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F16. 4—Counts of nebulae in the Coma cluster

F.Zwicky, AstroPhys.]. 86 (1937) 2117.
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* Alpha Magnetic Spectrometer
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PRL 117, 091103 (2016) PHYSICAL R
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AMS Collab. Phys. Rev. Lett. 117 (2016) 091103
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AXION, AXION-LIKE-PARTICLES (ALP)

« SBVEEEANDCPHREEN CLVEL\CER
snBACES
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» AxionDE ZE (I IH LEIRIVF—ICE—D

» Heavy Axion (3 keV) %z %3 8| A 5E

Axioelectric
or Photoelectric-like

L. Di Lella and K. Zioutas, Astropart. Phys. 19, 145 (2003).
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STRONGLY INTERACTING MASSIVE
PARTICLES (SIMPs)

 SIRDHEEERHTxXHR

1/3
* Mpy~Qerr(TEMy) '~ ~100 MeV

aorr ~ 1lDM®self-interaction

FIG. 1. A schematic description of the SIMP paradigm.

Y.Hochberg et al., Phys. Rev.Lett. 113 (2014) 171301.
Y.Hochberg et al., arXiv:1402.5143.
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S.M.Choi et al., arXiv:1707.01434.
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WEAKLY INTERACTING MASSIVE PARTICLES
(WIMPsS)

- FHAMICKRECEMSIND
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- FHEEVELFHTFRORERZR 1
- WIMPs miracle
« E(\(#GCeV/c2Ll L)
o *E _-EL1,E H lJ(:<L\= E*&*ﬁtj A~ %ﬁ G.Jungman, M.Kamionkowski, and K.Griest,
b i Phys. Rep. 267 (1996) 195.
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Annual modulation in WIMPs energy spectrum.
A.Drukier et al., Phys. Rev. D33 (1986) 3495.
K.Freese et al., Phys. Rev. D37 (1988) 3388.
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v, =244 +15sin(27zy) kms™ The velocity of the Earth in the Galaxy.

v, =544 kms™ : The escape velocity of the Galaxy.
v, =230kms™ : The mean velocity of WIMPs.

Ey
V. = : The minimum speed of WIMPs to give a recoil energy £,

min
rE

Ll =1.01482
k,
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m, (GeV/c*)=931.4784+AM — Zm,

m, =0.511MeV/c’

23Na -9.528

= -88.984
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FORM FACTOR & QUENCHING FACTOR

Ja(qry) oxml — (gs)?
Ty p > ,

F(q) =3

Ja(qry) = {sin( qry) — qry cos(qry)}

(qrn)?

q(MeV/c) = \/Z‘mNER : Momentum transfer.

ry = 1.184'/3 : Nuclear radius.

q; = 0.09 : The quenching factor of iodine ion in Nal(TI).

gdna = 0.25: The quenching factor of sodium ion in Nal(TI).
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FEINBZIRIVEF—ARD ML (NaI(T1))
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« RN 11238

o 40K BHREK-X$R (3 keV)
« 210Ph BHRENT VY HE(46.5 ke V)EL-X$E(10~17 keV)

MILARXE €3




FHERMEEROBIR

2013FEMNIK;

"Ba
= | Neutrinas
Meutrinos

WIMP-nucleon cross section [pb]

[ ]

=
—
e |
—
-~
-

F T—
[
i8]
T
I
i
-
-
=
]
=
.
T
¥
—
]
=
—
—

I

o
—
-
_—

100

CJHE LN WIMP Mass [GeV/c]




Observed events Signal (MC simulation)
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CRESST CdWO, Cryogenic
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SuperCDMS : TAUP2017
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Nal(T1)>VFL—5—DIRK
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The DAMA/LIBRA set-up

For details, radiopurity, performances, procedures, etc.
NIMAS592(2008)297, JINST 7(2012)03009

Installation . ool

copper

Polyethylene/paraffin

*25 x 9.7 kg NaI(Tl) in a 5x5 matrix

two SUpf‘OSi'-B |igh1’ guides dipecﬂy Glove-box for A B o radioactive |
coupled to each bare crystal calibration ; D lead

*two PMTs working in coincidence at
the single ph. el. threshold

Polyethylense/
Paraffin

Concrete from
GS rock

5.5-7.5 phe/keV

Im concrete from GS rock

* Dismounting/Installing protocol (with "Scuba” system)

* All the materials selected for low radioactivity A

* Multicomponent passive shield (>10 cm of Cu, 15 cm of Pb + Cd foils
10/40 cm Polyethylene/paraffin, about 1 m concrete, mostly
outside the installation)
Three-level system to exclude Radon from the detectors
Calibrations in the same running conditions as production runs
Installation in air conditioning + huge heat capacity of shield

* Monitoring/alarm system; many parameters acquired with the
production data

* Pulse shape recorded by Waweform Analyzer Acqiris DC270 (2chs
per detector), 1 &sample/s, 8 bit, bandwidth 250 MHz

* Data collected from low energy up to MeV region, despite the

hardware optimization was done for the low energy




DAMA/LIBRA 1-6 (0.87 tonxyr)

Residuals (epdikgkeV) Residuals (cpd/kg/keV)

Kesiduals (epd/kg/keV)

Model Independent Annual Modulation Result

experimental residuals rate of single-hit scintillation events vs time and energy

24 keV

TDAMALIBR A = 250 kg (0.7 ton=yr)

1.5 keV

Plaiell ' i : DAMAILIBRA - 250 ki (087 tan=yr) -

L (day)

— |

2-6 keV

25
Time (duy)

. 1 DAMAELIBRA - 250 kg (087 lon=yr) b

Time (day)

Acos[w(t-ty)] ; continuous lines: t,=1525d, T=1.00y

The fit has been done on the DAMA/Nal &
DAMA/LIBRA data (1.17 ton = yr)

2-4 keV
A=(0.0183£0.0022) cpd/kg/keV
+2dof = 75.7/79 8.3 o C.L.

Absence of modulation? No
v“Idof=147/80 = P(A=0)=7x10"

2-5 keV
A=(0.0144+0.0016) cpd/kg/keV
«2/dof = 56.6/79 9.0 o C.L.

Absence of modulation? No
+2/dof=135/80 = P(A=0)=1.1x10"

2-6 keV
A=(0.0114+0.0013) cpd/kg/keV
+2/dof = 64.7/79 8.8 o C.L.

Absence of modulation? No
v</dof=140/80 = P(A=0) =4.3x10°

The data favor the presence of a modulated behavior with proper features at 8.8¢ C.L.




The relevance of ULB Nal(Tl) as target-material

Well known technology
. ngh duty cycle
*+ Large mass possible
"Ecological clean” set-up; no safety problems
* Cheaper than every other considered technique
+ Small underground space needed
+ High radiopurity by selections, chem./phys. purifications, protocols reachable

+ Well controlled operational condition feasible

* Neither re-purification procedures nor cooling down/warming up (reproducibility, stability, ...)

* 7 of the NaI(Tl) scintillation light well directly match PMTs sensitivity

+ Uniform response in the realized detectors

* High light response (5.5 -7.5 ph.e./keV)

+ Effective routine calibrations feasible down to keV in the same conditions as production runs

+ Absence of microphonic noise + noise rejection at threshold (tr of NaI(Tl) pulses hundreds ns, while t of noise
pulses tens ns)

+ Sensitive to many candidates, interaction types and astrophysical, nuclear and particle physics scenarios on
the contrary of other proposed target-materials (and approaches)

+ Sensitive to both high (mainly by Iodine target) and low mass (mainly by Na target) candidates

+ Effective investigation of the annual modulation signature feasible in all the needed aspects

* Fragmented set-up ULB NaI(T1) also allows the study of ceveral rare processes

* EYC. :
& High benefits/cost

To develop ULB NaI(Tl): many years of work, specific experience in the specific
detector, suitable raw materials selections, developments of purification strategies
and of growing/handling protocols, long dedicated time and efforts, etc. efc. The
developments themselves are difficult and uncertain experiments.
ULB NaI(Tl) - as whatever ULB detector - cannot be simply
% bought or made by another researcher for you ..




R.Maruyama talk in TAUP2017

DEVIEEZLEE  Current & Planned Nal(TI) Experiments
DM-lce + KIMS

* Boulby

SABREcosinus  COSINE-100 .
® PICOLON j*Gran Sasso + Australia * ¥ Kamicka PICOLON
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- DM-ICE - @
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* SABRE
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VAT i = s e A
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Eur.Phys.J. C 77 437 (2017) M0 Q '
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‘“-I‘ﬁ*# t‘ Astropart. Phys. 35 (2012) f:ig

Phys. Rev. D 90 092005 (2014)
Phys. Rev. D 93 042001 (2016) %
Phys. Rev. D 95 032006 (2017)




SN

COSINE-100 (106 kg Nal(TI) )

. BG = 2.7 /day/keV/kg @ 2-6 keVee arXiv:1903.10098v1 [astro—ph.IM]

* Amplitude = 0.0092+0.0067 /day/keV/kg
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Nal(TI) Crystal

e 8 ultra low-background Nal(Tl) crystals with 106 kg in total

e U/Th/K level is less than DAMA, but total alphas (~21°Pb) are higl
DAMA.

e Higher light yield (15 p.e/keV) than DAMA
- Can make the threshold lower easily

e Total background is 2-3 times that of DAMA.

40 238 232 i
Crystal Mass Powder Alpha rate K U Th Light yield

(kg) (mBq/kg) (ppb) (ppt) (ppt) (p.e./keV)

AS-WS I 0.76 + 0.02 411+ 6.8 < 0.04 044 +0.19 15.50 + 1.64
AS-WSII 0.74 £ 0.02 39.5+ 8.3 <0.3 14.86 + 1.50

6+

AS-WSII 1.52+0.04 122+45 <0018 056%0.19 1456+ 1.45
AS-WSII 1.54 %+ 0.04 188 £ 5.3 <0.6 13.97 £ 1.41

DAMA <05 <20 0.7-10 05-75 5.5-7.5
Eur. Phys. J. C. 78 107 (2018)

TAUP 2019 21 Status of COSINE-100 — V. J. Ko@IBS




Background Level

« 250 kg crystals =25 0f 10.2 x 10.2 x 25.4 cm?
« Saint Gobain (special purification and crystal growing with

DAMA collaboration

—

i } 6 r
} ) b i . Software energy threshold
:g- - |
2+ | Nucl. Phys. At. Energy 19, 307 (2018)
v N - o
. g L i B v s i ]
0 2 4 6 5 10
Energy (keV)

Nucl. Instrum. Meth. A 592, 297 (2008)

* Internal K : less than 20 ppb
* Internal 2%2Th : 0.5 ~ 7.5 ppt
 Internal 238U : 0.7 ~ 10 ppt

* Internal 21°Pb : 7 + 4 uBq/kg

Measured background is about
1 counts/kg/keV/day (=1 dru)

Measured light yield is 5~10
photoelectron/keV with upgrade of
PMTs

JINST 7, P03009 (2012)

TAUP 2019 292

Status of COSINE-100 — Y. J. Ko@IBS




ANAIS-112 (112 kg Nal(TI) )

d hyp: S5m = [-0.0044 + 0.0058) (cpdhkg'kaV) — rINDF = 47.4 | 52 [pval=0 '5!-].

* No significant modulation.

* Phys.Rev.Lett.123, 031301
(2019)

|
med hyp: Sm = (0.0018 £ 0.0063) cpdkg/keV) — r'INDF = 2.0 / 82 [pval=0.1§]
[1-6] keV
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-Asymmetric events

rejection (E<2keV), number

of peaks >4 at each PMT

10 % data unblinded
background @ Rol
(random distribution)
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PICOLON

* Pure Inorganic Crystal Observatory for LOw-energy Neutr(al)ino

« EEXR-EHILXK - KREZEKX - AKX -Univ. South Dacota
e [.S.C.Lab.
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Status of Nal(T1) purification(~April 2019)

Size
K (ppb)
232Th (ppt)

2387 (ppt)
2 IOPb
(uBa/kQ)
Method

3”7 (pX3” 47pX3#%#  3”@X3”
2630 120 <20
0.4+0.5  3.7+0.8 1.7+0.2
47+0.3  5.9+0.3 9.7+0.8
30+7 2300 1076

Resin for Pb 126+cation double re-
resin crystallization

U-chain: lppt= 12.3uBg/kg
Th-chain: lppt= 4.0uBqg/kg
210Pb:  lppt=2.8kBg/kg

5”(PX4”
<20
4.4+0.2
~560

Pb resin +
double re-
crystallization

5”(pX5”
<20 A
<4 U
<l0o
<50




BG STATUS OF INGOT #76
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EHEILDERTICONT

* R %E
s TREEO TV RERF AR EL TS L,
* Mean event rate = 1/day/keV/kg X m ., X 1 day

* 371 events / 53 kg (9 modules)
* 1734.6 events / 247.8 kg (42 modules)

« EHETHEZITICLTRZY Y D MDE R ESBT, .
MILANXE 3 2019/12/12
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33 KG 250 KG

—&— EVENT —&— EVENTS
500 r :r :f :f T 2000 ! r r r r
400 D—(H%L % ‘%%% g%%cirﬁ% %T%‘M; Oﬁﬁ: 1500

%%LT% %l%%%% L %ﬁfﬁf y :m1E*cos(m0*7/3565*2*pi)+m2E

[E I5—
: . : : : m1 5.7688 7.2087
e L s S S . ; m2 1736] 51384
S ; : ' : ' e : 71330 NA
L y = m1*cos(m0*7/356%2%pi)+m2 E 1000 ' 011136 NA
E]  T5— 2 : ; ; ;
: m1 32791]  3.7062 :
200 |reeararareeneeites 37591| 26722 ===t
: 19241 NA :
0.12295 NA . . . . .
0 i i i i 1 0 | | | 1 1
0 10 20 30 40 50 0 10 20 30 40 50
Week
WEEK no

* Upper limits

* 0.022/day/keV/kg 0.0035 /day/keV/kg



» Bl DETECTOR STABILITY
XMASSOH!

« We carried out weekly °/Co
calibration to monitor PE yield.

 We observed PE yield changes at
power outage. According to the MC
simulation, it is due to the change of

; | the absorption parameter.

‘ | * In our analysis, the systematic error
of this data handling is taken into
account.

[ L I F) A 2019/12/12 39
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MODEL INDEPENDENT ANALYSIS
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ndf

Minimum 2

X2 at no
modulation

p-value

Method 1

(pull term)

— Method 2 (covariance:

i

1709
1845.0
1912.3

0.068 (1.80)

‘, 0

D Expected = 1o

Expected + 20

4 4.5 5
EnergylkeV,, . |

1710
1901.7
1961.8

0.17 (1.40)

1.1keV,. (5keV,) analysis
threshold

The difference of two
methods are small.

Small negative amplitude
is observed in 0.5-3keV,.
region. But both results are
consistent, but not
statistically significant.
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HECRST
CALCULATING SENSITIVITY PLOT
s IRIVF=ARND M DFEEIELERERD L RIEZLEER
c IXNF—DEFEZX LS
¢ ]~2 keV,, :2~3 keV__ :3~4 keV__ : 4~5 keV__ : 5~6 keV_,
s TNENDER T REDS VDV EAFHREHE S

Kt
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* Na recoil
* 54 kg X 3 years
 Thin line = XenonlT

 Thick lower line = Neutrino BG

‘“-l‘“*# ts*_ 5 N10412410 . AD
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PICOLONEERDF A RXE
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KamLAND-PICO
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Nal(T1)D&

- BREICEMRRENEONEL?
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T.Iida, SCINTIZ2019

PERFORMANCE EVALUATION OF Cal,

 Emission wavelength (WL) and light yield (LY) were
studied using a small piece of Cals,.

e Emission WL : 410 nm, Excitation WL : 300 nm

 From photo-electric peak of 662 keV gamma-ray, LY

was estimated as (10 X Liqg.Scint.).
K. Kamada, T. Iida et al., Ceram. Int., Vol. 43, Suppl. 1, August 2017, Pages 5423-
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T.Iida, SCINTIZ2019

PULSE SHAPE DISCRIMINATION STUDY

* Half-inch crystal grown by Bridgman
method.

 5mm square and lmm thick piece was
sliced off in a dry room whose
humidity was kept below 3%.

* Crystal was directly set on PMT and
irradiated by alpha-ray source (?*'Am)
¥ USB WAVE CATCHER and gamia-ray source (ISYCS).

 Waveform of 10 thousand events for
o/ were aquired by waveform
digitizer with 400MHz sampling rate. 49

Waveform Digitizer
400MHz sampling rate



T.Ilida, SCINTI2019
AVERAGE WAVEFORM FOR A / B

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

—T
Fo(T) =429 x exp (797 [ns]) + 246 X exp(134 [ns]) +295 x exp (18 [ns])

F,(T) =360 X exp(

794 [ns]

__________________________________________________________________________________

_____________________________________________________________________

500 1000 1500 2000 2500

Time [ns]
» Average wavetorm for o/ were calculated from 10 thousand events and fitted by multi
exponential function.

* Slow component of ~800 ns and fast component of ~100 ns was obtained both for a
and [3.

* Very short component (18 ns) was appeared only in a. oV

T. Iida et al., Nucl. Inst. nd Meth. A, to be published DOI:
10.1016/j.nima.2019.162629



T.lida, SCINTI2019
A/B SEPARATION BY “RATIO”

To evaluate PSD power, we defined “Ratio” and “Figure
of Merit” as follows.

Start Channel (Sch)

Pedestal
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o
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S
Q.

Fast gate (300 ns)
| Sch. = 159, Ratio = 0.351005, ADCTotal = §.027621

800 1000

Time [2.5 ns/ch] 800 900

* Obtained figure of merit was
FoM = 4.2 for Cal, in 400 — 700 keV.
ref. FoM = 2.0 for CaF,(Eu) i

2002 (O M §

« Very good PSD capability was verified!! -
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