUORICINO ¥ Future |
’;; Heidelberg-Moscow NEMO-3 .
! O EXO-200 C&—%@L“LAND'Z
€ 102L @ CUORE @ |
o : SNO+ i
- () GERDA-I
=
i
E i @ \AJORANA —— I
“ : 2 Super =
= 2 nEXO
g ‘ GERDA-II
| 1E | |
- LEGEND-1000 CUPID i
10 ¥ ¥ E
=5 1 1 1 | N O O | 1 L 1 SR T (O O | L 1 1 L1
1 10 100 1,000
A Epwum (keV)

M. Dolinski, AP, W. Rodejohann (2019) 29 B;Dm!



Discovery sensitivity (“vanilla™)

Discovery sensitivity: >50% chance of seeing a 3o signal

°Ge 1¥Te

-
o

—

3

3

3

sensitive background [cts/ (kgb ROI yr))
3

i

T 1 100 100 10° @ 100 10'  10° 100 1 100 100 10° 10°
sensitive exposure for Ge™ [kg__ yr] sensitive exposure for Te' [kg_ yr] sensitive exposure for Xe'* [kg__ yr]

Agostini, Benato & Detwiler, Phys. Rev. D 96, 053001 (2017)

-
: A
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Underground facilities

1 1 I 1 1 1 1 I I 1 I I I I 1 I 1 1 I 1 I 1 1 1 I I I I I I )
gl WIPP |
IE USA o
2 Soudan |
) USA _
I Kamioka ]
Japan
k| = .
7 : 11,000 =
i 3 . 2
£ i ! -y
S | I
P i o
S 1081 _ o
— B 1,500 &
- - -
5 i Baksan i %
€ i Russia | 3
5 | 3
2 109 2,000
E shaft -
- : unne !
- Space size (m?) |
S Sk« ‘ SNO _— _
Jtoi.. ‘ Canada 2,500
- I I 1 I I
N 10° 104 10° 2x10° 3x10°
I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1
1 2 3 4 5 6 7 8

J.P. Cheng et al, Ann. Rev. Nucl

Equivalent vertical depth (km.w.e)

Part. Sci. (2017) 4, ceeeef
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Summary

* Neutrinoless double-beta (0vBp) decay experiments
are the most “practical” way to search for lepton-
number violation.

* There are strengths and weaknesses in each of
candidate detector technology for the ton-scale 0vpp
decay experiment(s).

« The current generation of OvB experiments have
already reached a half-life limit > ~1026 years; the
next generation of experiments target a discovery
potential with half-life > ~1028 years.
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What are the possibilities inside the black box?

GUT scale / seesaw LHC energy

Mass mechanism “Long-range” “Short-range”

Graphics from Hirsch 2016 35
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FIG. 14. Geometric mean of the squared Mg, considered
in Ref. [174] vs. the specific Go,. The case ga = gquark iS
assumed. Adapted from Ref. [174].

Dell’Oro 2016 /\1

BERKELEY LAB



Nuclear Matrix Elements

7 T — 1 I R E— I
" | @ EDF-NR e® i _
£ B EDF-R O _
- | & 1BM-2 - ® -
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4~ | ¥ SM-StMdTk v 7
wot * i DS
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3t m z : ' _
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1@ * * ¥ % ®
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¥ _
O- | L1 L | L1 l
48 /6 82 96 100 116 124130136 150
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IH vs NH

HALF-LIFE EXPECTATIONS FOR NEUTRINOLESS .

Half-Lifetime for ’® Ge in the Standard Case

0.5 1 T 1 1
NH

0.4 | lJ—'|...I A1
= =
% 03l - LEGEND (200kg) | 2
- " LEGEND (1000kg) =
% %
(TH 0.2 B L
o a)
o o

102 10 107 10® 10® 10 10* 10%

Ov
Ty [years]

PHYSICAL REVIEW D 96, 055019 (2017)

Half-Lifetime for'3? Te in the Standard Case

0-5 U I I 1 1 Ll
NH

0.4 | I
03} CUORE

| SNO- |

- SNO- Il
= L cupp
0.1}
0 J " ‘...‘ju h A
25 26 27 28 29 30 31 32

10 10 10 10 10 10 10 10
T?}’Q [years]

Half-Lifetime for'3¢ Xe in the Standard Case

05 . .
NH
|H I
0.4 mh
g J- I.. KamLAND-Zen (800kg)
8 03 KamLAND2-Zen
§ nEXO
o
o
o
0.1 [
0 1 L L _l
10 102 107 10®® 10*®° 10°° 10®" 10%

Ge, Rodejohann, Zuber (2017)

Ov
T, » [years]
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Comparison of OvBf3 experiments

sensitive exposure  sens. background
[kgsoyr/yr] [cts/kgm/ROI/yr]

GERDA Phase |l
KamLAND-Zen Phase 2
EXO-200

LEGEND 200
LEGEND 1k
SuperNEMO

CUPID (Se)
CUORE

CUPID (Te)
SNO+ Phase |
SNO+ Phase I
KamLAND-Zen 800
KamLAND2-Zen
nEXO

NEXT 100
NEXT 1.5k
PandaX-Ill 200
PandaX-Ill 1k

10° 10*10°10210" 1

10

Discovery Sensitivities

30T,,disc. sens. 3 om, disc. sens. mass background  resolution

after 5 yr [yr] after 5 yr [meV] increase  improvement improvement

* 107 10 10° 1 10 10> 1 1010210° 1 10
LRLL| T T TTTT T—TT q‘l‘l‘ll'q‘l'lTlTl'lTll I!TITH'I'IWITII
: I—II : | ! I :
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o B AL A
-
—
-

No clear winner! Experiments are complementary to each other.
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