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Observation of Gravitational Waves from a Binary Black Hole Merger

B.P. Abbott et al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)
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e 5 7)UX—SZE0FE | KAMLAND-ZEN

Zero Neutrino
double beta decay search

iinnmmms iwycenen iy
x enrX e loaded LS in -r Y
\\ a mini-balloon 7 /

Advantages of using KamLAND

® running detector
— relatively low cost and quick start

® huge and clean (1200m?3, u: 3.5x10'8g/g, Th: 5.2x10°77)
— negligible external gamma

(Xe and mini-balloon need to be clean)

® Xe-LS can be purified, mini-balloon replaceable
if necessary, with relatively low cost
— highly scalable (up to several tons of Xe)

e No escape or invisible energy from 8,y
— BG identification relatively easy

¢ anti-neutrino observation continues
— geo-neutrino w/o Japanese reactors

and 380kg for phase-2

320kg 90% enriched '3¢Xe installed for phase-|

Inoue 2016May UGND2016, Tokyo
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fit region

—s— Data H0m

Total U The 0Bs

Total (Ovpp UL.) Hopo R +K
— % 2vpBp IB/External

Boye Ovip - Spallation

(90% CL.UL)

|| i

Events/0.05MeV

T \IIHIIl T IIIIIH| T IHHH‘ <1 IVI“

—

Period-1

Events/0.05MeV

Period-2

Events/0.05MeV

o b Sensitive
: TMP-search

Visible Encszy (M TYOYITS 2016May UGND2016, Tokyo =
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Phase-1 & 2 combined limit

10g

KamLAND-Zen Phase-I
—— KamLAND-Zen Phase-II
KamlLAND-Zen Combined

\

\
S
=
\
\\ EXO-200 (2014)

o
8_
T
s
2

(-
T

30 354‘0/

Ty > 1.1 % 10°° yr
(mpp) < (60 =161)mcV [

Inoue 2016May UGND2016, Tokyo =
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Example of improvements
before

keep staying away
& goggle -
A a0 welding machine
=W cover sheet . : o PN
=T glove on glove A
ks , laundry twice a day .
gl roomin a .
B ican room clean underwear . twice a day
¢ anging room in a clean room .
dust visualization ensitive

—— more neutralizer -search
sheets

Inoue 2016May UGND2016, Tokyo
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And more future plans!

Higher energy resolution for reducing 2v BG

light collection x1.8

high g.e. PMT light collection x1.9

17" ¢ —20"¢ £=22—30+%
New LAB LS light collection x1.4

(better transparency)

expected o (2.6MeV)=4% — ~2%
target sensitivity 20 meV

Super-KamLAND-Zen

in connection with Hyper-Kamiokande

| target sensitivity 8 meV

Sensitive

K. Inoue 2016May UGND2016, Tokyo
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And more future plans!

Higher energy resolution for reducing 2v BG

light collection x1.8

high g.e. PMT light collection x1.9

17" ¢ —20"¢ £=22—30+%
New LAB LS light collection x1.4

(better transparency)

expected o (2.6MeV)=4% — ~2%
target sensitivity 20 meV

Super-KamLAND-Zen

in connection with Hyper-Kamiokande

| target sensitivity 8 meV

Sensitive

Inoue 2016May UGND2016, Tokyo =
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CaF; scintillators

\Revedling
e

o CaF, Module

o CaF,(Pure); 96 Crystal - 305 kg
o WLS Phase ; 280 nm = 420 nm

@ Thickness ; 5 mm
@ Composition : Mineral Oil+bis-MSB (0.1 g/L)

Liquid Scintillator (LS) 4n Active shield

o 137 m¢ x 1.4 m height

o Volume; 2.1 m3 (1.65 ton)

o Composition
@ Solvent | Mineral Qil(80%)+PC(20%)
@ Solutes (WLS's) ; PPO (1.0g/L) + bis-MSB (0.1g/L)

Acrylic Tank

o Container for LS

Water Buffer
o Pure Water =» Passive Shield
(Pre Final-filter, Chacoal-filter, UV-lamp, Ton-Exchanger)
¢ Distance PMT - LS ; 50 ecm

PMTs + Light pipe
o 13inch (Side) ; x 48 bn Sensitive
e 20 inch (Top and Bottom): x 14 FMP-search

S. Yoshida 2016May UGND2016, Tokyo =
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Expected dark matter
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Hgs - DAMA/LIBRA

m ff—0@D “positive results “ ZF R

@ 1997~DAMACA
m 20084

spin—independent cross section |—:mz]

LIBRAC

FoE — CDMSEHICSESND

~u_ COMS 08022 preprin

10

WIMP mass [GeV/c’|

IR !

DAMA LIBRA
(-2002) (2003-2007)

1 detector Nal Nal
Mass 9.7kg X9 9.7kgX25
time 7 yeas 4 years

""" exposure 0.29 ton year 0.53 ton yea
WIMP-search

(Large sodium lodide Bulk for RAre processes) NEWA&E
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85
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25 : DAMA/LIBRA

m 250kgDNal> Y F L —4

The new DAMA/LIBRA set-up ~250 kg Nal(Tl)
arge s.:::dium Iodide Buik for RAre processes)
D) To or mo rr radio |:ur~ Na |

closing the Cu box
housing the detectors



Cumulative low-energy distribution of the

single-hit scintillation events i A

Single-hit events = each detector 10
has all the others as anticoincidence —_
~ 8
=
(Obviously differences among ;_t b
detectors are present depending =
e.g. on each specific level and location = 4
of residual contaminants, on the @
detector's location in the 5x5 matrix, e 2
ete.)
0

Efficiencies already accounted for

About the energy threshold:

* The DAMA/LIBRA detectors have been calibrated down
to the keV region. This assures a clear knowledge of the
"physical” energy threshold of the experiment,

« It obviously profits of the relatively high number of
available photoelectrons/keV (from 5.5 to 7.5).

- The two PMTs of each detector in DAMA/LIBRA work in coincidence ;-—

with hardware threshold at single photoelectron level.
» Effective near-threshold-noise full rejection.

LT o ]

DAMAJ/LIBRA (4 years)

total exposure: 0.53 ton=yr

4 6 8 1]
Energy (keV)

4 3.2 keV, tagged by
- 1461 keV v in an
adjacent detector

JIHHE
Tk cleiniined E L

Ik Nk}

The software energy threshold used by the experiment ig R AR |

R Bernabei (@NO-VE2008

Emergy (ke'Vy




Model Independent Annual Modulation Result
DAMAJ/Nal Q years) + DAMA/LIBRA (4 years) Total exposure: 300555 kgxday = 0.82 tonxyr
QQ%" experimental single-hit residuals rate vs time and energy

|t
ﬁ“j'? 2d ke
: ?'ID LEANEA Pearl {IRIY pomov i) &= DARMALIBRA (ILES ToEr=w |
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=
= ]
S NN NI NN NN N NN
. 7 / W \J
=
.
fi
=
T {alwy )
15 eV
: a : - e [RANTA Mall (I3 v = : - ® &= DAMALIBRA {55 Ty | e
] {target mnss = 873 kg {target mnss = L3R kg)
=
=
= ; ]
= NGBS RN A
- o .
=
-
7
A
16 ke
: o 1 - s AN Nl (120 FiHi v i = 1 - i -
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B
=
=
S A A AN O N D N N
=
-
=

Bergabei @ NO-VE2008

Tima (v}

Acos[mlt-t,)] ; continuous lines: t; = 152.5d, T=1.00y

2-4 keV
A=(0.0215%0.0026) cpd/kg/keV

v?/dof = 51.9/66 8.3 o C.L.

Absence of modulation? No
v2/dof=117.7/67 = P(A=0) = 1.3x10*

2-5 keV

A=(0.01760.0020)
cpdikg/keV

ﬁzfdnf = 39,6/66 B.BI_B' &.L.

bsence of modulatio
y2/dof=116.1/67 = P(A=0) = 1.9x10+

2-6
kel 0129+0.0016) cpdikg/keV
+2ldof = 54.3/66 8.2 o C.L.

Absence of modulation? Mo
v2/dof=116.4/67 = P(A=0) = 1.8x10"

| a favor the presence of a modulated behavior with proper features at &

NEWA
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Dark-matter results from 332 new live days of LUX data

Detection technique

e LUX is a dual-phase time projection
chamber (like most other liquid-noble DM
experiments); essentially a cylinder of

LXe.
e Primary scintillation light (“S1”) is emitted

from the interaction vertex, and recorded
by an array of PMTs on top and bottom.

e Electrons emitted from the interaction are
drifted by an applied field to the surface
and into the gas, where they emit

tional scintillation light (“52”), als
proportional scintillation light ( ), also S

recorded by the PMTs. Particle 24 -t - indicates dept
* This design permits: 71 @By ||| [T
» 3-D localization of each vertex. 1 SO0 s L €16 P ' S1

» Identification of multiple scatters (via
S2 count).

» ER/NR discrimination (via S2/S1)

» Sensitivity to single ionization

— jonization electrons

VN UV scintillation photons (~175 nm) nsitive
electrons. search

A. Manalaysay LUX: IDM2016




m N—DO3IS— . &8s LUX
LUX DETECTOR

*48cm diameter by 48 cm
height dodecagonal r.f ‘

“cylinder”.

it
g

©250.9 kg LXe 1n active region 2

*61 PMTs on top, 61 on ?
bottom, specially produced .
tfor low radiogenic BGs and
VUYV sensitivity.

» Xenon was pre-purified via
chromatographic separation, "
reducing residual krypton.

e Liquid is continuously
recirculated (Y4 tonne per
day) to maintain chemical
purity.

e Ultra-low BG titanium
cryostat.

%
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Dark-matter results from 332 new live days of LUX data

SI WIMP-nucleon exclusion

® Brazil bands show
the 1- and 2-sigma
range of expected
sensitivities, based
on random BG-only
experiments.

* Factor of 4
improvement over
the previous LUX
result in the high
WIMP masses

e Minimum exclusion
of 2.2 X 1046 ¢cm? at
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e F—DOVH—  1EHEE XMASS
XMASS project T

® XMASS experiment is a multi purpose, low-background and low-energy threshold
experiment with large volume of liquid Xenon

» Xenon neutrino MASS detector (B3 decay)
® XMASS-I, the first phase of the XMASS project, is dedicated to a direct dark matter search.
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Byeongsu Yang

XMASS detector @PATLAS2016

Single phase (scintillation only) liquid Xenon detector : sensitive to
e/y events with very low backgrounds as well as nuclear recoil
events

Large 100 kg fid. mass & 835 kg inner mass (0.8 m¢)
630 hexagonal & 12 round PMTs with 28-39% Q.E.

High light yields(13.9 pe/keV) & Large photon coverage
(> 62% of inner surface) 1B J.l ﬂl J ;

— Low energy threshold : <5 keV,, (~ 25 keVy ) for fiduci
volume and 0.3 keV,, for full volume

R10789
(2 inch)




Byeongsu Yang
@PATLAS2016

History of XMASS-|

2010 2011 2012 2013 2014 2015 2016

Dec. ay Nov. Nov. Nov. jun.

M
' |
|
|
|
|

Commissioning

Data taking

PMT Al seal were covered by copper ring and plate to reduce BG as detector refurbishment.
After refurbishment, event ~ 5keV is reduced to ~1/10. Now, the 3™ year continuity

operation ( 2 years and 7 months) is ongoing. The longest running time among LXe
detectors!

. Commissioning run data
L After RFB data

count/day/kg/keV
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Byeongsu Yang

XMASS physics results  eranasois

* various kinds of dark matter candidates and physics

Low mass WIMPs Search’ Solar axion Search’ Bosonic super-WIMPs Inelastic WIMP nucleus
search, PRL 113, 121301 scattering search, PTEP
PLB 719 (2013) 78 PLB 724 46 (2013 ’ ’ ’
( ) ( ) (2014) 063C01 (2014)
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e Recent results

— Direct dark matter search by annual modulation (PLB 759 272
(2016))

— Search for 2v double electron capture on %4Xe (PLB 759 272
(2016))
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Byeongsu Yang
Search for annual modulation (1) @PATLAS2016

Physics Letters B 759 (2016) 272-276
KOBE : K. Hosokawa’s Doctor thesis

» Dataset: after refurbishment (Nov 2013-Mar 2015)

— 0.83ton*year data(1 year cycle) with low threshold (1.1keV,,). p—
Comparable to 1.33ton*year of DAMA/LIBRA data (14 cycles) vt

— Rejection of noise, Cherenkov and front of PMT event. '
— No particle ID just like DAMA/LIBRA L

* The observed count rate as function of time in each |

energy bin.
* Clear modulation signal is expected if WIMP parameters \/W

are in the range where DAMA/LIBRA experiment indicates. Jun. Dec.
The expected WIMP flux variation due to eart

h’s orbit.
Expected rates tor

WIMP Wind
Heiean

Time variation of event rate from 1.1 tol.6keV,,

N SRV --- 8GeV/c2 WIMPs DAMA/LIBRA
e 105t 1 6 ke\/ee (4:8~6: 8 keVnr} ----- Cross section oR2X 10%cm? —
F) C , , . ] 5 - ‘
s B i% """"""""""" R S S = s° ]
T - HPPEETY S _ 2 by
T u ££ T %I:F- ~ N g 107 i
B _— i__..“__...'}lli.: g e Tiay - RN
2 0.95 - T P! %‘T -k E iﬁ‘im ,i %T . 8 pal “‘“.\\\_\
o [~ e m 5 : — ] . T B
E. ] OB SOV R S PR S ——— . — . 5 o ki i
@ - IStatlstlcaI error = g
€ 085 I;,-Systematlc error P|_B 759 272 (2{}16)—: g |
e =535 =05 500 Bt W%

Day from 2014 .Jan.1 WIMP Mass[GeV/c?]



Byeongsu Yang

Search for annual modulation (2)erariaszo1s

e Assuming standard WIMP, data is fitted with the following equation:
Rpred(E?;, tj) =C;+0 X A(mx, E?,) COS 27T(tj — to)/T
t,(phase)=152.5days, T(period)=365.25days,

A(modulated amplitude) and C,
(unmodulated amplitude)

Two independent modulation analyses
were performed using different x?
definition.

Leff uncertainty is taken into account.
The difference between two methods
are within 30%.

Figure is drawn by Method 1.
DAMA/LIBRA region is mostly excluded
by our measurement.

Model assumption

Voo 220.0 km/s
Vo.: 650.0 km/s
pdm: 0.3 GeV/cm?3

Lewin, Smith (1996)

The first extensive search against the DAMA region, including electron recoils

Method 1 (pull term)

Method 2
(covariance matrix)
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PLB 759 272 (2016)

YENON10-5\ +1 o expected

(2011)

: ‘ DAMA/LIBRA(2009 Savage)

E CoGeNT (2413)" CDMS-Si (2014)
LUX(2014) >~ __ XENON100(2012)

4 6 8 10 12 14
WIMP Mass[GeV/c?]
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Byeongsu Yang

Search for annual modulation (3) @PATLAS2016

Annual modulation signal is searched for

without any model assumption.
A. (modulated amplitude) and C,
(unmodulated amplitude) are fitted by :

-%At
ex
Ri,j /

1A (C; + A;cos2m(t; —to)/T)dt;
tJ

t,=152.5days, T=365.25days, fitting
range : 1.1-7.6keV,,

Small negative amplitude is observed in
1.6-4.1keV,, region. Significance was
evaluated with test statistic (10,000
dummy samples) and no significant
modulated signal has been observed.

(p-value=0.014(2.55) and 0.068(1.8c) for

2 methods.)
Direct comparisons with other

experiments: more stringent constraint.

Amplitude[events/day/kg/keV ]
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Amplitude as function of energy

Nuclear Recoil Energy [keVnrl
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PLB 759 272 (2016)  EnergylkeV_]

m Amplitude(events/day/kg/keV,.)

DAMA/LIBRA ~0.02, 2.0-3.5keV.,

XENON100 3.7 x 103, 90% C.L. upper limit,
2.0-5.8keV, (")

XMASS (1.7-3.7)x 103, 90% C.L. positive

upper limit, 2-6keV_,

*Estimated based on PRL 115 (2015) 091302 and Science 349 (6250) (201'5') 852
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PRL73(1994)1067

FIG. 2. A false color CCD image resulting from a ***Cf

s black, blue, red, and whi

light intensity levels. The area
displayed represent € of the detector
plane. See the text for a description of image features.

neutron source. The
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“What is this?”

“It's a lightsaber, Jedi’

s wepon’

Direction Sensitive
WIMP-search

NEWAGE



= Another piece of information

PRL73(1994)1067 -

RFILIRET+Eg
DRIFT
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Gxp = 0.1pb
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® The Empire: 2EDRIFTT)L—7

-l . -
_
dri E dri

nensions

40 Torr CS, => 167 g of target gas

2 mm pitch anode wires left and right
rid wires read out for Ay measurement

Veto regions
Central cat
diameter wi min pi

Drift field 6 /em
Modular design for modest scale-up
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“You have to go to the DAGOVA
system and learn the force.”

Direction Sensitive
WIMP-search

NEWAGE



= After the coulomb WAR..
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OEcTHU
(IDM2006)

Young JEDI

N

‘| see you have constructed a new light
saber. Your skills are complete.”

WIMP-search

NEWAGE
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m 2006 £11A18 ~11A27H
m exposure 0.15 kg days

PLB654 (2007) 58

North sky view seen by C and F nuclei

@ —JLRAL (100-400keV)




CCD VIDEO CAMERA —
RELAY LENS \
IMAGE INTENSIFIER \‘
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FIG. 1. A schematic view of the low pressure TPC and
optical system.
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NEWAGE detector

NEWAGE-0.3b’

Detection Volume: 31X31X41cm3

Gas: CF4 at 0.1atm (50keVee threshold)

Gas circulation system with cooled charcoal

X S e R ;
) =)

—
e

A . electronics -

o

o - %

——




m NEWAGE-0.3b’ inside view
o) Detlectio VIume: 30X30X41cm?

Field cage
Drift length: 41cm
PEEK + copper wires

400 m—

:

[
i 141]]!:!111.- y q ‘

TR -"'r.- - —
Anode . A

Y > " -31X 32 cm?

- 8-segmented

- hole pitch : 140um

- hole diameter: 70um

- insulator : LCP 100um
-gain:~5

- made by Scienergy, Japan

-31 X 31cm?
4 - pitch : 400um
7| - gain : ~1000
1100/ - made by DNP, Japan




= NEWAGE-0.3b’ readouts

@ u-PIC is X-Y readout

m General purpose | ==
FPGA-based electronics ¥——¢+#»

since early 2000’s

r

NEWAGE-0.3b’
(inside)




= NEWAGE-0.3b’ data
m TOT of every strip by FPGA (clock 100MHz)

= 3D tracks, headtails“in X,Y
+

@ Summed waveforms by FADC (100MHz)
=energy, headtails in Z

combined = PID, absolute z

neutron “image” cos0 distribution
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NEWAGE underground run

Energy spectrum

=2
(=]

untsfke\l.'kg;’day

RUN14 | .
* period : 2013/7/20-8/11, 10/19-11/12 E RUN5 (NEWAGE-0-3a)
, RUN14 (NEWAGE-0.3b)

* live time : 31.6 days
* fiducial volume:28x24x41cm3

* mass : 10.36g R
+ S +_,_+++++'|+++-H-H-+++
i o 350 400

* exposure : 0.327 kg+days o K

* Fnerqy spectrum
* Threshold : 100 => 50keV

* BG rate : 1/10@100keV

e Skymap, cos @ distribution —1
* Set limit by significant difference EilHEmHERE
in 2-binned measured cos® and [ EEE.——-
DM-wind simulated cos

100-110keV




Direction-sensitive limit

SD 90% C.L. upper limits and allowed region

10°

10*

red : gas, with directional analysis
| blue : gas, without directional analysis
green : solid, liquid detector

3 PTEP (201 43F01
M, &2vic? 10 (2015) 043F01s

* Obtained limit : 557pb @200GeV
(Best direction-sensitive limit)
* Improved one order of magnitude from previous RUN5



message to young apprentice
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May the force be with all of YOU.
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