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OvBp and v (brief intro.)

* 0OvPBp decay can only happen if neutrinos are massive
Majoanana particles (own anti-particles).
v" fundamental understanding of particle physics
v Ovpp search is the only practical technique to answer.

e The OvBp decay rate (T%) is closely related to the mass of
neutrinos.
v Most sensitive measurement method (if Majorana particle)

 The Ovpp decay can only happen if Lepton number
conservation is violated.
v New physics beyond the standard model
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Double beta decay

(A7) = (A, Z+2)+ 2¢~ + 20, 35 OvBP nuclei are found.
Bp-decay nuclei Q Abund.
o 2nd order weak process withQ>2MeV | (MeV) | (%)
e BP(2v) decay is detectable if 1%t 8Cq — 47| 1271 | 0187
order B decay Is not allowed. 76Ge — 75Se 5 040 _
82Ge — 82K 2.995 9.2
9%Zr —» %RuU 3.350 2.8
even mass number
100Mo — 190Ry 3.034 9.7
o N, Zod
g 110pd — 110C(d 2.013 11.8
E .............. 116Cd _) 116sn 2802 75
z 1245y —3 12¢Ge 2.228 5.8
N, Z even 130Te — 130Xe 2.528 34.2
i i i : i 136X e — 136Bg 2.479 8.9
72 7—-1 Z Z+1 Z+2
Atomic number 2ONd — 1%Sm 3.367 5.6
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AFAD-2021
Double beta decay w. & wo. v emission
2v mode Ov mode
A conventional A hypothetical process only if
» 2nd order weak process in NP m,£0,V =V, |AL|=2
(A Z) — (A, Z 4+ 2)+ 2 + 20, (A, Z) = (A, Z+2)+ 2¢”
Y ,
o I | 2
< 2vPBp OvBp (ideal detection) 3

0 02 0.4 0.6 0.8 1
(B, +Ep)/Q :
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Some history about Bp decay

M. Goeppert-Mayer, Phys. Rev. 48 (1935) 512

v The study of nuclear structure expected that the 2 neutrino mode
would have half lives in excess of 1020 years

v" First observed directly in 1987.
v" Background: ,,(U, Th): 101%y
v 1(2vBP) : 101924 years

E. Majorana, NuovoCimentol4 (1937) 171

G. Racah, NuovoCimentol14 (1937) 322

v The possibility of neutrinos-less decay was discussed
in 1937.

W.H. Furry, Phys, Rev. 56 (1939) 1184
v" Specific discussion on g on Majorana theory (Ovpp)

v Now, we want to look for a process with
12(0vBP) : ~10%5-28 years
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Search for Ovpp

Double Beta Decay with two neutrinos

| |(AZ2)—=(AZ+2)

Double Beta Decay with no neutrino

L (42) = (A z+2)

Vs
f

0 0.2 0.4 0.6 0.8 1

Eo/Q

OvBP discovery answers
- Majorana (v =1 ) particles not Dirac (v # v)
- Mass scale of neutrinos (1/ % ¢ 2)

14

- Lepton number violation
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OvBp decay rate

2 2
0 BB

<standard process>

— Ov
L /2 = 0

V_

v’ G,, : Phase space factor: Calculable
Atomic physics

v |M,,| : Nuclear matrix element: Uncertain by 2~3 times,
Nuclear physics

v’ my, : Effective neutrino mass: Interesting
Particle physics
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Model dependent NME (M,,)

Engel & Menédez Ov 2 9
Rep. Prog. Phys. 80 (2017) 046301 1/Tl/2 = GOv MOv mﬂﬂ
°F Nreor a1 I T 11 ]
7| REDF - —
— QRPAJy _ ]
6= u I —] .
RN SO Sl 1 v Model dependence: 2-3 times spread
A A for each nucleus.
s ‘4 EustMTk @ LK - 3 N
3 ;_ ‘I. B . ; o m _;
2 :— : T » A _:
1 E e 7 =
o :

G E ov __ 2
A E . 1/Tl/z =Gy, | M, | mg,
N> B B
£ 101 |3 -
¥ Ec Ge E = 1 v No significant isotope preference when

| a ] .
&% | Se C | consider detector mass.
S 0 -
[ Unquenched g, ]
1028 | [ | [ 1 I I |
48 76 82 96100 116124130136 150
A
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Another uncertainty in the standard process

ga: Effective axial-vector coupling constant incorporated in NME

)

1/]][/]12/ - GOv mﬁﬁ

MOv MOv

2 9 4
Simple-minded

v' A= 1.27 (no quenching for free nucleon)
= 1 (quark)

v Alisquenched in B, 2vBp, and possibly Ovpp.
eff . for OvpBpP: 0.4~0.6

Effective value of g, on Ovpp
v" Theory predictions: ¢, =0.6 ~ 0.8, <Suhonen PRC 96 (2018) 05550>
=>» Even with small ¢, values, OvBp decay rates are reduced only by 2-6 times.
v Some theortical predictions exist quenching matters with the energy scale
=> No or less quenching might be needed on OvB. <Dolinski et al arXiv:1906.02723>

v" Further theoretical and experiemantal studies are needed.
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Neutrino mixing, mass, and Ovpp

)

_ o i(Eit-p;T .
Ve Ui Uy Ugs\ |/ Vima\ | 1i®) = e B9 (o))
— Evolve
Vi U“1 UHZ U“3 | Vm2 in time
VT U’cl U’[;Z U’c3 Vm3 with i&
—__
weak interaction _Mass l
eigenstate eigenstate v oscillation
Effective Bp mass
3
2 .
< > — virtual v
“ Z exchange
Other measurables in v mass
m of v, from {3 end-point Observational cosmology

S Y -3
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Present knowledge of v mass pattern & scale

"V, Ey, EV, 0.2eV <0.2eV
5 years now
2
31— T 5 0.01eV
Am)solar %, 5-10
X ) years
(Am2)atm., X E|E =1k=
(Am2)atm). STE 2|5 = |5
Q| E®] GC) <
2 v 2| S cla =18
2% <18 | @ S|
2 Am?2)solar v 5 o T Ol
1 o — ° —
/Y 3 " [<5)
g s 5|8
? ? o S w | S
0¢ v 1 92 ?2 ¢
Normal ordering Inverted ordering mBB mﬂ Zml
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Mg, allowed region: “usual™ plot

. Z 2 Parameters with known,
BB limit and unknown values
{10100 — o ,
: 172 % pp
: The smaller Mg IS the more difficult
__100: ; to discover Ovpp3.
> ]
e Inverted _
- | v The mass ordering matters.
< 10¢ = ]
& v' The lightest ; also matters.
Normal
1 E
01 1 10 100 1000

Lightest neutrino mass (meV)
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Mgg eXpected region: “probable” plot

Yong-Hamb Kim

Discovery Probability Distribution <Agostini et al PRD 96 (2017) 053001>

v’ Global Bayesan analysis including v osc., mg, mgg, and m,
v’ Flat prior for the Majorana phases
v' see also Caldwell, et al, PRD 96 (2017) 073001.

1; LR LR RN LR LR il E T T TTT LR T T Cal

- @no,arPA - Normal Ordering - [ (®1o.arPA |nverted Ordering .
107 3 E E
_ [ 20mev  150% - 05 T 20me
> 7 ; : 7
=17 Bme ONO = E E
& paied = i z
10° 5 R = F E
10—4_ Ll 111 11 m i i Ll Lol Lol Ll |\||\_
10°° 107 10°° 1072 107 110° 107" 10° 1072 107 1

m, [eV] m, [eV]

v' 20 meV sensitivity = 50% (NO) or 95%(10) discovery probability

=» Clarification of mass ordering.

(‘I
4 / Y

(014§ NO

—_

_.
Q

probability density [eV?]

1072
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Physics uncertainties after OvpBp discovery

Master formulaof (A,Z) — (A, Z +2) + 2¢e~
L, = , ‘ ) .77‘2 n : physics processes leading to
g Lepton number violation.

Standard interpretation : Only light Majorana v’s lead to Ovp[3

o, = 0‘ 0‘2 ;ﬂ

v Experimental OvBp discovery demonstrates massive Majorana
particles and Lepton number violation.
e Other mechanisms exist leading OvBf in the same order as light v
exchange mechanism,
- Heavy v exchange,
- Mechanisms with RHC,
- Majorons, etc.
e Model dependent ,and ,, (NME) complication

= Ovpp discovery from one
nucleolus is not enough for
full understanding.

v" Full understanding requires Ovpp results in serval isotopes.

v Ovpp is not just a neutrino mass experiment.
15
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AFAD-2021
OvBp decay rates: Simple-mined
1000 p——r—rrrr——rrrrrm——rrrmy
NME dependent '
: Decays in v mass scale
I—(Iale];:fsf)e 10 mol (1 kg 1°°Mo) Mpgg /100¢
y (counts/year) (meV) >
£ x 102 . 200 fé - Inverted
/{10;
5x 102 0.01 0 ~ E ;
' Normal '
5x1028 0.0001 ~2 * | 15% of NO
01 1 | 10 | mi'(;O 1000
Surely rare. Lightest neutrino mass (meV)

Matters with BKkg., AE, Exposure.
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Experimental Sensitivity of T,,, (OvBp)

For sizeable background case:

Detection

Efficiency Detector Mass

Isotopic

Abundance \
N\ .time

Ov
o (E€xp)=(n2) —¢
bkg- A
N
Atomic Energy
mass  Background level Resolution
(count/keV kg year)

For “zero background” case:

T, 3o discovery sensitivity [yr]

-

o
]
=1

10%®

76Ge

25| /"
102277 -
2 .

100700 40000~

Octs’kg, ROly |

----- _ctsg ROl
- 1077 Dtg/kg ROl
[--10°ctsikg\ ROIY |

-----10° cts/kg \ROl y
[~ 107"ctskg_ ROIY |

J

10%
1

10

10°

(Expected background events in ROI < 1 for given

-time

1(/); (exp) =(In2) &

10°

10* 10° 10°
sensitive exposure [kgso yr]

time )
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Common strategies to increase sensitivity

ov -time ; _
vz & bkg- A 1o € -time
<background case> <background-free case>

v" Increase : Large detector mass, Enriched Bf3 elements < budget
v" Increase ‘time’: up to a few years

v" | Smaller AE : Better energy resolution < detector tech. LT thermal calorimeters

v BKg. : Minimize background events in ROI

= Underground facility (w. controls on Rn, n, dust, long-lived cosmogenics)
= Radio-assay equipment and protocols

- Controls on natural occurring radioactive materials (U, Th, etc. )
= [n-situ bkg. identification

- Alphas, gammas, Bp(2v), u- and n- induced, v-e scatterings
€ |PSD, Heat/L|or Charge/L detection, Veto, Shield, Topology,|AE, At
= Etc.

LT thermal calorimeters

19
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Ovpp Experiments

Yong-Hamb Kim

Methods Isotopes
130Ta-
Loaded Liquid Scintillators 1362-(66'_ SQ;?L AND-Zen
%Ge: GERDA
Ge semiconductors Majorana Demonstrator
LEGEND
136Xe: EX0O200, nEXO
TPCs (liquid, gas) NEXT
PandaX-IlI
48Ca: CANDLES
Low-temperature thermal 82Se: CUPID-0

calorimeters

190Mo: AMoRE, CUPID-Mo
130Te: CUORE

Tracking chambers

82Se: SuperNEMO

Inorganic scintillators

48Ca: CANDLES

21
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Low Temperature Detectors

Yong-Hamb Kim

“Calorimetric measurement of heat signals at mK temperatures”

Energy absorption =» Temperature

hermometer _

_ Absorber E
Thermal link T-T,= Kl

Choice of thermometers for Ovpp searches

e Thermistors (NTD Ge) CUORE, CUPID

 TES (Transition Edge Sensor) Light detector

e MMC (Metallic Magnetic Calorimeter) AMoRE
« KID (Kinetic Inductance Device) CALDER

¢ etc.

22
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AFAD-2021
Thermistors
* Doped semiconductors
- Neutron transmuted doped (NTD) Ge thermistors
. : 1 MQ ~100 MQ
* Readout: (cold) JFET
» High resolution + High linearity + Wide dynamic range +
Absorber friendly
* Require very low bias current(sensitive to micro-phonics and
electromagnetic interference), Slow response
F Absorber Male Pin /,/'*- ‘// e PTFE
I R T 1/2 e X
©_ |_I R(T) =R exp (r) e
N Thermistor T Heater-
2.1 kg
M TeO,
<Current bias and read voltage > T

.
*/Cu-Coloumns

fig. from Cardani et al arXiv.1106.05§§
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Metallic Magnetic Calorimeter (MMC)

« Paramagnetic alloy in a magnetic field M
Au:Er(300-1000 ppm), Ag:Er(300-1000 ppm)
—> Magnetization variation with temperature

e Readout: SQUID

« High resolution + High linearity + Wide dynamic range +
Absorber friendly + No bias heating + Relatively fast

e More wires & materials needed for SQUIDs and MMCs,

fig. from SY Oh et al SUST 2017

’: Absora
3 target
”T 0 SQUID ’/5%5:2 crystal
il 1 > L
Thermal link LQ.,_'-_ ~Z AN a7 1

.4
2
Heat bath &%

e

!
L+ +. - I [ |
=
\ MMC/ x/ Phor\l/on collector

gold wires

LYY ]

24
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Sensor performance

“Superior dynamic range with high resolution”

350 I I I I I

_____

Am241 full spectrum o spectrum
MMC with gold foil absorber
2501 with C ~ 03kg CaMOO4

low energy spectrum

SQUID

300

g

Counts /0.2 keV

190

i

by

]
]
]
I AL
1 " | 1 | L A
|\ 1000 2000 3000 4000 5000 A
= Energy (keV) F—

0.3 keV FWHM 0.9 keV FWHM Gaussian width
for 60keV y for 5.5MeV a

O 6000

v Atest result with an MMC.
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[=]

AFAD-2021
Resolution matters.
So T .
5| 1 1%FWHM BT
! ] 5 SmeV : Ov
! ] o f \ vBB:4.0% BB
‘ - 10 F
: 5 F 2vppi0.5%
\ %107k
[]%4 096 098 100 102 104 1.06 _3'
E/Q 10k
£ L LI I F ‘
P 1 3% FWHM 4
: ] - ‘
] 41i}0 4150 4200 4250 4300 4350 4400 4450 4500
: ] Energy(keV)
: fig. from S. Yosihda Osaka Univ.
2
ds¢ 096 0% 100 102 104 106 In the case of an ideal shielding
5, with no source of background,
[} i BB(2v) can overwhelm BR(0v)
1 1 10 % FWHM with poor AE
1 . §

8
6
Ful
2
Uqu 096 0.38 1.00

E/Q

1.02

1.04

1.06

fig. from JJ Gomez-Cadenas

XLV meeting 2017
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Simultaneous phonon-scintillation detection

v" Scintillating crystal as target material
=>» Active bkg. Rejection

Heat (Phonon)
sensor ¢

Light (Scintillation)
? sensor

Scintillato

A

Li,M0O, CaMoO,
CdWO, ZnSe, CaFetc.

n
>

Scintillation

N

2

D

<\
.
-0
o
-
o
!

v" Many B nuclei test
v' Qpg > 2.6 MeV possible for Ca, Se, Mo
=> Low env. y bkg.

10 4] 76Ge 130Te 116C(

10¢ |
@ .
c
8 10° |
o

107 .

Environmental y
10" | bkg @LNGS
T T T I I I I T T I I I I
2200 2600 3000

Energy [keV]
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CUORE history
026 T . A -
1025 ;_ ................................................. _________________________________________________________________________________________
i). 1024 S S
S = MiDBD ——0
. 1023 ISR SRR APOTNP f
Cc)> ; _04c1\sttl dn ay
1 ] — g
S WET ; :
y & 21 | S e eyt ke T 743kg TeO, crystals_|
= 107 E : | RICIN RE- ’ =
23 = eng ClZJOC()B 2%080 CZ%?S 150_ (206 kg 130Te) =
1020 ; ................... ........................... ;...62..]'.@@2 Crystals .52 TeC)2 crysta[s ........................ ..................... _;
R T I (11 kg 130Te) (11 kg 130Te) =
10]_9_|||ir|||i||||i||||i|||i|||i|| B
1990 1995 2000 2005 2010 2015 2020 2025

Running period Courtesy S. Dell’Oro
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CUORE

> Cryogenic Underground Observatory for
Rare Events

> Main objective: OvBf in *Te
> 988 TeO, crystals, 5x5x5 cm? each

> Total mass: 742 kg TeO, (natural Te)

> 130Te mass: 206 kg

> Crystals operated as bolometers in a
cryostat capable of reaching T < 10mK

i
i
it
fii 8
dEiE
fi

Present limit:
130Te TOv> 3.2 % 10% yr w. 90% CI
Mg < 75-350 meV

29
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CUPID-0

CUPID-0: the first demonstrator

* 26 ZnSe (24 95% enriched + 2 natural)

82Se OvBp decay Q-Value: 2998 keV

31 Ge slabs (Light Detector)

Arranged in 5 towers -> (3.8x1025 82Se nuclei)

O-shape Light Detector

PTFE
~—

Cu Structure S-shape PTFE

Assembled in an underground radon free clean-room @ LNGS

Hosted in the same CUORE-0 dilution refrigerator (Hall A)

6

1o (syst.)] x 10 yx

T2, = [8.60 £ 0.03(stat.) *{

CUPID: CUORE Upgrade
with Particle |Dentification

a rejection with light shape

~ 2SggEar—
- jau]
3L <
¢ I . et
y f light f/y 8
3 o
3 . g
) . light a :'é
FI07E A
< F o
g
7
102
107} 50 T00

150
Time [ms]

3 light signal shape depends on

particle type " 10000

Le IS‘()UUI
Energy (keV

CUPID 0 upgrade 2019

RN BT
6000

January 2019: stop data taking for a major
detector upgrade:

= Remove the reflective foils

= |nstall a new clean copper shield

* Install a muon veto
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CUPID-Mo

P g First data from the CUPID-Mo neutrinoless
" "‘¢ double beta decay experiment

Benjamin Schmidt for the CUPID-Mo Collaboration

;3 25 Lm0 1, Physics data Example Heat/Light
E [ Woerlvam separation
= S - Withe/y LY cut
N i Now: accumulated > 1 kg*yr of physics data
15— '?é‘-'..\
. gy Ty > 31023 yr at 90% C.L with
I : ~0.5 kg*yr exposure (~0.27 kg*yr of 1°Mo), 81% signal acceptance
u.sf—
(,: PR TN NS ST N T [N TN WY TN SN [N ST T TN W [N S TN S S T |
0 1000 2000 3000 4000 5000 6000

Heat signal (keV)
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The AMoRE Project

AMORE: ‘Love’ In ltalian

AMORE “A cosmetic company in Korea”
Their factory is located in Daejoen. | &

NG

i

£,
F
AMOREPACIFIC

AMOoRE: Advanced Mo-based Rare process Experiment

to search for neutrinoless double decay of 1°“Mo
using cryogenic X**°MoO, detectors

That’s AMoRE for us!

@4cmx4cm
CaMoQ, crystal
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AMORE collaboration (since 2009)

Russia

s

2{A[0F

HIAEL[D}

2EH|oF

Germany

© Ukaine g counties, 24 institutions, ~100 collaborators

5 SR

=l

India :

AT E - i ¥ st dad
&‘i ) o il s of2tulor o B =zlE
: L 4 ; 3 H0les
e )y ' ; I—— i g Leyte
SEC)y =2 [/ ctolAlelok ey ok Belawanoiciif ot
! 5

o= Sy | | " ApjEist Mindanao
( L

M‘:,;
2|0 A[Ok

LB/ Thithesia
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AMOoRE Progress

Single module

AMORE-Pilot
- 2018 AMORE-| AMORE-I|

- J Being prepared
Now

34
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AMoRE
AMOoRE: Advanced Mo-based Rare process Experimep
H0Cal""Mo0O, + MMC

. Light sensor at

Heat sensor at

the bottom
: 142 : 104 - : : :

s L/H ratio PSD 10keV FWHM
s £ | for 2.6 MeV
g g 102} ]
E E136
§ 1.34 - . I jl

12 10°] T

0 2000 4000 6000 8000 0 .2000 4000 60.00 8000 0 2000 4000 6000 8000
Energy (keVee) Energy (keVee) Energy (keVee)
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First Pilot result, + Upgrades

-
102 .

. N\
- EPJC 79:791 (2019) [ 7, SwaiunFa | Bkg. improvement
- —— s Clean PCB (tested)
111 kg-day exposure [ tmit@o%cl) no pin connectors
o 0.55 ckky bkg. |
> TOV > 1%1023 y :
3
§ 10°
107"
2850 2900 2950 3000 3050 3100 3150
Energy (keV )
, Bkg. from PCB
% and pin connectors
\ J
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Upgrade: + Neutron shields

= / |

f

|

§ External Muon
| Pb shield Veto

- 15t result
- with clean PCB
- with n. shields

10*

!
:
r
v

10

10

Spring
Suspended

10

Number of Entries [/keV/kg/year]

= 3 still | ||
- ey 50mK
- -e-T = |
Low- J— 10mK
0 6 & background : 74
Pb shield

Energy [MeV]

Mas:-Spring
Damper

Bkg. rate reduced by 3~9 times from the 1%t result.

25cm

New results are to be updated.

L -

Boric acid
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AMORE-I detector

» 18 crystals
36 MMC channels
CMOs (#8%rlCal®Mo0,): 13
6 from Pilot (Fomos): 1.886 kg
7 new crystals (Fomos): 2.696 kg
LMOs (Li,1*°Mo0O,)
4 (NNIC) + 1 (CUP): 1.609 kg
Total crystal mass 6.193 kg

~ 3.1 kg of 1Mo

» Science run began Dec. 2020.
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Schedule of the AMoRE project

MMC technology for heat and light measurement

Crystal: 9Cal®®Mo0,, doubly enriched scintillating crystals (Pilot & I)
For Phase 1I: X!%MoO, (X: Li, Na, or Pb)

Zero background in ROI

Location: Y2L (Pilot, I) and a new deeper place (Yemilab at Jeongsun)

Phase | Phase 11
Mass ~6 kg ~40 (200) kg
MMC Channel 36 1000
Required background (ckky) 0.0015 0.0001
Sensitivity(T,,,) (year) ~102%° ~5x10%
Sensitivity(mgs) (meV) 120-200 17-29
Location Y2L Yemilab
Schedule 2020 ~ 2022 (2023) ~

39
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AMOoRE Sensitivity

10 1000
1027
__.——
) AMoRE-1L 200 ke
2 102 100
E =
~ o O
g1 MORE-L 5 kg £
[aml
= = 10
2 o =
o]
1023
1 E
IIIIIlIIIIIIIIIIIIIIIIIIIIIII|IIII|IIIIIIIIIIIIII | Ll L L) J |' ll'l"l L IIIIIII:
0 1 2 3 4 5 0.1 1 10 100 1000

Measurement time (year . .
(year) Lightest neutrino mass (meV)
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Current and future sensitivities

ROI yr)]

10~

IS0

107

[ 8

sensitive background [cts / (mol
=
b

10™®

sensitive expsure [mol  yr]
1ISO

<M. Agostini 2019>

42



AFAD-2021 Yong-Hamb Kim

Summary

« OvBP discovery is feasible in the following decade.

« NO does not mean no hope for OvBp discovery. (Sensitivity should
reach 20meV)

e It requires many experiments with various isotopes and different
detection methods.

« OvBP search is not just a v mass experiment but also studies
firmamental understandings of particle physics.

 Amazing progress has been realized in many projects.

 AMORE is a promising OvBB experiment.
o Stay tuned to AMoRE
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