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The massive neutrino
* Nobel prize in Physics 2015 awarded

for Prof. Takaaki Kajita (Super-K, JP)
and Prof. Arthur. B. McDonald (SNO, CA)
—>discovery of neutrino oscillations
—>show neutrinos have mass

—>Some unknown questions:

e absolute neutrino mass? atter —
) A ! timatt
* Neutrino: Majorana (v=Vv): Z:y'nr?;eterry?

or Dirac(v#V)?
—> Neutrino-less double beta decay is an
excellent tool
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The Royal Swedish Academy of Sciences has decided to award the

2015 NOBEL PRIZE IN PHYSICS
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[1] Ann.Rev.Nucl.Part.Sci.52:115

Double Beta Decay (DBD)

ZVBB 2.0 2V\ , OVﬁB
_— COnt/nu@u
s - Monoehergy
. Obtained in >10 isotopes * No observation
* Tf)5 = 1018~1020 yr * T > 1026 yr (KamLAND-Zen)
* Rare, under standard model (SM) * Extremely rare!
¢ Physics of Ov[ decay: » Nature of neutrino: or Dirac?
>Neutr|no mass from the Tl/2 » Lepton number not conserved (AL=2)
(1 ) — GOV‘(.':) /m2| |[M%V|2 = New physics beyond SM 3




° "ké’idka Observatoryl"?f; :
CANDLES experiment i 4
- To observe Ovff of “8Ca ) & e
- Set up @ Kamioka (2700m.w.e depth)

: Sithulation
~ ‘Model
| (by T lida)

CANDLES

CAlcium fluoride for studies of
Neutrino and Dark matters by
Low Energy Spectrometer
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OvPBp experiment with 43Ca

TINS - (5.0 MEV)

E é&s; ‘tc"'
v'Highest Qg34.27 MeV B

> 3.5 i..1soud
* Large phase space factor S T "8I Qvalle
© 16cae B25¢ : g
* Far from BKG (y: 2.6 MeV, B: 3.3 MeV) 26l | oo e
. zz_ E 766.. 110Pd
—Aim for background-free measurement E |
1‘51101 11101LL210LLLA31°111.4101;1150

Low abundance Natural Abundance (%)
 Natural abundance: <0.2 % better
* Separate isotopes: expensive “*To improve sensitivity for Ov[3[3
—>Cost-effective enrichment in CANDLES:

0% o (Ngy - AE) /2 ° Enrichment (~600kg “Ca)
* High resolution (bolometer)
* Low background ’

(JEnergy ResolutionT;
— Improve sensitivity



CAN DLES eXPeriment DEtectorvsiied; 3m

- To observe Ov[3p of 8Ca

- Set up @ Kamioka (2700m.w.e depth)
- CANDLES consists of:

(305kg CaF,) 305Ky |
= 96 "CaF, cubes: detector+source = 350g *8Cal g=85%" (o L14m'_
= gt =
top view 6 layers x 16 crystals/layer n:]: E g E g
1 crystal: 10cm cube c E) oooo
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CAN DLES eXPeriment DEtectorvsiied; 3m

- To observe Ov[3p of 8Ca
- Set up @ Kamioka (2700m.w.e depth) L )
. ‘ |I 3
- CANDLES consists of: (305kg CaF,) X | | j_né
= 96 "3CaF, cubes: detector+source = 350g “8Ca’ E=3%" || L14m'_ ||,/
=N e E=
» Liquid scintillator (LS): 2m?3, 47 active veto E g E g —
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CANDLES experiment .

- To observe Ov[3p of 8Ca oron ‘5mm) L'=;§;=_=ﬁ=' T
- Set up @ Kamioka (2700m.w.e) Pb (7-12 cm) Z )
- CANDLES consists of: X 2N 2002 ) o
305kg LS
= 96 "3CaF, cubes: detector+source = 350g *8Ca’ E=3%" | _L14m'_ |7 »
107 ) & — ’
= Liquid scintillator (LS): 2m3, 4= active veto ) g g g g
. 3 /E! lslsls B!
=62 PMTs surrounding: E = O00dn
| , , ')\l HooED 18
010-inch(x12), 13-inch(x36), 20-inch(x14) Oooo
37 1
oeach PMT waveform is recorded PMT o\
~light
= Water passive shield 4mh x 3m? @@ 20” )| Ppipes
Water
= Passive shielding (Pb+Boron) outside/inside
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CANDLES experiment .

- To observe Ov[3p of 8Ca

- Set up @ Kamioka (2700m.w.e depth) y I
- CANDLES consists of: (305kg CaF,) g 5552 *.
2
= 96 "3CaF, cubes: detector+source = 350g “8Ca’ =3 J | l14m'_
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CAN DLES eXPeriment DEtectorvsiied; 3m

- To observe Ov[f of 43Ca

- Set up @ Kamioka (2700m.w.e depth) Z I
: | |
_ . 3
CANDLES consists of: (305kg CaF,) SoerX | { 2m
4
= 96 "3CaF, cubes: detector+source = 350g “Ca| <3 |q-o14m_ ||/
top vi 2 A" HHEAR c
Op VIEW 6 layers x 16 crystals/layer n:]: oo )
b 1 crystal: 10cm cube c € ufsfuls ~
S = ufulnln =
{] )" a5 D
1000 —
= W O PMT <\
N UL light
- N scintillation photons QO pipes
allow to reconstruct Water

"WLS event position




DAQ system in CANDLES &%

e Using 500MHz-8bit-8buffers FADCs ,%354
* Record ~“9usec waveform:
RCNP
. ERC
> PC

e 74 FADC channels: divided in 4 crates 7

GbE

e Each crate: 1 MCH + 90r10 FADCs (2Chs/FADC) -
* Master Module: synchronize modules Hub [

* Main trigger: CaF,-like events [1] |
SpW-GbE

PC <> FADC: SpaceWire <> GigabitEthernet Hub

* Software framework: DAQ-Middleware [2] SpW | -

DAQ performance in daily data taking[3]: sy |

* Data size: "‘?OkB/event N G -

—>@current trigger rate of 10cps, Clock
negligible dead-time(<10°) NIM module

[1] T. Maeda et al. IEEE TNS 62:1128 [3]B. T. Khai et al. IEEE TN5196 1174
—>Max speed 100cps (5MB/s) [2] K. Suzuki et al. [EEE TNS 62:1122



https://doi.org/10.1109/TNS.2015.2423275
https://doi.org/10.1109/TNS.2015.2423673
https://doi.org/10.1109/TNS.2019.2900984

[Electron energy spectrum f \

Background in CANDLES T A e
“*Background at Qg of “8Ca: ” . %ﬂ‘i‘%n
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* Even after LS cut, there exist background in hlgh
energy region above 4MeV.

* BG spectrum has peak around 7.5MeV

* This BG seem to be produced from (n,y) on
surrounding material.

—> Confirm with MC and %>2Cf measurement

—> Reduce by installing passive shield (Pb,B)

= The (n,y) background is reduced ~1/100 times

after shielding
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§ B Shielding Construction

* Top and surrounding: silicon rubber sheet

= * Inner bottom: liquid type

* Check if Pb or B contaminated in water

B — Take water sample for ICPMS examination

— No contamination




Background in CANDLES

“*Background at Qg of **Ca:

oExternal (n,y): passive shielding (Pb,B)

olmpurities background:
= 212Bj212Po sequential decay: pile-up

—Waveform analysis
Typical BiPo Waveform

%6 o Pileup identification
il with AT > 20ns

= 99% rejection
efficiency

J
2128 %’%h
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[Electron energy spectrum] / \

External (n,y)

)

os /2“1513' H"\,H Impurities
\ -
o4| There are many natural 7 (B I PO, 208T|)
radioactive BG in the energy B
region below 2.6 MeV. \
ozl OvBe
\ "] 2vpp, ovpp

1]

0 1000 2000 3000 4000
Kinetic energy of 2 electrons (keV)

22B; (64.1%) 22p " Bi-Po
1 0
Qy=2254keV “—ggnsec Qa+QB§5.2MeVee
= Pile-up signal
2\
o A\ W\ = Waveform
o) .\90 (?9 . .
>\ $\  analysis to reject
2 7
2087 %L V2
Qp<SMeVee 208 208
= 212Bi’s daughter m’{] Qs=5001 keV Pb

= Tag a-decay of 2!?Bi




Background in CANDLES

“*Background at Qg of **Ca:

oExternal (n,y): passive shielding (Pb,B)

olmpurities background:
= 212B212Pg sequential decay: pile-up
—Waveform analysis
= 208T| B-decay: remove by tagging
preceding a-decay
—> tagging efficiency (DAQ + Analysis)
—>negligible deadtime DAQ
in Physics Run
—>Rejection efficiency: 89%

208Tl

212Bj

[Electron energy spectrum] / \
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Background in CANDLES

“*Background at Qg of **Ca:

oExternal (n,y): passive shielding (Pb,B)

olmpurities background:
= 212B212Pg sequential decay: pile-up
—Waveform analysis
= 208T| B-decay: remove by tagging
preceding a-decay
—> tagging efficiency (DAQ + Analysis)

o 2vp[3: irreducible background
—> improve resolution, under study
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Energy spectra & Event selection Live time:

130.4 days
93 crystals (3*2Th<10uBq/kg) 21 crystals
PRD 103:092008 (2021) PRD 103:092008 (2021)
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— Raw events With 21 high purity "@“CaF, crystals:
— Remove B+LS & BiPo BKG (Ty)2)>5.6x10%%years (90% C.L.)

— Remove 2%T| & crystal select (mgg) <2.9-16 eV (90% C.L.)


https://doi.org/10.1103/PhysRevD.103.092008
https://doi.org/10.1103/PhysRevD.103.092008

Energy spectra & Event selection Live time:

130.4 days
93 crystals (3*2Th<10uBq/kg) 21 crystals
s PRD 103:092008 (2021)
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— Raw events With 21 high purity "@“CaF, crystals:
— Remove B+LS & BiPo BKG (Ty)2)>5.6x10%years (90% C.L.)

— Remove 2%T| & crystal select (mgg) < 2.9-16 eV (90% C.L.)


https://doi.org/10.1103/PhysRevD.103.092008

CANDLES: current and future

CANDLES I+ CANDLES IV CANDLES V
Crystal CaF, / “8Ca 0.187% (nat.) 2% 50%
305 kg / 0.35 kg 2000 kg / 25 kg 2000 kg / 610 kg
Energy Res. 6% 2.8% (required) 1.0% (required)
<m, > sensitivity 500 meV 80 meV 9 meV
Feature Low BG Low BG Low BG
No enrichment 2% enrich *8Ca 50% enrich 48Ca
Cooling CaF, Bolometer (~10 mK)
%"0‘1’2 (m,) = 500meV ‘;ﬂj \l ‘(mv) = 80meV "0:’; (mv*) = 9meV
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R&D for next step: Enrichment of 43Ca

O 48Ca
B Natural abundance is low : 0.19%
= We can improve the detector sensitivity by enrichment
B But enrichment of 48Ca is difficult
O New enrichment techniques
B Crown-ether, laser enrichment, Electrophoresis
= Aim for: massive & cost-effective production

Chemical enrichment Laser enrichment Electrophoresis
by Crown_ether Ca Atomic beam
. =
Ca solution ’r'i Electric— Counter
40C8 field current
—_— —
@
4
2. .
!ﬂ Egriched _
Ca -

Vacuum chamber



https://doi.org/10.1093/ptep/ptv063
https://doi.org/10.1088/1742-6596/1468/1/012199
https://doi.org/10.1093/ptep/ptv020

R&D for next step: Scintillating Bolometer

Expected BG: 2v[3p events, a-rays Scintillating bolometer:
bolometer: good energy resolution good particle identification ability
(COURE, AMORE) = For reduction of BG affects from
= For reduction of BG affects from o-ray

2vPBB events

Scintillating bolometer at low Particle identification

temperature 10mK by scintillating bolometer

— — . Scintillation
Heat OvBB region

B-a pile-Mp events

Sensor 4 27MeV
P 45T, I @ . Thermal

J P signal
/3#2 Light

@

signal

> Heat

4.27MeV



SUMMARY

* CANDLES:
o searching for Ovf3 of **Ca (Qgy=4.27MeV) at Kamioka

o Low background technique is very important
o Obtained T 1/2 limit 5.6x10%%years, LT=130.4 days

o This is comparable with most stringent limit of Tl/2 by
obtained by ELEGANT VI (5.8x10%%years, LT>2years)

* Future:

o High purity CaF, crystals
o Enrichment of 4Ca: 43CaF, crystals

o CaF, scintillating bolometer


https://doi.org/10.1103/PhysRevC.78.058501

D

CAlcium fluoride for studies of
Neutrino and Dark matters by

CANDLEs Low Energy Spectrometer
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