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(New directions in science are launched by .'_‘ ;
new tools much more often than by new
concepts. The effect of a concept-driven
revolution is to explain old things in new ways. (

. nev CRONORLE X
The effect of a tool-driven revolutionis to ;o0 o 0o~

discover new things that have to be
explained.) ”

BB #F& (Freeman Dyson)
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Expt. Detector Source & < E, >| Location
(mass) (Km) | (GeV)
MINOS Iron Calorimeter Atmospheric 15-13000 1-100 Soudan, US
6, 7 (5.4 Kt) Conventional Beam 735 3, ~8, ~11
ICARUS _[_Lignid Argon Conventional Beam 732 17 LNGS, Europe
[6, 8] TPC (2.35 Kt)
OPERA Emulsion Cloud | Conventional Beam 732 17 LNGS, Europe
6, 9] Chamber (1.6 Kt)
T2K Water Cerenkov Superbeam 295 0.76 Kamioka, Japan
[10] (50 Kt) (Off-axis)
NOvA Liquid Scintillator Superbeam 812 2.22 US
[11] (50 Kt) (Off-axis)
D-CH O Olibeminiciididescinatillator Reactor 1.05 0.004 France
[12] (11.3 t)
S KT bbbtk OV Atmospheric 15-13000 1-100 Japan
[13] (50 Kt) Superbeam 295 0.76
UNO Water Cerenkov Atmospheric 15-13000 1-100 US
4 Superbeam ~2500 ~0.5-7
Hyper-K Water Cerenkov Atmospheric 15-13000 1-100 Japan
[15] (1 Mt) Superbeam 295 4.0
INO Iron Calorimeter Atmospheric 15-13000 1-100 India
(16, 17] (50 - 100 Kt) Superbeam /NF TBD TBD
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2 ATEW] T, AP RET B (mgp) LG M FFEA
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hed  >1Dx10™ P 1400-2500 NEMO-3 S USSR
e >15x10= M 110-520 CUORE S A A i P B
Bixe >1.1%10™ ™ 61-165 KamLAND-Zen AR R A
18 % 1IN 150-400 EXO0-200 iEaEIERS: 2=
ONd  >2.0 x 1022 Bl 1600-5300 NEMO-3 e g
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Expt. Detector Source L < E, > | Location
(mass) (Km) | (GeV)
MINOS Iron Calorimeter Atmospheric 15-13000 1-100 Soudan, US
6, 7] (5.4 Kt) Conventional Beam 735 3, ~8, ~11
ICARUS_|___ TLianid Argon Conventional Beam 732 17 LNGS, Europe
6, 8] TPC (2.35 Kt)
OPERA Emulsion Cloud | Conventional Beam 732 17 LNGS, Europe
6, 9] Chamber (1.05 Kt)
T2K Water Cerenkov Superbeam 295 0.76 Kamioka, Japan
[10] (50 Kt) (Off-axis)
NOvrA Liquid Scintillator Superbeam 812 2.22 Us
[11] (50 Kt) (Off-axis)
D-CHO Oalignid Scintillator Reactor 1.05 0.004
[12] (11.3 t)
S K- 1 ettt 0V Atmospheric 15-13000 1-100 Japan
[13] (50 Kt) Superbeam 295 0.76
UNO Water Cerenkov Atmospheric 15-13000 1-100 Us
4] =1 s Superbeam ~2500 ~0.5-7
Hyper-K Water Cerenkov Atmospheric 15-13000 1-100 Japan
[15] (1 Mt) Superbeam 295 4.0
[ron Calorimeter Atmospheric 15-13000 1-100
[16, 17] (50 - 100 Kt) Superbeam /NF TBD TBD
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1
ph/keV ns (nm) glen’  %@662kev W U
Nal:Tl 38 230 415 3.67 6-7 N =%
LaBr::Ce 70 16 360 5.07 2.6 e La, Ac
18,
LaBr;:Ce, Sr 77 385 5.08 2.0 o La, Ac
82-2500
CeBr; 60 17 380 5.18 3.8 1 Ac/-
Srl, :Eu 115 600-1600 435 4,55 2.8 I —
1, 50,
CLYC 20 370 3.31 4.3 13 -
1000

GAGG 56 92,174 520 6.63 5-6
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Table A6.2 Properties of some inorganic scintillators
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wo el w [T LG PRR
i ey 113 14 &80 0.3 "0 2800
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CoF, 616 68 o oo 3
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¥ &0 A3 18 P 003% )
YAl 5.50 10 m 0030 )
" pelamve 1o Mal(TH) ' a1 806 K " bygrowcopie Ypotperyillise
| Py, g | 182 440,530 | 0.0 100
LAr 14 1.2P 120-170 | 0.005% /0860
LEF 241 1.4 120170 | 0002 F D0ss
L¥e 306 | 1608 120170 | 0.003 F 002 4 = 18
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scintillators | Toluene DPO
Xylene PBD

Plastic Polyvinylbenzene | p-terphenyl
scintillators | Polyvinyltoluene | DPO
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VI n—1 B, W B,
“RA 1.42 1.10 0.41
ZnS(Ag) 1.37 1.10 0.42
Lead 0.80 1.20 0.56
Fluoride

1137 0.46-0.75 1.22-1.37 0.57-0.68
W £ 1k |o.58 1.29 0.63
toluene

Plexiglas 0.48 1.36 0.68

K 0.33 1.52 0.75
RBERE S 0.025-0.075 | 4.5-2.7 0.93-0.976
Pentane(STP | 1.7X 10?3 17.2 0.9983
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CO,(STP) 4.3X10* 34.1 0.9996
He(STP) 3.3X10°3 123 0.99997
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Since Apr.96,

22,500 ton fiducial Vol.
1,200 m2 muon area

4 MeV =200 GeV evts
~20,000 Solar V's
>11,000 FC atm V's
>2000 upcoming u's
Strong evidence for
oscillations

“also from K2K, Soudan
& MACRO Vp«sVT

ea A X

Super-Kamiokande







NC

p-ring from v, N\

events with ©*

-
sy
o ¥

e-ring from veN

Zenith angle distributions n 2ol on o | geay
(FC+PC+up-u)

Boast 0t | A2 5410 %V an2001 0
e 16221MT0 dor)
scllations Nul cocllation
edSA AT do

S.Cad adka At-dav s - EE A ——y L T
= S e ey ™
fasia S » oy
Soes ¢ Lol FEN-LJ ey M ..."“; 1
= . e, l:' I g .
d - »h 4744 Tl
oo | !N|’ T !I.O' P
4 : w4 . -
- o s Ll |
4 44 -o‘ «“ 4 44 _i' L= I | g - -o‘ [T I | - uA:.uu L
o Ut Oay sdis p.‘o;v,a..u: M WD S S e ¢ Jumane Thongt (0omg o
!3-'- wAS |
o - ! ot :. b -
T tie Lol | +e ¥ Bz | o
» ' " Rl Y ’§..l st
- e "-‘ Lo ] - * & - “ ot
- bﬂ’,o ¢.’ !I.”.
» - o o .
b S T A S T S CIURTETUT WG
a - -t . ,d a a —t‘
i = 1t & 1t =2 11 =



AMANDA
South Pole 2km Deep Ice cube detector

iceCube Lab
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¥ KM3NeT

Multi-site deep-sea neutrino research infrastructure

Single Collaboration, Single Technology



The ORCA Detector

Depth=2475m

.
\
13

Digital Optical Module

(~50 kt ~ 2 x SK)
(~3 kt ~ MINOS)

- 31x3"PMTs

-~ Uniform angular coverage
-~ Directional information

-~ Digital photon counting

- Background rejection

- All data to shore

See P1.095: R. Bruijn,
The KM3NeT DOM
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HP Ge detector / PC Ge detector

Detect charge only

High efficiency

High resolution

High density ,

Large mass

Pure matenal(internal radiation)
Low noise/ Low threshold

PSD

Low temperature(77K)
Background suppress

( no way to identify e,N )
CJPL#&
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Pulse Shape of PCGe
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DBD with Ge76 : Majorana

Radon Veto Poly
Enclosure Panels Shield
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The GERDA experiment

bare HPGe detectors in cryogenic liquid

enriched to about 86% in
76Ge without
encapsulation in a liquid
argon cryogenic bath







Background Problems

Radiation isotopes produced by cosmic ray

Cu
Ge6s 288 d 0
Scdb H3. THEd 2 Cobl 2. 2T ¥ Z
Cobl) 5, 2Ty 2 Mn54 312.2 d 1
Cob8 70. 53d I Cob¥ 276.3 d 3
CohT 271. &d 3 on ois 5 1
Mn54 312, 13d 1 & =il
Cobb 77. 236d 12 Fedd 2.73 ¥ 0
Feh4 44, 495d 3 Cob8 TO.83 d 1
vig *x NiG3 100. 1 ¥ 0
765 244. 01d 1
V49 330 d 0
Ga68 1.128 h 7

CJPL =
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| prosens DELAY—I

scintillator

Stop
Start

: Measure arrival time of
duft ~~_@® gnode| electrons at sense wire

J relative to a time t,.

" >—> x:IvD(r)dr
low field region high field region

—> drift — gas amplification
I




3D Gas Detector
Tracking & particle ID

The TPC is basically a long DC gas volume with E
with parallel electric and 4B fields
magnetic fields and 2D points ‘\/
read-out at the end(s).

- 3-D particle Tracking

/
recorded y {i %
(x.vy.2) = %

- dE/dx Particle . //
Identification -/:'
- Large track densities charged \ /\
'pﬂSSiblE frack wire chamber
- Low material to detect
projected tracks




3-D coordinates

+
- Z coordinate from drift time 4 rack

- X coordinate from wire number
- Y coordinate?

» along wire direction
» need cathode pads

1I|:lr-+::;]ne'.f:ha'.n:l track
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Deep Underground Neutrino Experiment

Sanford
Underground
Research
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Liquid Argon Time Project Chamber with both charge and optical readout




DUNE detector
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LAr Capabilities

OLAOX (arDNary un s

R
,» " Proton & electron » Bubble chamber like
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® ETEF (HURFARMNE) RNEHFRNE, RARBNTFIRNE/
=425 (Low Temperature Detector/Cryogenic phonon detector)
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AMORE detectors

AMoRE-Pilot AMoRE-I AMoRE-II
Crystal Mass 1.9 kg 6.2 kg 178 kg
Sensor channels 12 36 ~ 900
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100Mo:
-Q (~ 3034 MeV) is higher than most

gamma backgrounds

-High natural abundance of 9.7 %
-Relatively short half-life (Ovpg) in
theoretical expectation

1

e
H
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AMoRE: Advanced Mo-based Rare process Experiment

An international collaboration project to search for neutrinoless double beta decay of
100Mo using Mo-based scintillating crystals and low temperature sensors

MMC + Au wire
7 =T 2 L=
// fil W\ Wafer 1 =
x 5 g e
E h;ﬁ i iﬁ [/ signals
gt 4—3 ' A g L [
Scintillation 2 |3 ‘,-r" o s =
D |4 a o & wYYY
v [ i :
Heat _f' . o s1enals "
Crystal Phonon Energy
X'*MoO,
q ' - Simultaneous read-outs of phonon and photon
MMC + Au wire + phonon collector with scintillating bolometers for a rejection.




SQUID (superconducting quantum interference device)

Magnetic flux quantization (superconductorring T<T))
>0, =nxh2e=nx®, (n=0,123.)

l JDSEphSGn tunneling
P SQUID critical current
. L2 3 Uy 5o (0) o [cos(TOI0y
H.Q,"
M TV
El,: [ — (=

New HD SQUID design for AMoRE-IT
X114W X5116 HD SQUID

XII4W & XS116 [etofie,

?Qgﬁsu g i Li 2 nH 27 H 53uH
: ~ for AMo g :
| byPTB 1M S3AG,  23pAK0,  35pAd,
— * Relative signal size
f,Q : | whBHEMMC ] 107 129
or AMoRE 1 1 nH wire

by Heidelberg ®
Major PTB design for AMoRE-I
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/‘ MMC (Metallic magnetic calorimeter)

’ Absorber |

to SQUID

Temperature Sensor Thermal link

| Heatbath

Advantages of MMCs

MMCs performance

- Excellent energy sensitivities over the wide energy range
- Fast response time in the microsecond range even below 50 mK

- Adjustable parameters (field, current, meandar size, pitch, ppm, temperature and so on_.) for given experimental conditions

I

Energy (AE)

- Temperature (AT)
- Magnetization (AM)
- Magnetic flux (A®)

- Voltage (AV) DC-SQUID

MMCs for AMoRE (Mass production)
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Transition Edge Sensor TES

Transition Edge Sensor, TES
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« Rare (Z,A)—(Z+2,A) nuclear transition, with emission of two electrons
+  Two basic decay modes v
1,Two neutrino mode 2vpp:

Standard Model allowed

Observed in several nuclei;

10" -102! yr half-lives

2, Neutrinoless mode Ovpp
Not observed yet in Nature
>10%° yr half-lives
Would signal Beyond-SM physics
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OvBB decay and the Background due to 2v3 decay
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Coherent effects of a weak neutral current

Daniel Z. Freedmanf
National Accelerator Laboratory, Batavia, Nlinois 60510
and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790

(Received 15 October 1973; revised manuscript received 19 November 1973)

If there is a weak neutral current, then the elastic scattering process v + A —=v + A should
have a sharp coherent forward peak just as ¢ + A —¢ + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10™** cm? on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A — v + A* provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

(A, Z) (A, Z)
= “Coherence”: v
q: momentum transfer
qR 5 ]- R: nucleus size \4 qR >> 1
¥ v
N A
‘."00 6.
(Vo Aluminium: 1/R = 60 MeV
e* OZO°8 Lead: 1/R = 30 MeV
O O.

Protons Neutrons
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Kuo-Sheng Reactor Laboratory (KSNL)

Kuo-Sheag Nuclear Power Statioa : Reactor Building
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Hardware and Thresholds

p-PCGe F

{ [500g - 1 kg]
i GG)’ -

Generation

G1

G2

G3

OFC Copper

Mass
(@
500

900

1430

Y
n+(~lmm Li diffused)

n- PCGe
[500 g]

A

l)+(~0.5 pum Boron implanted)
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