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from arXiv:1310.8327v1
Masaki Yamashita
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Dual-phase noble liguid detectors

XENON100 (LXe) and DarkSide (LAr) at LNGS

PMT array LUX (LXe) at SURF, PandaX (LXe) at CJPL

S2 ArDM (LAr) at Canfranc

Target masses between ~ 50 kg - 1 ton

from E.Aprile
_iquid Xe TPCs are leading especially high mass WIMP.
_arge mass detector (50 kg - 1 ton)
Particle ID: nuclear recoil against e/gamma ~1/1000

Masaki Yamashita, ICRR, Univ of Tokyo



Liquid Ar TPC

-DarkSide 50 (LNGS)

-ArDM (Canfranc)

Radon-free
clean room

Water Tank

(Cherenkov muon veto)

TPC digitizers
and
DAQ computers

|Inner detector TPC
(Liquid Argon)

ita, ICRR, Univ of Tokyo



AAr/UAr reduction1400

Intrinsic background of Underground Argon

With respect to Atmospheric Ar:
> factor of 300 reduction of intrinsic radioactivity in UAr
~ factor of 1400 reduction of 3°Ar activity

101

AAr Data at 200 V/cm
(LSV Anti-coinc.)

UAr Data at 200 V/cm

(LSV Anti-coinc.)

atmospheric Ar “Kr (Global Fit)
1000 mBCI/kg ¥Ar (Global Fit)

10_4 e
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underground Ar
107 0.73+ 0.11 mBg/kg
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Pantic (UC Davis) on DarkSide @ Berkeley Workshop 2016

1000 2000 3000 4000 5000 6000
S1 [PE]

Background in ROI = ~50% [3-events + ~50% of y-events %
of Tokyo

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)



DarkSide-50 LAr dual phase TPC

3D positioning © (few mm)
nght T Charge S2/S1 discrimination of ERs

ﬂ ﬂ ﬂ ﬂ Pulse shape discrimination of ERs
f90 = fraction of S1 in the first 90ns

Eextr

S

e Earitt

|
LUy

46kg of LAr S1 [PE]

450

38 3" PMTs - . 7
TPB as wavelength shifter ER Rejection power >10

cathode/anode = ITO on 83mKr S1 Light Yield:

Teflon as reflector 7.0 =+ 0.3 PE/keV @ 200 V/cm
extraction grid

Pantic (UC Davis) on DarkSide @ Berkeley Workshop 2016

First Results from the DarkSide-50 Dark Matter Experiment at LNGS, Phys.Lett. B 743
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Masaki Yamashita, ICRR, Univ of Tokyo



Calibraton #3: DD neutrons

In situ Deuterium-Deuterium neutron
calibration for nuclear recoils

~
>
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top hit pattern:
x-y localization

L (ph/keV)

y

Monochromarig
2.5 MeV neutrghs

[E—
T

o
—_

Efficiency

10
Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016 Nuclear recoil energy (keV) 8 §
e — memiv of Tokyo




Full exposure spin-independent WIMP-nucleon exclusion

ThefullLUXexposureis 103; — — — _ ,,,,”%10—42
4.75 x 10* kg-days : -
130 kg-years

[E—
-
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—
i
N
(OS]

Minimum of 1.1 x 1046 cm?

at a mass of 50 GeV /2
corresponds to 3.2 signal

[E—
<
I
N
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Gray: SUSY (CMSSM) |
Favored parameter regions |
(Bagnaschi et al, EP] 2015) |
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power constrained at -1o
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Context:
more than 10x

WIMP-nucleon cross section [zb]
WIMP-nucleon cross section [cm?]

1 Jnl

[
3
\®)

improvement upon EPPSEE 1(')2 | 1(')3 ' '-1'(')4 L

XENONI00 WIMP Mass [GeV/c?]
More exposure coming

from PandaX (~2-5x) Read more!
XENONIT (~8-10x) and [arXiv:1608.07648]
LZ (~100x) on the horizon (recently accepted by PRL)

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016
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-simple design (no HV )
-Self-shielding against gamma-ray.
-Pulse Shape Discrimination (LAr)
- RE{EH'RE

- BULE

— & EAP360
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ashita, ICRR, Univ of Tokyo



Cryogenic Detector

Evolution of the WIMP—-Nucleon o g
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CRESST

CRESST Stick Design

Scintillation + phonon

Target: CaWQg4

multiple target nuclei

identify background from clamp

e light detector (with TES)

-

block-shaped target crystal

CaWO0g sticks
(with holding clamps)

«<—— reflective and
) scintillating housing
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CRESST-II Phase 2 -
“ | 29 kg days
| + Simulation (10)
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Coherent Neutrino Scattering on CaWO=|
3 4 5 6 7 8910

L 40 50 60
WIMP mass [GeV/c]

Energy [keV]

arXiv:1407.3146v2 Masaki Yamashita, ICRR, Univ of Tokyo
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DAMA/LIBRA in Gran Sasso

e DAMA(~100 kg) + LIBRA (~250 kg) of Nal
e Annual Modulation

e (14cycle -> 1.33ton x yr)
e Upgrade in 2010

e high QE 35% at 420nm
e Energy threshold
o 2keV -> 1keV -

e a better energy resolution .
* a better noise/scintillation discrimination 4 24
* |ess radioactivity : SE7ERD F %k =
' EENTWS,
XMASSH 7 v 7T —hDFE
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EUF PhySJ C(2013) 73, JINST 2012 7 P03009 Masaki Yamashita




by LXe

Nuclear recoil ClZ 9 TICEEESNTWADT
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XENON100 XMASS

-A(TS)
ee]

p—
[\

+ Expected
' DAMA/LIBRA

expected
+ phase from

+ DM halo

>
$
SN
O
<
>
T
@
e}
c
(%
>
QO
Rl
Q
©
=
=
a
£
<

—
>
<

=
O
=
=
o

e

>
]

4

N
9]

+~
=
O
>

2,
Q

<
=

N

;:
o
S

<

[T

100 120 140 160 180 200 220 2 4 6 81012
Phase [Days] -A(TS)

Energy[keVee]

Phys. Lett. B759 (2016) 272-2
arXiv:1701.00769v1 ys. Lett. B759 (2016) 272-276

Masaki Yamashita



Nal R&D Prolect
ALY —T vk

f_ﬂlb\ ? % n t 5 ?
e -R&D for making radioactive pure Nal crystal by DM-ICE,
ANAIS, KIMS, SABRE, PICOLON.
e DM-ICE => First Dark Matter Search in South Pole ICE.
e Entirely different environment=>annual modulation DM-ICE17

(January 2011 — present)

(all rates in uBg/kg)
DM-Ilce17A ANAIS-08  DAMAC  ANAIS-25° KIMS-001E  KIMS-002E DM-Ice37F

40K 17000 12700 1250 1490 <2000

232Th 10 13 <12 2
228Rg — 208T] 35 - <13 2
238 17 75 . <7

234y, 24T 140

First dark matter

experiment in South

Pole ice

- Demonstrated viability
and advantage of
environment

226Rg — 214Po 900 98 . <0.3 <1.5

210Po 1500 188 3150 3280 1760 2100

A - Cherwinka et al., Phys. Rev. D 90 (2014) C™=1Be retali~iNIM A 592 (2008) E — Kim et al. Astropart. Phys. 62 (2014)
B — Cebrian et al., Astropart. Phys. 37 (2012) D - Amare etal. NIM A742 (2014) F — PRELIMINARY

CIPANP2015 Pettus Masaki Yamashita
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US support ADMX, LZ, Super-CDMS

Cosmic Frontier Status

Dark Energy: Staged program of complementary suite of imaging and spectroscopic surveys
. BOSS final results out soon; eBOSS, DES continue operations

*  Large Synoptic Survey Telescope (LSST) received CD-3 in August 2015

*  Dark Energy Spectroscopic Instrument (DESI) received CD-3 in June 2016

»  Have MOA’s with NSF-AST for LSST partnership & DESI cooperation

Dark Matter (direct detection): Staged program of current and next-generation experiments with multiple
technologies
. Completed DOE operations funding for current DM-G1 experiments in FY 2016.

o Progr phitinues on DIiV]- axneriments: ADMX- Ne JIVIS-SN(OI AB

— JADMX-G2 infrastructure complete at UW; Science data taking operations started in August 2016.
— |LZ & SuperCDMS-SNOLAB projects received Congressional “MIE starts” approval in FY 2015

— |LZ received CD-2/3B in August 2016;

— |SuperCDMS-SNOLAB received CD-1 December 2015

Cosmic Microwave Background (CMB)

. South Pole Telescope polarization (SPTpol) continues operations.
. SPT-3G begins operations in Feb 2017; partnership with NSF.
. Community planning proceeding for CMB-S4 experiment; AAAC subpanel, CMB-S4 Concept, Definition Task force (CDT), being formed.

Cosmic-ray, Gamma-ray
. Fermi/GLAST, AMS, and HAWC continue operations
—  HAWC gamma-ray observatory began full science operations in early 2015

shita
. DOE operations funding completed in FY 2016 for VERITAS and Auger

S, U.S. DEPARTMENT OF Office of

EN ERGY Science 3rd Dark Matter Berkeley Workshop 8




CDMS - Cryogenic Dark Matter Search
SuperCDMS-Soudan - SuperCDMS-SNOLAB

Physics: Direct detection of dark matter particles (WIMPs) using cryogenic
solid-state germanium and silicon crystals with sensors that detect ionization
and phonon signals. Sensitivity to very small energy depositions allows
additional searches for axions and lightly ionizing particles.

Description: SuperCDMS Soudan G1 WIMP experiment 2010-2015;
SuperCDMS SNOLAB G2 low-mass WIMP experiment 2016-2025.
Partnership: DOE and NSF, contributions from Canada (CFl, NSERC).
Collaboration: ~90 scientists from 13 US universities & 3 labs, plus institutions
from Canada, India, UK and Spain. D. Bauer (FNAL, Spokesperson)

HEP funding: FNAL, SLAC, PNNL, Caltech, Minnesota, South Dakota, Stanford,
Texas A&M

Project: FNAL leads SuperCDMS-Soudan operations (D. Bauer);

SLAC leads SuperCDMS-SNOLAB Project (B. Cabrera, Project Director)

Status:

SuperCDMS-Soudan operations completed in FY15; decommissioned in FY16;
Analyses progressing.

SuperCDMS-SNOLAB selected as one of three G2 Dark Matter experiments

(July 2014); CD-1 approved December 2015. CD-2/3 review planned Nov.2017.

Recent Highlights: {Oct 20106)
New limit on low-mass WIMPS from CDMSlite Run 2 (black line and orange
band); > x10 improvement at 3 GeV/c? (http://arxiv.org/abs/1509.02448)

%° Dark Matter
(mass ~ GeV —TeV)

Germanium

recoil energy
(tens of keV)

Expect new results from CDMSIlite Run 3 and additional SuperCDMS Soudan
analyses early 2017.

2
M ime [GeVic “]

E%. U.S. DEPARTMENT OF OfﬁCe Of

& EN ERGY Science

3rd Dark Matter Berkeley Workshop 10




Non-G2 WIMP Search Experiments

PICO-60: Bubble chamber experiment at SNOlab (DOE, NSF, Canada)
Status: Operations funded by Canada in 2017. PICO-60 running with C3F8 target liquid. R&D on next

generation bubble chambers with PICO-40L. Collaboration is proposing to Canadian agencies for ton-scale
detector.

Highlights: Results in 2016 demonstrate world’s best sensitivity to spin-dependent WIMP scattering and
continued progress on background reduction.

DarkSide-50: LArTPC 50 kg active mass, Gran Sasso (LGNS), Italy (NSF-lead,

major contribution from INFN, DOE)

Status: Running with 153 kg of low-radioactivity underground Ar (UAr).

Highlights: WIMP search results with 2616 kg-day UAr exposure (Oct 2015); Factor of >1000 reduction in
39 Ar measured in the UAr compared to atmospheric Ar.

DarkSide Collaboration planning to propose follow-on experiments:

DarkSide-20k :20-tonnes fiducial mass; 100 ton-year - background-free

Argo: 300-tons depleted argon; start of operations at LNGS 2025

DAMIC: Dark Matter in CCDs (DOE, NSF, +7 countries, operations at SNOLAB (Canada).

Status: Preparing for the deployment of the ~100g detector this year. The science detectors and
electronics are currently being testing in a final integration test at FNAL.

Highlights: New results published with SNOLAB data in 2016 produced the best limits for low mass dark
matter search using silicon target. The collaboration published a full calibration of the ionization yield
of nuclear recoils in Silicon down to energies of 0.7 keV for the nuclear recoil in 2016.

DOE operations funding for these experiments ended in FY16.

SR U.S. DEPARTMENT OF Office of

V ENERGY Science 3rd Dark Matter Berkeley Workshop 12

mnashita







Ton sale future experiment goal
Spin independent

T ' T T T T T T T T '
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Figure 1: Plot of rescaled spin-independent WIMP detection rate £o°!(, p) versus m, from MasakiYamashita s
several published results versus current and future reach (dashed) of direct WIMP detection

experiments. & = 1 (i.e. it is assumed WIMPs comprise the totality of DM) for the experimental

projections and for all models except RNS and pMSSM.



Spin dependent

1073
10"40;
£ 1074
£
o
28 i
o 10
b
o I
-43
LU NTh Wino
- o RNS: Agw< 15 ® WT Neutralino
10744 @ RNS: Agy< 30 ® 1 TeV Higgsino :
F [ | 1 1 , 1 _ . U
100 200 500 1000
m, (GeV)

Figure 2: Plot of rescaled spin-dependent WIMP detection rate £0°P(x,p) versus m,, from
several published results versus current ANTARES and IceCube reach and projected (dashed)
LZ, XENONIT, PICO-500 and DARWIN reaches. £ =1 (i.e. it is assumed WIMPs comprise
the totality of DM) for the experimental projections and for all models except RNS and pMSSM
(not shown).

Masaki Yamashitas-



Future
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from arXiv:1310.8327vl1 Masaki Yamashita



100GeV Spin independent case

XENON100 100GeV:1e-45cm”
i : : Xe 5

LRI BN

Integral[events/day/kg]

LIS AL B

Energy[keVnr]

Detector mass is important. (> 100 kg)

Masaki Yamashita



5GeV Spin independent case

SGeV 1e- 41cm

Integral[events/day/kg]

EnergylkeVnr]

Energy threshold is very important.
For Xe target, detector resolution, systematic has to be well controll

Masaki Yamashita
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Super-CDMS

Luke-Neganov lonization
Amplification

)
¥ Luke Phonons Etotal — Erecoz'l Eluke
w4 — Liprecoil T Q(BAV

7
£. < Recoil Phonons
A;évﬁ lim  Eippar X Q

AV —o0

A
5954 sav

At high voltage you’ve made an

ionization amplifier |

Channel number
P.N. Luke et al. NIM A289, 405 (1990)

Masaki Yamashita



ER/NR discrimination® C= %

Preferential Stretching of Electronic Recoils

Etotal — E'r'ecoil + Eluke
= Lirecoil T QGAV

( YeAV )
— Lirecoil 1+

< FEep, >

- ._ER: Vb=0V

Since Electronic Recoils (ER) have
___3GeV 10~¥cm?: v =0V

larger lonization Yields than
Nuclear Recoils (NR), they have
larger Luke Neganov Gain

ER: V. =100V
‘ 3GeV 10~ *3cm?: V. =100V

Differential Event Rate [evi/keV/kg/yr]

——

2 5 6
Total Phonon Energy [keVt]

If you have phonon sensitivity to spare, this is tantamount
to ER/NR Discrimination

Viasaki Yamashita




Future liquid Xe TPC

PandaX-1V XENONA1T/nT L/
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WAL 115

7 tonne liquid xenon

™ VM e :“'“‘.:
from E.Aprile

201X 2015- 3.3ton
2018~ 7 ton kg LXe

10-47 7] 10-48 sz Masaki Yamashita

2020- 7 ton kg LXe



XENON

XENON Program

2005-2007 2008-2015

25 kg 161 kg

Achieved (2007) Achieved (2011)
og1 = 8.8 x 10744 em? o9 = 7.0 x 10745 cm?
Achieved (2012)
ogr = 2.0 x 1045 cm?

2012-2018 / ~2018-2022

3500 kg / ~7000 kg

Projected (2018) / Projected (2022)
os1 = 1.6 x 10747 cm? / ogr = 1.6 x 10748 cm?

Guillaume Plante - XENON Dark Matter 2016 - UCLA - February 19, 2016

XENON1TAYED BTz AMBeDF+ U JL— 3V HIKT,
2018F [CXENON-nTIC 9 %, NllDvesselzZ Z 51T,

BEIEFEBEZWVS UL,

2018 (F. FDEZICPMTHRFICADIDS, FODHICFICADA

fcolebtH > ERLCHBHILN,

Masaki Yamashita



L/

Active veto volumes

TPC field cage is not pressed up
against the cryostat wall for two
reasons

high fields

background rejection

T

Image from CPAD talk by Ethan Bernard, UC Berkeley

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016

Q0NEBADAZ BRI~ elaolee RKED I 5 YTy T
DOEICHR—hkE ., BREICRT V1 —ILHAEEBINTWDS,
LXe, R > Dactive vetoH N1 %

2020F XY — bk

Masaki Yamashita



active vetoD X &

Eftect of the vetoes

Nine acrylic tanks, 60 cm thick,
holding 17.5 tonnes of
Gadolinium-loaded scintillator
(LAB, linear alkylbenzene)

97% efficient for neutron
detectio

Borrowing technology for
scintillator and tanks (as well
as people) from Daya Bay

ul™"

SR

In combination with the
pistrumented LXe “skin,” the
fiducial mass expands from

i lll|lll

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016

Masaki Yamashita



Future LAr

o ————

DarkSide-20k Plans [l aa-

Capacity:4

Proposal is submitted to NSF and INFN.

Start setting up facilities for mass pro
and testing.

Continue with production of ARIA
modules and testing.

Full size components scaled down
(1ton) TPC prototype including is
planned for 2017.

Material Screening Strategy is being
finalized.

15/16|17|18(19/20|21 |22 |2

Number of collaborating institutions is growing.

Masaki Yamashita, ICRR, Univ of Tokyo



LAr

UAr ((t THhS#REXL 72 77)L T, <cosmogenic)
URANIA and ARIA

Urania
UAr extraction/
purification@100kg/d
X Ar extraction expected to
start in 2017.

Seruci1 - purification of UAr
Seruci2- isotopic separation of Ar-39
Rate @150kg/d
Depletion factor goals:
~10 for Ar-39 and >1000 for N2,02,Kr per
pass

Pantic (UC Davis) on DarkSide @ Berkeley‘Workshop 2016

Destillation via 350m tall

Urania in cooperation with Kinder Morgan % el s
ARIA in cooperation with Regione Sardegna (production of other isotopes of interest for medical application) y
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SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshol
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SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold
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SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshol
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Coherent/Resonant Electron
Detection Recoils

peV keV  MeV GeV) eV PeV

Dark Matter Wass
|...QCD axiorNgxcluded....>

f resrnsnarnannsnananinnas

BRA: 10 feV to 0.1 peV
ALPS-IIC: 1 neV to 10 meV

ARIADNE: 1 peV to 10 meV

ADMX-HF: 20 to 100 peV |
Opt.levitating spheres: 0.1 meV to 1 eV
IsoDAR: 0.3 eVto1lkeV | P |
SuperCDMS:  1to 10 GeV (.|

DAMIC: 1to 20 GeV !
DArkSide-50: > 10 GeV |

l 6ou‘unmun>

XENON-100/1T: > 10 GeV | PR
SABRE: 30 to 100 GeV Nal (DAMA/LIBRA) | e

Axions “Theory?” 50 to 1500 pueV

Hi Temp LQCD: Borsanyi et al., Jim Whitmore
Nature 539, 69 (Nov 3. 2016)

Masaki Yamashita
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82 only search
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DM-electron channel
nuclear recoill electronic recoil

Inside an Inside an
A tom . v Electron A tom Electron
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2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
1 1
LUX/LZ LUXended

» — LZ start 5.6/7ton
DARWIN x/40 ton

?

: - 27
XENON1T/nT%* Xenon-nT 5.6/7ton ?:
? '
' -X- 47 -1y 2
Panda-X-4ton ﬁ Panda-X-4ton 104/cm

Your Experiment  ?
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