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Nobel Prize (2015)

 Neutrino oscillation
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« SK and SNO are Deep Underground Laboratory
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Solar neutrino

FACT: about 100,000,000,000 neutrinos pass
—— through your thumbnail every second.
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Solar neutrino
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SK neutrino detector

In 1 day:

30,000,000,000,000,000,000 neutrinos
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Cosmic Muon background
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~ 1 muon/hand/s (All give signal!!)
~100,000 events/hands/day
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Why deep underground laboratory?

* Find a needle in a haystack

Dealing with 10 signals from
10,000,000 muon backgrounds
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Can we stop muon?

* 100 GeV muon lose energy via ionization
% ~2 MeV cm?/g — For lead, it is about 20 MeV/cm

uton Cu i
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Muon kinetic energy T

« To stop 100 GeV muon, we need about 50m thick lead
*»» Oops it too thick and too expensive
d roughly 250,000,000,000 Won for 1m?
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Can we stop muon?

* To stop 100 GeV muon, we need about 50 m lead

 However, 200 m rock is corresponding to 50 m
lead

Go to underground
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Can we stop muon?

* Deep underground laboratory
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* Muon flux can be significantly reduced
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What physics can we perform at underground?

* Any particle which has very low cross-section
“* Rare event searches

 Neutrino

“* Oscillation (Long baseline neutrino experiment)
“*Neutrinoless double beta decay

* Weakly Interacting Massive Particle (WIMP)

“* Stringent candidate of dark matter
“* Cross section is even lower than neutrino
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Neutrinoless double beta decay

Nucleus Z > H > Nucleus Z+2

Nuclear Process

Majorana neutrino ?
Absolute mass of neutrino ?
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Beta decay

n—-pt+e+v
14N
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— — b
Kinetic
R _____energy
Initial Energy = final energy T
M(14C)c2 — M(14N)c2 + M(e—)c2 “transition”
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Energy of emitted beta (electron)
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Double beta decay

« If direct beta decay is forbidden, double beta decay is
possible

(A, Z+1)
...... '
forbidden, .
A2 Bp decay to

excited states (A, Z+2)

dis-excitation vs

2n - 2p + 2e + 2v
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Double beta decay of 1Mo

PRD 89, 111101 (2014)
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Neutrinoless double beta decay-Majorana neutrino?

 If neutrino is majorana particle,
neutrino Is same as anti-neutrino

2n - 2p + 2e n g
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Neutrinoless double beta decay-neutrino mass

 If neutrino is majorana particle,
neutrino Is same as anti-neutrino
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Counts

So far..
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What's the issue on Ovf33 experiment

« Background, Background, Background ..

Background during construction

Lab, no shielding
5 10° = - 10mwe, 50mm lead castle
o = DLB, no veto
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Q value (transition energy) is very important
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Q-values of double beta decay element

isotope  QOgg G% nat. abun- prod. 2013 experiment/ R&D  FWHM/E
(keV)  (107Pyr!) dance (%) (tons) at Qpg (%)

**Ca 4273.7] 24.81 0.187 E CANDLES’ i

7°Ge  2039.1 2.36 7.8 155 GERDA® 0.1-0.3
Majorana Dem.? 0.1

82Se 2995.5] 10.16 9.2 >2.3%x10°  SuperNEMO 7* 4
LUCIFER ’ 0.3

10Mo  [3035.0/ 15.92 9.6 2.7x10° MOON™ -
AMoRE' E

H6cd  [2809.1] 16.70 7.6 2.2x10* COBRA™ E

130Te 2530.3 14.22 34.5 >95 CUORE /P 0.2
SNO+ ? ~10

36Xe  2457.8 14.58 8.9 3-4 EXQO° 4
Kam[LAND-Zen? 10
NEXT? 0.6

ONd  [3367.3] 63.03 5.6 ~1.7x10*  DCBA™ E

Rare Event Searches 2015/12/23

Hyun Su Lee @ Yonsei-Saga Workshop



Energy resolution

« Excellent energy resolution is mandatory

I_'T | 1 T 3 | T 1 | T

1 - |
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AMORE experiment

( Advanced Mo-based Rare process Experiment )
to search for neutrinoless double decay of 1°°Mo

using cryogenic CaMoO, detectors

)
[V
Q
&
3
¥,
\ \‘no.., %

J4cmx4cm
CaMoO, crystal
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Cryogenic detector technology

Particle interaction bring
electron-hole pairs and

“\\Particle LMJ S phonons
g | To make 1 e-h pair, we need
R — 3.6 eV but, for 1 phonon it is
- Elctrons ~meV

’ — Statistically much more phonon
at) To avoid thermal noise, this
should be almost zero K
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Cryogenic detector technology
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U Kon2

100
50

250x103H|lllllllll|lllllllll|ll|l|llll|llll||lll|l!:400
3 Th <=> 2%y ee- HPGe n
_ . — Cryo E
200 Th Ko, <=>—"U n

) : : — 300
- : H .
o ' | . -
- Lo Electron-hole pairs

6 : I. : UK :200
& T b Phonons N
— = | .'u o

0

Excellent energy resolution
Energy [keV] from cryogenic detector
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Low Temp. Detector

Source = Detector

MMC Light sensor
IIIIIIIIILIIIIII

MMC phonon

Sensor
<10-50 mK>

AMOoRE detector technology

HCal'"MoO,+ MMC

("CaMoO, )
- Scintillating crystal

- High Debye temperature: 7,= 438 K, C ~ (T/Tp)’

- 8Ca, 1Mo OvpBp candidates

- AMORE uses 4°Cal®MoQO, w. enriched Mo and

\.depleted **Ca

J
/MMC (Metallic Magnetic Calorimeter) )
- Magnetic temperature sensor (Au:Er) + SQUID

- Sensitive low temperature detector with highest
resolution

- Wide operating temperature

- Relatively fast signals

\_- Adjustable parameters in design and operation stages/

Rare Event Searches 2015/12/23
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Phonon sensor for AMoRE

Phonon collector
MMC

Patterned gold film

Gold film

Gold wires

(thermal
connection)

We measure both
thermal and athermal

phonons.
Rare Event Searches 2015/12/23
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Detector R&D in an over-ground laboratory

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

103: I . . 200
- 511 keV . 210pp
" FWHM: 8.0 + 1.2 keV 50l [/ ume |l
> y /
1461 keV 2 K
I FWHM: 8.2+ 1.1 keV © 00 ’
5 7~ 2615 keV/ £ \
107 FWHM: 9.0 + 1.9 keV 3 Po- surface L I
B Po-210 O 50 J \ 2/ Y K Y
2 U-238 | | (|
3 J R T
8 Th_232\ Energyae (keV)
| | | W
2000 4000 6000 8000 10000
Energyy (keV)
Energy (keV) 511 1461 2615

FWHM (keV) | 8012 | 82=+11 | 9.0+1.9

Rare Event Searches 2015/12/23 Hyun Su Lee @ Yonsei-Saga Workshop



Particle Discrimination

Particle discrimination by light heat ratio

0.06 -
AMoRE@above-ground
’;0'05 Wy even'ls I".(mucn) events
<0.04
o
= .
S
= 0.03
[y}
T
$0.02
> .
- "aevents—

o
o
—
—
. (l‘-'
.
&

% 2000 4000 6000 8000
Heat (kchc)

4 MeV <E_ <7 MeV
ae

DP= 85703
80 QF=0.2157

‘/_v:' 8 L e ettt i = ""-L ___________
00 0.01 0.02 0.03 0.04 0.05
Heat/Light ratio (a.u.)

Meantime (a.u.)

Phonon pulse shape discrimination (PSD)

« events

AMoRE@above-ground

4000 6000 8000
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13- 2000

400

300
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5200 o
Q P
O { I

100 I
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AMoRE (Double Betzi’Decay Experiment)

S+
Minimum depth : 700 m / Access to the lab. by car (~2km)



New underground space at Y2L

AMOoRE-pilot and AMoRE-phasel will be run at Y2L.
AMOoRE-phase2 will be run at other place. (New underground lab.)

Zai

N A A== .
= > 7 separated two main labs

Yangyang pumped storage Power Plant
Minimum vertical depth : 700 m

Access to the lab by car : around 2 km

Experiments
= KIMS : dark matter search experiment

* AMORE : OvPp decay search experiment
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Construction

Lab space : July 2014

July 2015
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AMORE pilot : 1.5 kg of #Ca!?*MoO,

5 Crystals (4°Cal®®Mo0O,) with total mass ~1.5 kg

Rare Event Searches 2015/12/23 Hyun Su Lee @ Yonsei-Saga Workshop



Running at Y2L now

® All of the shields are mounted.
® The dilution fridge reaches 8 mK with 250kg lead attached.
® We are improving noise figures now.
* High frequency noise : reasonably low.
* Low freauencv noise : should be improved. We are working on this !

SEO1 phonon, 18.8 days

é 19 o 2.6 MeV, PTI .
S wa | |
=
S S
= 1.8/ .
€175 § Il _
& :

0 2000 4000 6000 8000

_ Energy__ (keV) Workshop



Running at Y2L now
SEO1 phonon, 16.8 days

FWHM:

36 keV @ 2.6 MeV. FWHM:
2 & 73034 £30.3 keV (95%)
> 10 | ¥
o  :
2 M‘m\‘\ | Bg rate for 2800 keV < E < 8000 keV:
7] i 0.32 counts / (keV - kg - year)
‘E | with total selection efficiency = 0.79
=
S 10° /
T RN

30100 4000 5000 6000
Energyee (keV)

® T(1/2) > 1.07x10% years - ~ 1.02x10%* years in a year.
® This will be the same as the current best limit of 1Mo !
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AMORE project schedule

<2014>

216 g
CMO: ~5kg
5 CMOs: ~1 kg
<AMORE-I>
<AMORE Pilot>
ckky : counts/ (keV kg year)
<AMORE-II>
Crystal Mass (kg) 1.5 5 200
Backgrounds(ckky) 102 103 104
T, »(year) 1.0x10%4 8.2x10%4 8.2x102%6
mgg (MeV) 380-719 130-250 13-25
Schedule 2015 2016-2017 2019-2023
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Dark Matter

® There are numerous evidences that dark

matter (DM) exists around us and it is Tg[;s Dark
much more than the visible world, 5 times . Z';;e;g;’
more. Dark ——
Matter
® [tis the most significant subject in 26.8%
modern science. (maybe personally
prejudiced !)

One of the top 10 scientific mysteries for 21 century

® Itis clear now that the DM is most likely
new particles yet unknown, and many

many theories proposed new particles as
DM.

® The most strong candidates are WIMPs
and AXION. Inside WIMPs category,
there are still many different particles

proposed. The proposed masses range 10-¢
eV to 1015 eV.
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WIMP Wind (If WIMP is dark matter..)

= A .
SRt DL Vv
[ ] ~
[ ] :" § =x = m .l. "a g ealtll
;Fﬁf .. --.-.; - {l...‘ I. . - . ™ n:
LI N I s = LR LI R

- :
A
:.*ﬁ-
Sae TR =TV WIMP
ey andom)
Sun | '
~220km/s

« Assuming Standard Halo Model

* Because of rotation of the solar system, we can have
WIMP wind with average velocity of ~220km/s
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WIMP-nuclei elastic scattering

Elastic Scattering
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WIMP-nuclei elastic scattering

WIMP o

WO

Recoiled nucleus

R ~0.13

events | A y oW N y (v) ) 00
kg year | 100  1073®cm? 220kms—!  0.3GeVem—3

By measuring recoil energy of nucleus, we can observe WIMP signals
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Dark matter in the earth

Dark matter density in the solar
system ~ 0.3 GeV/cm?

+» Based on rotational curve in our
galaxy

Assuming Maxwell-Boltzmann
distribution (standard halo-
model)

Assuming WIMP mass as
60GeV/c?

Relative velocity ~ 220 km/s
Then, ~100,000 WIMPs/cm?/s
20,000,000 /hand/s
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Why we can not see WIMP?

events | A OW N (v) 00
X 5 ; — X -
kg year | 100 1073%cm? 220kms—!  0.3GeVem ™

« Cross section between WIMP-nucleon is very small (<104 cm?)

R~ 0.13

+"Threshold
k ' | | | ——Xe 7
D Mwive = 100 GeV ~ — e
10'F ™~ xe heavier Owﬁliﬂ‘?x‘l 047 cm? _gr ] Ol'del' Of 1
i ) ' events/kg/years

nuclei

F2(ER)

However, there are
i lots of natural
radioactivity

*
*
*

dR/dE_ [ton 'keV ™" year™]
o)

. lighter
10 ¢ = E
; nucle | | ~100 events/kg/s
0 10 20 30 40 50 60 70 80 90
Recoil Energy (E_ ) [keV] .
v This also should be underground
Hyun Su Lee @ Yonsei-Saga Workshop

Rare Event Searches 2015/12/23



Natural radioisotope

* Lots of U, Th, K make many events
* Maximum gamma energy is less than 3 MeV
“* Pb, Cu, PE can effectively shield natural radioisotope

Background during construction

Lab, no shielding
10mwe, 50mm lead castle
DLB, no veto

- 10°
o

DLB, veto

Counts / keV k
2
,J :L
y S
=

"\v}qfll W sl 3. i |
i xlﬂ** i ﬂ- |‘|Tn( ff "I U g ILI.'{[M’\' i J‘f‘
1 0'1 L1 I ] — I = [

1 1 1 1 1 I ! 1 1 1 | 1 | 1
500 1000 1500 2000 2500
Energy [keV]

But, still remained ~ 10 events/ keV/kg/day.

This is mostly detector internal gamma

This is still large



Discrimination between background and WIMP signals

« Different interaction mechanism

Events / (0.02)

0.2 04 06 .
Log(Mean Time)

S1[PE]
15 20

c

WIMPs and Neutrons
scatter from the
Atomic Nucl&is

a5 30
Energy [keVnr]

| Photons and Electrons ‘ :
| . N “:'Bahulkgammas
scatter from the ]t st cvens
Atomic Electrons

lonization yield

Recoil energy (keV)

i-Saga Workshop



Annual Modulation of WIMP

WIMP Wind
on average Summer
(~220km/sec) :

Earth revolution velocity
~30km/sec

Winter

/\/\

A few % annual modulation of WIMP signature
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DAMA/LIBRA

Annual Modulation Searches with
Nal(Tl) crystal detectors

DAMA/Nal
“* 100 kg target
% 1997-2003
DAMA/LIBRA
s 250 kg target
% 2003-2012 (phase 1), 2013- (phase Il)

No discrimination of nuclear recoil events
10

DAMA Singles Spectrum:;
Peak at 3+ 1| keV
} Intensity | cpd/kg

+ F
2 F ¢ J

......
............................

8

6 |

Rate (cpd/kg/keV)

1¢
Rare E Energy (keV) yrkshop
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Residuals (cpd/kg/keV)
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=

Sm

0.025 |
0,05 |

DAMA/LIBRA

2-6 keV

9.3 o signaficance

QDA\IAJ\alf 100 kg -——? i | <—— IDAMA/LIBRA =250 kg —>
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Howevers...
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Cryogenic detectors

« Detect a temperature increase (phonons) from particle interaction

1538 . . g )
.0 . .

Thermometer o
& :

Thermal lin

Ionization yield

Absorber

05

", I TR .
oL 4 ==
0 10 20 30 40 50 60 70 80 90 100
Recoil Energy (keV)

..............

« Can achieve very low ehrgy threshold
+» Senstive to low-mass WIMP dark matter

SuperCDMS: Ge, Si  EDELWEISS-IIl (Ge) CRESST (CawOy)

arXiv:1509.02448

1

\ EDELWEISS

CDMSlite

3 5 7 10 15
2
M [GeV/c“]

Order of 10 kg
experiment

Plan to increase

~100 kg detector in
next generation

Rare Event Searches 2015/12/23 Hyun Su Lee @ Yonsei-Saga Workshop



Two phase noble liquid detector

PMT array S1[PE]
15

0.4
0.2 N,
0.0
-0.2

0.4

b

-0.6

logm(S2 /S1}-ER mean

-8

PRL 112, 091303 (2014)

‘(l - é:‘” T ..‘. e . : . .,
-1.2 | | Ll |‘1-|._| e el ] PN | | R IR | Ll I L
5 15 20 25 30 35 40 45

Energy [keVnr]

. .
. .
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» L]
) L]
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. .
. .
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L “«
.

O K
. .
.

. -

S

-

LXe: XENON100 LXe: LUX LAr: DarkSide

4

-

WIMP-nucleon cross section (cmz)

4

Py
(=]

10’ 10° 10°

S2

~ 100 kg detector, plan to ~ 1000 kg detector

« Easy to scale up
> time % The best DM detector for m>10 GeV

ST
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Dose DAMA really rejected?

Different detector materials

% Systematics depending on detectors

» Quenching factor

> Spin dependent form factor, spin factor

L 4

L)

4

L)

L)

<

L)

)

L0

Different signals of WIMP

** DAMA uses annual modulation
** Null experiments use extraction of WIMP-nucleus interaction
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Dose DAMA really rejected?

Different detector materials

% Systematics depending on detectors

» Quenching factor

> Spin dependent form factor, spin factor

(4

L)

4

L)

L)

<

L)

L)

NS

Different signals of WIMP

** DAMA uses annual modulation
** Null experiments use extraction of WIMP-nucleus interaction

No!!
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Apple-to-apple comparison

DAMA signals should be verified using same
materials and same signal analysis

KIMS Nal experiment

Rare Event Searches 2015/12/23 Hyun Su Lee @ Yonsei-Saga Workshop



KIMS-Csl experiment

« 12 crystals (104.4 kq)
« 2.5 year data (2009-2012)
« Background : 2~3 count/kg/day/keV (dru)

* Model-independent rejection of DAMA
signals interpreted as \WIMP-lodine

interaction Annual Modulation

pu—
<
r

Qo
10_3 E & E
-3 ° °
PRD 90 052006 (2014) 0. Preliminary
- bl —— Observed g 10—4;_
104 - - Expected (3
E [ w50 OB ZVIT A NI —T
g I 2 2105 PN, N
2 N SN . Observed (1 2 - N T 7
£10°: e DAMA3s O 1(6L . U
B E g = (S|l 96
g o0 107
10°F § £ I 10°
10%}- 10%E
107 XENON100 E -
L .1I0| . .12 7 16 10-10 | ! | !
| 1 Lol I L WIMP Mass (GeV/c?) 10 102 103
10 102 10° WIMP Mass [GeV/c?]
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KIMS-Nal experiment

Nal-002 in a Cu case

PMT R12669SEL

CsI

CsI

CsI

Csl

CsI

Nal-001  Csl

Nal-002 ©sI

CsI CsI

Will use same Nal crystal and analyze
same annual modulation

Will develop better detector than DAMA

Background <1 counts/keV/kg/day
Threshold <2 keV

250

200

150~

L I T i "
44 46 48 5 52 54 56 58 6

~200 NS

100~

50

o
TT

/23

| e decay time



Detector Development

K.W.Kim et al., Astropart. Phys. 62, 249 (2015)
P. Adhikari et al., arXiv:1510.04519

M Te/l cosmogenic activation plus 4°K

12

10

Counts/kg/day/keV

S I T S Y T N N N S Y [ S N S N N N S |
0 2 4 6 8 10 12 14 16 18 20

Energy (keV)
* Understanding internal background well

* We can soon achieve 1 counts/kg/day/keV level
_+» We will grow 200kg crystals by End of 2016



Nal 200kg experiment

Rn‘laill* shower
booth "

-
L
= i

Y =t
Rt =

=

Nal crystal Array
12.5kg X 16 crystals=200k:
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Nal 200kg experiment

Rn air shower
booth :

Nal crystal Array
12.5kg X 16 crystals=200k:
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Prospect of Nal(Tl) crystal development

ook 200Kkgx 3year .-
)
0%
c —
S L
s L
35 -
: _

50

510 =

10° Will prove Ior refute DAMﬁ& without any aﬂnbiguity

3

10 10*

0? 10
W]MP Mass (GeV/c?)
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Dark matter search status

WIMP—nucleon cross section [cm?]

10—37

10738 |

10—39
10—40
10—41
1074

10—43 i

10744

10—45 i
10—46 i

10—47

10—48 i

10—49
10—50
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My X time matter 10710
Can we improve M e 71011 &
low-mass dark a0 SO [10-12 =
e .0 o ’E’\— NB Neu'\\’\nos 10
matter sensitivity:, mﬁ\ _pneric 3" DS [ 1013
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Cryogenic detector for AMoRE experiment

Light signal
2 inch Ge wafer + MMC

MMC

Heat (Phonon) signal

Gold film

Gold wires

 216g CaMoO,

4 »
Rl A8

(thermal MMC : Metallic Magnetic Calorimeter
connection)

 We already developed world best phonon sensor
« Under improvement of light sensor
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KIMS-LT experiment

MMC Light sensor * ScCintillator detector @ 10-50 mK
« Ratio of heat-to-light signal make

*
excellent discrimination between WIMP
‘ signal and background
CRESST (AmBe neutron source)

MMC Phonon sensor '5;
<10-50 mK>
| ®
> .
/i z
d){ ermometer -5
Absorber
Thermal lin T- —
i . I . 1 . I . | .
0 50 100 150 200 250 300

Energy [keV]
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Light and Heat signals with our crystal

at KRISS (over-ground) lab

20 mK, Background measurement
0.05 T WEEDT T

0.045

T
1

1\
o
o
K

0.035} B/7events. SaE -

T

0.03

1 HAETE 1

0.025

o events
0.02

0.015

[eu3IS Y31

Pulse Height of Light Signals

0.01
0.005} 4

sl ! ! ! | J
00/ 2000 4000 6000 8000 10000

Energy (keVee)

. Phonon Signal
Nuclear recoil by neutrons ?

* Need to optimize at low energy
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Instrument for crystal development

e The center 1s forming a laboratory for chemical purification and crystal growing.
e Goal : develop the technology for ultra-low background crystals for experiments.
e After construction of new underground lab, underground crystal growing 1s possible.

Furnace grown ~ 3Okg- !

SI Ak , < g c : el
Bridgman 15t crystal (Sapphire) ‘ ‘

Czochralski
Furnace
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WIMP-nucleon cross section [cm?]

Sensitivity of KIMS-LT

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
XENON 10 S2 (2013)
10~3% —— Y 4CDMS Il Go Low Threshold (2011) T T T i

H “ § \ \
oAy \\ » \
-

\
\\ \&\%‘ (CZ?)?;NT | 10—4

’ - N CDMS Si
. \\% M \ \k\\\\ i (2013) 12)
10741 . Wl R ““4\ SIMPLE & 012 1072
s, R R o coupe s
. 1
= 'I \ O S - =
o \ £
f\\

Neutrinos
1 0—45 .

....
-----

.
W\ g
10—46 | \\\\.. e
KI

— N
10 47] (Green ovals) Asymmetric DM \ \\

(Violet oval) Magnetic DM ‘\\__Y_Q@I—' ————— /
. (Blue oval) Extra dimensions \ / u“'\nos | 10—12

WIMP-nucleon cross section [pb]

Juk

b
=~
oo

(Red circle) SUSY MSSM
A MSSM: Pure Higgsino

e
1()"49- © MSSM: A funnel \ ’ Nmosp“ , 10—13
@ MSSM: Bino-stop coannihilation
0 Y MSSM: Bino-squark coannihilation

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

Goal to have the most sensitive detector for the
F low-mass dark matter

1075



KIMS-LT

 We should achieve below
102 counts/kg/keV/day
event rate

* To reduce muon : We need
deeper underground
laboratory

% External background : 10m
water tank need larger space

New underground
laboratory is proposed to
be deeper and to be wider '$&
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Summary

Rare event searches are scientifically very important
*»* Neutrino properties
** Neutrinoless double beta decay
*» WIMP dark matter searches
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Pulse shape discrimination (PSD) of Nal

Quality Factor

K = p(l- /32) Ideal detector
_ a~]1l,g~0
(@-p)" 2y

« PSD power of Nal is much
poorer than Csl

 However, light yields are
important parameter for
PSD

s Currently ~15 PE/keV

2

10

Quality Factor
[
— ]

—
DI

—

T TTTTTIT

T IIIIIII

T T IIIIIII

T lllllll

. Csl(TI) + 0.071mole%
n 0.073mole%

0.128mole%
v 0.426mole%

Nal(Tl) m G. Gerbier et al
ol . Csl(Tl) » S. Pecourt et al

Light Yield of

Rare Event Searches 2015/12/23

Nal~9 PE/keV
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
3 10 15 20 25
EmeadkeV)
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Events Number

PSD of Nal

« A 300 mCi Am/Be source

« Small test crystal (2x2x1.5cm?)
made in same ingot of Nal-001

« ~16 PE/keV light yield

100— - + _
Csl 5-6keV | i« 4] Nal 5-6 keV
ul 1201 \ Preliminary
Gamma too]-
60— -
80_—
40— eo:—
40—
N 20—
! ==E=r;:ilh::--%:!".'!:-,.-' | | : . )
= 12 4 o ————————————

6 0. 6 1.4 A2 a4
Log(Mean Time) Log(MT) (Log(us)) 72



Events Number

A 300
Small 10°
made v
~16 Pl 10

Quality Factor

Neutrm_

—
<

I IIIIIIII

PSD of Nal

Quality Factor

I IIIIIIII T TTTTTT

T Illllll

¢ Csl(Tl) o beijing
o beam test
?lﬁ é, ) Nal(Tl) . Gerbieretal.

f T Preliminary

. % z *| Alpha Spectra|

5 10 15 20
Emeas (keV)

=

N
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‘eliminary
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3
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KIMS-Nal Sensitivity only using PSD
« Assuming 100kg Nal (1 dru)crystal and 1 year data taking

“* 100% efficiency

“* No constraints on background rate

% Assuming no signals
1 keV Threshold

Spin Independent WIMP-nucleon cross section
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KIMS-Nal Sensitivity only using PSD

« Assuming 100kg Nal (1 dru)crystal and 1 year data taking

Spin Independent WIMP-nucleon cross section

107

pper Limit 90% C.L. (pb)
s 3

—
S
=)}

Cross-section U
—
=}
-

“* 100% efficiency
“* No constraints on background rate
% Assuming no signals

1 keV Threshold 2 keV Threshold

Spin Independent WIMP-nucleon cross section

- KIMS Projected (Nal 100kg 365 days 1dru 1keV Thresh.) 10° =1 KIMS Projected (Nal 100kg 365 days 1dru 2keV Thresh.)
L Expected g R~ e Expected
B ER _510_4__'-.. Cl+10
3 [ ]+26 :\3 =\ [ ]+20
A ﬂ — DAMA 36 S [ & /) -------------- DAMA 36
- % PSD analysis with currently available &
- data (~20kg, >60 days) are ongoing
A - R
E_ _____________ §10_7
- G
L l L] | Ll | Lo ol ] Lol L1
2 3 4
10 wiliP Mass (GeV/c?) 10 10 10 w1||\°n2P Mass (GeV/c?) o 10’
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Fs=E2 Fel/t €1 /= =2 (Baryon)?

« MACHO (Massive Compact Halo Objects)

< LHEO|H (dwarf stars) S X (neutron stars) =2 = (black hole)
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X-section (pb)

KIMS Csl — PSD analysis

S.C. Kim et al., PRL 108 181301 (120(2)12)

10'35— ?

i 10

4l =

10 E DAMAI/LIBRA E

i g |

10°F e 1E

E S -

C ° -

L 3 i
10°F <

- 107

107 ;_ XENON100 .

- 1075

1 11 |||| 1 1 1 | | |||| 1 1 1 L1111 :

10 102 103 C 1 llllllll 1 |||||||I 1 1 ||l|l|l 1 L1 11111
1 10 10? 10° 10*

WIMP Mass (GeV)

SI cross section limit WIMP Mass (GeV)

SD cross section limit

Significant limits are given at an order of magnitude
below DAMA Iodine signal.

Used only 1 year data so, need to analyze full data set
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KIMS Csl — Low Mass WIMP
H.S. Lee et al., PRD 90, 052006 (2014)

|
6 8 10 12 14
WIMP Mass (GeV/c?)

Use 1 year data

—— Observed

16

--------- Observed (new QF)
DAMA 3c

18

No PSD but, fit energy spectra

“* Down the energy threshold as 2keV
No clear signal, so set limits
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Rate [cpd/kg/keV]

KIMS Csl — Annual Modulation

0.04 Modulation Amplitude < SI WIMP-nucleon Cross Section >
z 5102
0.03} g Prelim;
20 reliminary
0.02f + 5
0.01f, 9107k
1. . T+ 6
e 1 [TT71 | §10°¢
-0.02f i
N: 107
0.03¢ preliminary i
0042776 8 10 12 14 16 18 20
Energykev] 10°¢
10'10_IIII| | IIIIIII | L1 11 11
10 107 10°
WIMP Mass [GeV/c?]

* Null annual modulation is observed. (0.0008+0.0068 cpd/kg/keV)
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Intrinsic Background of Nal crystals

Nal-001 Nal-002 | Nal-003 | Nal-004 | Nal-005 Nal-006
Powder AS AS SA-AG SA-CG AS SA-CG
K (ppb) 41.4+£3.0 | 49.3£2.4 | 25.3£3.6 >117 40.1+4.2 >127
K (powder) ? ? 25.1 ~200 43 ~200
238U <0.02 <1.04 <0.14 - <0.04 <0.05
232Th <3.17 <0.48 0.46+0.07 - 0.19£0.002 | 8.9+0.04
o rate(mBg/kg) | 3.29+0.01 |1.77+£0.01 | 2.43+0.01 - 0.48+0.004 | 1.53%+0.01
LY (pe/keV) 12.1£0.9 15.1+1.1 | 12.6£0.1 | 3.8+0.4 11.3+£0.2 4.8+0.4

« Important backgrounds are 4°K and 219Pb
< 25 ppb K ~ 0.4 dru @ 2-4 keV
% 0.5 mBqg/kg ?'°Pb ~ 0.7 dru @ 2keV

« Powder is the main source of K contamination
 ~ 10 ppb K powder are available from both SA and AS

* AS reduced #'°Pb by a factor 4

Rare Event Searches 2015/12/23 Hyun Su Lee @ Yonsei-Saga Workshop




KIMS-Csl experiment

12 crystals (104.4 kg)
2.5 year data (2009-2012)
Background : 2~3 count/kg/day/keV (dru)

Model-independent rejection of DAMA
signals interpreted as \WIMP-lodine

interaction Annual Modulation
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KIMS-Nal experiment

0.1

DAMA 2-4 keV

= 008 & DAMA/LIBRA = 250 ki (0.87 tonxyr) !

& Goef | | : E i f s

& 004 ,% J}% o | : |

& 9 j’”‘\ AN N -H*i\ Pt

% -0.02 %—’V H’%}v-’#’ﬂ DN T N N TN

R | I | | |

$ 008 |

& o Bt bt bbby AR PN I PR S S NP
' 3250 3500 3750 4000 4250 4500 4750 5000 5250

Time (day)

To confirm DAMA annual modulation signature
% Csl is not enough for WIMP-Na interaction
“ Same Nal crystal for the same annual modulation signature

Need to develop ultra-pure Nal(Tl) crystals
% Goal is less than DAMA background (~1 dru = 1 counts/keV/kg/day)
s 200 kgx3 years data will prove DAMA signature without any ambiguity

COSINE (COnSoritum of Internation Nal Experiment)
“ KIMS & DM-Ice will run in Yangyang together Compare and
< ANAIS will run in Canfranc combine the data
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KIMS-Nal detector module
« Hamamastu R12669 PMTs are attached

Nal-002 in a Cu case % Supposed same PMTs with recently
upgraded DAMA PMTs

% ~35% quantum efficiency at 420nm
 Light Yield: ~15 photoelectrons/keV
PMT R12669SEL ** More than 50% larger than DAMA crystals

« Data taking
** 400MHz Flash ADC (Notice Korea)

CslI CsI QFlexible trigger logic with FPGA
Trigger condition: 1 PE/PMT within 100ns
csl  Nal-001  CsI :
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KIMS-Nal crystals

* Development of low background Nal(Tl) crystals

Nal-001 | Nal-002 | Nal-003 | Nal-004 | Nal-005 | Nal-006
Mass 8.26 kg |9.15kg |3.35kg 3.35kg 9.16 kg 11.44 kg
Powder [AS AS SA-AG SA-CG AS SA-CG
Crystal AS AS AS AS AS BH
Arrive 2013.9 2014 .1 2014.8 2014.8 201411 | 2014.12

K.W.Kim et al., Astropart. Phys. 62, 249 (2015)

P. Adhikari, arXiv:1510.04519
Nal-007 (replacement of Nal-005) was arrived at Y2LL

Glossary
AS = Alpha Spectra Inc (US company)
SA-AG = Sigma Adrich, Astro-grade (less K40)
SA-CG = Sigma Adrich, Crystal-grade
BH = Beijing Hamamatsu (China)
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External background reduction

 We prepared liquid scintillator active veto system prototype

% Veto efficiencies for sources from PMT radioisotopes (U, Th, K) were
greater than 80% at low energy (0-10 keV)

Liquid Scintillator (LS) Prototype

Internal °K ~ 40% veto efficiency

Nal-002 crystal
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