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Center for Underground Physics (CUP)

CUP began on July 2013

Now, 17 Ph.Ds, 15 students, 3 technicians, 2 administrations.
Director : Yeongduk Kim

Group Leaders : Yong-Hamb Kim

Research Area : Dark Matter, Double Beta Decay, Underground
Nuclear Astrophysics, Sterile neutrino search at reactor, Low
temperature Detector Development etc.

Major Projects: 1. KIMS (ongoing dark matter search)
2. AMoRE (planed Ovff search)



YangYang(Y2L) Underground Laboratory
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Minimum depth : 700 m / Access to the lab by car (~2km)



New Underground Laboratory
6 |

® A new underground laboratory is under consideration at Samcheok city since
the expansion at Y2L seems to be not attractive compared to the new
laboratory. — Still need government approval.
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KIMS-CsI annual modulation data
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Annual modulation amplit
ude is obtained including t
he exponential decay of 134
Cs for 2.5 years of data.

The mean amplitude from
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Cross Section Limit
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30 years (1985 - ) of search -- Any Signals ?

® Are these WIMP signals ? ® Only Limits.
DAMA (~90) 1. XENON 10+100
CoGeNT 2. KIMS
CRESST VS 3. CDMS-Ge
CDMS-Si 4. LUX



DAMA Background Spectrum
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® No recoil energy shape observed.
® No recoil identification is possible.



_Is DAMA annual modulation due to WIMPs ?

2-6 keV
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Muon modulation ?

6 -~ r - T - T -~ 1 - 1T - T ~ 1T - T - 1
g af l
.’5 2 ‘i 4’# +i
N r‘%” .
= -4l 2-4 WV rod]
6 [ 1 M 1 " 1 2 1 2 1 2 1 2 | 2 1 l;nuolns .) N l‘ |
) 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
dave cince Tan 1. 2001]
200 T r
o muons ® Modulation amplitude similar.
180+ i 1 .
3o | ® Phases are different.
g | | ® No clear mechanism suggested,
g yet muon effect is not completel
£
3 140 y ruled out.
120+
lgyear Fernandez-Martinez, JCAP 07, 029
10955 360 s 370 375

Period



Summary - Low mass WIMPs ?

WIMP-nucleon cross section [cm?]
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KIMS-Nal Experiment @ CUP

* To verify the DAMA result using same Nal(T1) crystals.
* QOur strategy : Achieve lower background level and lower energy
threshold than DAMA by factor 2.

* We can clarify the origin of the annual modulation unambiguously.

Phase | : Csl + Nal
Phase Il : Nal in LS
Phase lll : Nal Array in LS




Purification of the powder & crystals

* New low-K Nal crystal is under R&D (ANAIS,DM-ICE,KIMS-N
al, SABRE).

= Alpha Spectra (AS) crystals
= BH will grow 5 crystals with Sigma-Aldrich powder.
= SICCAS is beginning to grow Nal crystals.

Powder Measurements

AAAAAAAAAA
3

(0.020)

¥

@ 5.200+ 0.020 0.469+ 0.020 —-‘

L

7 R

namRe
ﬁé \\ﬁ Sigma Aldrich - crystal grade ~ HPGe(KIMS) <266
Sigma Aldrich - Astro grade HPGe(KIMS) <183

-0.040

I
BZZAX

(2) OPTICAL WINDOW.

BRUSHED FINISH

OFECOLPEH HOUSING;/ / Alpha SpeCtra, C HPGG(KIMS) <262

XTAL: Nal(Tl) [ULTRA-PURE GRADE]: @ 5" x 7" L

B Sigma Aldrich — Astro grade HPGe(DM-ICE) <126
Crystal delivered to KIMS Sigma Aldrich — Astro grade ICP-MS (SA) ~4
It’s difficult to reach 10 ppb level measurements with powder !
Current plan is to grow crystals and measure K.



Light yields

Nal1-Glass Nal1-Metal Nal2-Glass
Light yield 14.8+0.6 /keV 12.1+0.9 /keV 157+ 1.5 /keV
Resolution 5.0% 4.4+0.2% 5.3+0.2%
Dark Count rate 1.2 kHz 4.0 kHz 2.2 kHz
Nall :

5 5°(D) X 7°(L) = 8.26 kg
400 :

- Am-241 source Preliminary overall diameter = 15.9cm
350; calibration same powder with ANAIS

300

Nal2 :
4.2”7(D) X 117(L)=9.2 kg
overall diameter = 13.8cm
less internal background than Crystal 1

250(f
2000
150

100+

consistent with ANAIS results

! et (arxiv: 1308.3478)

0 200 400 600 800 1000 1200
Number of Photoelecrons 17

50




Coincidence events between Nal and Csl

K-40 contamination — important background

Nal (3keV X-rays) and Csl(1460 keV)
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[h Time : 61.0 days
K40
Eff : 0.352 %

L .Mnn.MmﬂMﬁHM%.ﬁﬂu

hdet12
Entries 353
Mean 5.841
AMS 5.271

: 1.25 £ 0.09 mBq/kg

o

10 12
Epaiiz0s (K€V)

Eff : by Geant4 simulation

14

16

18 20

41.4+ 3.0 ppb

 Klevel 41.4 + 3.0 ppb is consistent with ANAIS group.
* Need to reduce below 10 ppb.




22Na

Coincidence Condition

¢ Csl Detector : 1274.5 y-ray

¢ Nal Detector : X-rays (0.85
keV)
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Half life = 2.6 years
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background data.
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X = Area(100 <t = 600ns) %
' Area(0=t=600ns)

_ Area(100 =t < 50ns)
> Area(0 =t <600ns)

=
0.
08 X, Area(0 <t < 50ns) <175
ME X, Area(100 =t = 600ns)
0.6F
0.5
°'4; DAMA’s 2-dimensional cut is reduced to
°-3; 1-dimensional cut, X2/X1 < 1.25, basica
0.2F lly same as (fast charge)/(slow charge)
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Further reduction of PMT noise

e : — ) .
" __ / B Zoomed
BE_ : ';f N 1o ¥ .
Multiple hit = e DAMA Cut
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even g -
ﬁ 3 5 i3
K = S =
< BN 33
£ DAMA Cut e Real events
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Charge per cluster

DAMA'’s cut, charge ratio cut, seems to be not enough to reject all PMT noise.



Events Number

Pulse shape discrimination

Pulse shape difference between nuclear recoil and backgrounds
are measured.

Due to high light yield, the separation powder is similar to CsI(TI)
crystals. This 1s a powerful advantage over DAMA.

CsI 5-6keV Nal 5-6 keV

Preliminary

70
60—

Gammas 50—

40—

Events

30—

20—

10—

([
b | 0

¥ 1 |
0.2 0.4 0.6 0.8 -2.2 -2 -1.8 -1.6 -1.4 -1.2 -1
Log(Mean Time) Log(MT) (Log(us))
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PSD power — Quality Factor
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Consider active liquid scintillator veto

* Nal(Tl) array in ~ 20 cm
thick LS.

* Veto efficiency for 0-10keV
single hit events in case of
PMT backgrounds.

* 38% for K
o 78% for >3*U
* 75% for >**Th

LS veto



Background rates

30

Nal1308-R11065
Nal1312-R12669

eeecesegecacnchecacscncefoscaccnccssccnadescencsssccnccscfosasscscessscscdesscscesssancansie

25

. —— Nal1308-R12669

201

151

FTTT T TTTT T T T T T T

counts/day/kg

101
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cut:

[tO(PMTO)-tO(PMT1)| <= 0.2 (det)
t0 > 4.0 1S (det)

t1-t0 <= 0.2 (pmt0, pmt1)

nc > 2 (pmt0, pmt1)
X2/X1<1.25

-0.6 < asymmetry < 0.6

gc/nc cut

Single hit

0 2 4 6 8 10 12 14 16 18
Energy [keV]

e [ow threshold down to 1 keV achieved.

20

* With further powder purification, we expect to reduce the back

ground level ~ 0.5 count/keV/kg/day.

26



Schedule for Nal exp.

(KSPark)

Installation

2014 2015 2016
Item 6|7 6|7 9§10|11}12 314
design
Shielding | construction

Alpha Spectra
BH(China)
Nal crystal SCICCA
Tests Decision
(NYKim) |Mass production

- Run 200 kg

PMT Proto-type
Jevelp. Decision
(YDKim) Mass orod
Simulatio
[es!
LS Veto Design
eElleon nstall
Electronics{—Overall Plan
(HOKim) Manufacture
Rn-Free Order
(SHKim) Install




SNOWMASS projection for Dark Matter: next decade

28

SuperCDMS Soudan Low Threshold

uperCDMS Soudan CDMS-lite
ENON 10 82 (2013

10—39 . S T JPeiol oS Ge'Low)Threshold(2‘01'1)' N - I 10_3
\ \! \
. \ ‘. \‘
1040} i€ RN \\ {1074
1 \ \ \‘ A b
al B R N\Y
10 S S, ‘ 1073
“(D YR
-U’) \ _
10—42_ \_\¢ 110 6
-43 % \ 7
108 % \ 1107
N \ -

10~} "'\' """" N

CNO g’f

45 Neutnnos
10 Neutnnbs

11078

1107°

S e a9 241010

(Violet oval) MagneticOM & ~  __.-="""

10_48 | (Blue oval) Extra dimensions -
(Red circle) SUSY MSSM

A MSSM: Pure Higgsino

10~%9} @ Mssm: A funnel p\m@p“anc {10713

@ MSSM: Bino-stop coannihilation

pvd MSSIM Bino-squark coannlhllatlgn

1 10 100 1000 """1'031
WIMP Mass [GeV/c?]

WIMP—nucleon cross section [cm?]
WIMP-nucleon cross section [pb]

-\l.‘. - :._ e :_.7_-.'1 T A """""
10-47 - (Green ovals) Asymmetric DM l """"" ’ ’ 10—11




KIMS-LT @ CUP

natCanatMoQ, crystals ~ 200 kg year.
High sensitivity in low mass WIMP.
2019-2022

107

107 /(keV kg day) with light sensor
5 keV threshold.

10*
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Summary & Sensitivities of KIMS+
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Search for Neutrinoless Double Beta Decays

Ettore Maiorana (1906 — 1938 ?)



Neutrinos : mass, mixing, nature

Neutrinos oscillate, so are massive.
At least 3 neutrinos w/ different masses.
V.V, V_ m ..
| All mixing Angles
v, TN are measured !
: 2
sin“ 6, =0.3

Am? =2.4x107elV”’
My = oax 20 e sin?6,, = 0.44

P2
3 sin“ 6, =0.02
v, W 0%
-

my =7 ) DAYA BAY RENO




Search for Neutrinoless double beta decay (0v3p)

33 |
Observation of OvBf will confirm
- Neutrinos are Majorana particles and have Majorana masses.
- Lepton number L is not conserved. mlz)
® ® m z -
Observation of 0vpf will support more on " m,
- See-Saw model of the neutrino mass.
- Leptogenesis, which may be the origin of the baryon asymmetry of the unive
rse.
u u
d d
d > . — u
V-A W
N € .
0vBp Vi L |
event 3
V; ) §
L * L
V-A W- A A I 1
q > > d 0.0 05 1.0
u u E/Q




Mass Limit (meV)

- Moore’s law for Ovpg ?
Elliott & Vogel, Ann, Phys.
(2002)

Heidelberg — Moscow experiment 1995 — 2003
4 Detectors, neuronal net

>6.40
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Which isotope for 0vpp experiment ?

= Half-lifves of Ovpf depends on phase factor and matrix element.

Phase 5
factor
-1 2 (M
Ov Bp ov _
Ly | =G My, [ | == T
1/2 Oov ov
[ m 12 /3/3
Half-life " N“CI}:‘;“ Neutrino
Measured atrix Element Mass

Lines are for levent/(ton year)

Q

10° 3 “F> Extremely low background required..
i% 107 3 Isotope ~ Abundance
2, 6Ge 7.61
5 é ®2Ge 8.73
Ov c% . _ 100Mo 0.63
: : 16Cd 7.49
i i 124gn 5.79
"’ : 130Te 34.08
ol L _ 136Xe 8.87
o1 T 9Matrlx 2elen:ler:t squaré%l jw Ov | oo ISONd | 5.6




AMORE Goal & Sensitivities

Aim at “Zero Background” experiment. ~ O(1 event)
For 10kg CMO a 2 year run w/ 5 keV resolution = 0.01 count/(keV kg year)
For 200 kg - 0.0003/(keV kg year)

1 028

FWHM=5keV

AMoRE-10 AMOoRE-200

s = (log2)N. Le ML
= (og2)N, 3¢5

B=

Should achieve
1. SkeV 10%
2. Background

1 | IIIH”10 | IIHH1I02 | IIII103
Mass*Time (kg year)



Effective Neutrino mass (eV)
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Overview of AMoRE-200kg project

Scintillating Bolometer : 4°Ca'®"MoO, + MMC

MMC Light sensor

- N
CaMoO, : highest light output among Mo based crystals

- Scintillating crystal
- High Debye temperature: T, =438 K, C ~ (T/Tp)’
- 8Ca, %Mo OvBp candidates

.

MMC phonon
sensor

<10-50 mK>

Detector
Array
200kg

AMORE-200 is the most massive experiment with
enriched isotope having Q value > 3MeV.




CaMoOQO, crystal development

Russia(2006)

Korea(2003)

i | A
a .’:Mcu; mil wmm«\—




WCal""MoO, crystals from Russia
40 |

- SB28 « SB29 « S35
weight 196 g weight 390 g weight ~300 g




Simulation on Material Backgrounds

Background source Activity Goal Background After PSD
[ uBg/kg] [10% DBU]
203T1, internal 10 0.36 0.36
203T1], in copper 16 0.22 0.22
212BiPo, internal 10 0.08 <0.01
212BiPo, in copper 16 0.36 <0.04
214BiPo, internal 10 0.11 <0.01
214BiPo, in copper 60 1.8% <0.18
83Y, internal 20 0.19 0.19
Random pileups from 2v2p | 8.7x103 3.1 1.2

Total 4.3 <2.2

* Can be reduced further by teflon coating on the Cu surface.




Internal backgrounds of ¥*Ca'""Mo0, crystals

E §! 214Po : 1.93-MeV, 63 events, 0.08mBg/kg
ng | 216Po : 1.61-MeV, 57 events, 0.07mBqg/kg
Crystal SB28
10 -
15
L h“”ll’lh I | |
0 5 0 1000 1500 2000 2500 3000 3500 4000

E(keV)

Factor 7 further reduction should be done for AMoRE-200.



Crystal Growing Facility

Motivation : difficulty to find a reliable and economical company.
Will develop chemical purification and crystallization ourself insi
de the center. (4 furnaces)

Bridgman 15t crystal (Sapphire)

Furnace grown ~ 3Okg !

Czochralski
Furnace




MMC (Metallic Magnetic Calorimeter)

paramagnetic sensor:
Au:Er

Principle of operation

1. Energy absorption in CMO crystal.
2. Phonon & Photon generation.
3. Temperature increase (gold film). S p
4. Magnetization of MMC decrease. R
5. SQUID pickup the change.
thermal bath
Advantage of MMC

= Fast signal. (critical for lower 2vf
P random coincidence.)
= Fairly easy to attach to absorber.

Advantage of MARC



Phonon sensor for AMoRE

Phonon collector
Patterned gold film

Gold film

; Gold wires
~ 216¢gC ~ (thermal connection)

o, R TN s 2 Mg

We measure both thermal an
d athermal phonons.

R S VAVAV A =
(MMC) —
T g —
E g Gim 1 -
—
3} P ——— 1
1 Gold film 1 / )
— I (Electron system) | o 2
3] —
E g o m = -- o / :g _Eg
g2 Gep T & - E
L2 L ot - A5
[ 201d Tiim
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. Loa=1 —
]
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-8 C° _\/\/\/\_/
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Energy Q 1, |
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e
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Time (ms)
<Heat flow optimization>



Detector R&D in an over-ground lab

Counts

216 g CaMoO  (natural) with a phonon sensor only.

107

511 keV
4" FWHM: s.oz 1.2 keV <2013 KRISS>
1461 keV
FWHM: 8.2 + 1.1 keV
2615 keV
FWHM: 9.0 + 1.9 keV e
Po-210
U-238
Th-232~ /
2000 4000 6000 8000 10000
Energyy (keV)
Energy (keV) 511 1461 2615
FWHM (keV) 8.0+1.2 8.2+ 1.1 9.0+1.9




m

Pulse Shape Discrimination

Mean Time (ms)

6.95

6.9

6.85

a. and 3 events show different pulse shapes in phonon signals.

Aligned with maximum point

1.05

Alighned with maximum point

0.95)
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Photon Detector Measurement

Light/Heat ratio (arbitrary unit)

0.6

<
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e
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T

T

T

T

/'

1 |
0.5 1 1.5 2 25 3 3.5 4
Amplitude of phonon channel (arbitrary unit) Photon d etector

1 We measured small photon signals because of small covering area (~2
0 mm?2).

o O and [3 particle events show different light yields.

1 Now we are developing photon detectors with 1-2 inch Ge wafers.



Low energy for DM
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Now and Future AMoRE

216 ¢g
<Now, 2013>

CMO: ~ 300g
5 layers-7 columns

<AMoORE10, 2015~6>

Each Cell : D=70 mm, H=80 mm.
CMO (D=50mm, H=60mm, 506g)

30 layers(2.4 m height)-13 columns
or 20 layers(1.6 m height)-19 columns

<AMoRE200, 2018~9>




Summary of the AMoRE project

Crystal: “°Ca'MoO, , doubly enriched scintillating crystals
1Mo enrichment = 97%
Temperature: 10-50 mK
Energy Resolution: 5 keV @ 3 MeV
(Now ~%keV w. one phonon only in over-ground)
Single Detector Mass: 300-500¢g
Location: AMoRE10 at Y2L, AMoRE200 at CUPID

Phase | Phase Il
Mass 10 kg 200 kg
Background (keV kg year) 102 3x104
Sensitivity(m_,) (meV) 80-250 20-50
Schedule in 3 years in 8 years




Future experiments will reach 30meV ~ 2020.
51

Double Beta Decay Moor’s Law is to be recovered as silicone industry.

nﬁxo

1115111%111i|11L._.—|—i—|—|—|_:'111i1
2010 2012 2014 2016 2018 2020 2022 2024

Year




Summary

At CUP, we are preparing an Nal(Tl) exp to verity
DAMA’s claim unambiguously.

A large scale low temperature scintillating phonon
detector will be developed.

AMORE-200 experiment is a massive detector with Q-
value>3MeV to reach inverted mass hierarchy.

Please contact with me if you are interested in any of
these experiment.



