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話の内容
• WIMP探索の歴史 

• 現在の状況 

• 希ガスTPC先行 

• プロジェクトが絞られて来た。（お金） 

• 近い将来 

• low mass WIMPに流れる(逃げる)cryogenics detector 

• 数tonの検出器が数年で登場(液体キセノン） 

• その先? 

• WIMP探索検出器でどこまで探索できるか？ 

• ニュートリノフロアー( N + ν -> N+ν)　コヒーレント 

• 他のチャンネルなど
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激しい競争
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最近数が絞られて来たか？
数億から数十億円実験になった。
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Coherent Neutrino Scattering
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013

Ge

Cryogenic

Noble liquid100GeV

Xe10
Xe100

LUX

LUX

DarkSide-50

30年の歴史、6桁掘った！
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現状
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Latest DarkSide-50 Dark Matter search result

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)!
PLOT adapted from Results from a search for dark matter in the complete LUX exposure  arXiv:1608.07648 (2016)
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10-46cm2

100-300 kg
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希ガス2相型サマリー

• LXeはXENON10以来10年トップを走っている。 

• 検出器サイズも 10 kgから1000 kgへ大型化された。 

• 電離電子ドリフト距離 15 cm -> 1000cm 

• 今後はHVがキーか？XE10からほとんど改善していない。 

• キャリブレーションも飛躍的に発展した。 

• DD-neutron calibration for 1keVr ! 

• Internal source. CH3T (トリチウム化メタン）など 

• LArはUnderground Arが必須。1/1400 reduction. 

• 安いのがアルゴンの特徴だったが。。。。
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Dual-phase noble liquid detectors

from E.Aprile

Liquid Xe TPCs are leading especially high mass WIMP.
Large mass detector (50 kg - 1 ton)
Particle ID: nuclear recoil against e/gamma ~1/1000 
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Liquid Ar TPC
DarkSide: overview

4 / 22

In Gran Sasso, Italy, we have:

Radon-free 
clean room

Water Tank
(Cherenkov muon veto)

Organic Liquid Scintillator
(neutron veto)

Inner detector TPC
(Liquid Argon)

TPC digitizers 
and 

DAQ computers

The$Gran$Sasso$from$the$East$

Depth: 1.4km

Flux: ⇠30µ m�2d�1

-DarkSide 50 (LNGS)
-ArDM (Canfranc)
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AAr/UAr reduction1400
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Intrinsic background of Underground Argon 

39Ar in 
atmospheric Ar

39Ar in 
underground Ar 

1000 mBq/kg

0.73± 0.11 mBq/kg

With respect to Atmospheric Ar: !
> factor of 300 reduction of intrinsic radioactivity in UAr!

~ factor of 1400 reduction of 39Ar activity 

Background in ROI = ~50% β-events + ~50% of !-events  
Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)

Multidim.!
spectral fit of 
MC (g4ds) on 

AAr/UAr!
plus delayed 
coincidence 

tagging
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Pulse shape discrimination of ERs
S2/S1 discrimination of ERs

DarkSide-50 LAr dual phase TPC
Light Charge+

1

Edrift

200V/cm

Eextr

e-
e-

e-
e-
e-

e-

S2

S1

46kg of LAr!
38 3” PMTs!
TPB as wavelength shifter!
cathode/anode = ITO on fused silica!
Teflon as reflector !
extraction grid

3D positioning O (few mm)
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ER Rejection power >107

First Results from the DarkSide-50 Dark Matter Experiment at LNGS, Phys.Lett. B 743

83mKr S1 Light Yield:!
7.0 ± 0.3 PE/keV @ 200 V/cm

f9
0 

 

f90 = fraction of S1 in the first 90ns  

S1 [PE]  
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Latest DarkSide-50 Dark Matter search result

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)!
PLOT adapted from Results from a search for dark matter in the complete LUX exposure  arXiv:1608.07648 (2016)
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LUXキャリブレーション

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016 8

In situ Deuterium-Deuterium neutron 
calibration for nuclear recoils
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(Bagnaschi et al, 2015)

14

Full exposure spin-independent WIMP-nucleon exclusion

❖ The full LUX exposure is 
4.75 x 104 kg·days
❖ 130 kg·years

❖ Minimum of 1.1 x 10-46 cm2 
at a mass of 50 GeV/c2

❖ corresponds to 3.2 signal 
events

❖ power constrained at -1σ

❖ Context:
❖ more than 10x 

improvement upon 
XENON100

❖ More exposure coming 
from PandaX (~2-5x)

❖ XENON1T (~8-10x) and 
LZ (~100x) on the horizon
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Read more!
[arXiv:1608.07648]

(recently accepted by PRL)

Billa
rd et 

al, 
PRD 2014
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Single Phase ball

Construction Milestones
❖ Acrylic Vessel completed  

November 2013

❖ Installation of inner detector 
instrumentation through to June 
2014

❖ AV installed in final location July 
2014

❖ AV Complete November 2014

❖ Steel Shell and Veto PMTs  
completed April 2015

DEAP3600
3600kg LAr

XMASS-I
832 kg LXe

Detector Construction: Inner Vessel

With IV assembly complete, the detector was cabled up in the Cryopit and 
data was taken in vacuum and in warm argon gas.

19 May 2015 14

Mini-CLEAN
500 kg LAr

-simple design (no HV )
-Self-shielding against gamma-ray.
-Pulse Shape Discrimination (LAr)
- 大型化が容易
- 高い光量
- DEAP3600は液化の手こずってい
る半年以上
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Cryogenic Detector
2

Coherent Neutrino Scattering
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

of material screening, radiopure passive shielding and active veto detectors, has resulted in projected
background levels of ⇠1 event/ton of target mass/year. Innovations in all of these areas are continuing, and
promise to increase the rate of progress in the next two decades. Ultimately, direct detection experiments
will start to see signals from coherent scattering of solar, atmospheric and di↵use supernova neutrinos.
Although interesting in their own right, these neutrino signals will eventually require background subtraction
or directional capability in WIMP direct detection detectors to separate them from the dark matter signals.

A Roadmap for Direct Detection

Discovery

Search for WIMPS over a wide mass range (1 GeV to 100 TeV), with at least an order of magnitude
improvement in sensitivity in each generation, until we encounter the coherent neutrino scattering signal

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

Check any evidence for WIMP signals using experiments with complementary technologies, and also with
an experiment using the original target material, but having better sensitivity

Study

If a signal is confirmed, study it with multiple technologies in order to extract maximal information about
WIMP properties

R&D

Maintain a robust detector R&D program on technologies that can enable discovery, confirmation and
study of WIMPs.

Community Planning Study: Snowmass 2013

Ge
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Noble liquid

100GeV

Xe10
Xe100

LUX

LUX

DarkSide-50
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CRESST

25

This Analysis

SuperCMDS

CMDSSi

DAMA

LUX

CRESST-II Phase 1

CRESST-II comm.

CRESST-II Phase 2
29 kg days
+ Simulation (1σ) 
   (only e/γ-bckg.)

CRESST
Scintillation + phonon
Target: CaWO4
multiple target nuclei
identify background from clamp

EDELLWEISS

2

206Pb recoils from a-decays of 210Po on the metal holding
clamps of the crystal. These clamps provided the only non-
scintillation surface inside the detector housing. Thus, an a
absorbed in the clamp could stay undetected. In this letter,
we use data from a single detector module, of a new design
with fully scintillating inner housing. Instead of metal clamps,
CaWO4 sticks fed through holes in the scintillating housing
hold the crystal [12]. In this design the a from such a decay
will always produce additional scintillation light allowing a
fully efficient discrimination of such events. A new block-
shaped CaWO4 crystal, grown at TU Munich, with a mass
of 249 g is used. The hardware trigger threshold is set at the
energy of 0.6 keV.

The high temperatures in vacuum needed for the deposi-
tion of high-quality tungsten films lead to an oxygen deficit in
CaWO4. Such a deficit causes a reduced light output and thus
a direct evaporation of the TES on the target crystal should
be avoided. Therefore, the tungsten TES is deposited on a
separate small CaWO4 carrier which is then glued with epoxy
resin onto the large CaWO4 target crystal [13].

III. DATA SET AND ANALYSIS

A. Energy scale and resolution

We calibrate the pulse height response of the two detector
channels, phonon and light, to 122 keV with 122 keV g’s from
a 57Co calibration source. The response of both channels to
lower deposited energies is linearized with pulses injected to
the heater with a constant rate throughout the run. Combin-
ing the information from source and heater pulses then yields
the phonon (Ep) and light (El) energy for each event. This
calibration of the phonon channel implicitly compensates for
the fraction of the deposited energy leaving the crystal for
122 keV g’s (called h in the following).

We define the light yield (LY) as the ratio of both ener-
gies (LY = El /Ep). It serves to discriminate different types of
interactions. This definition implies a mean light yield of 1
for g-events at 122 keV. A light yield < 1 means that less en-
ergy escapes the crystal as scintillation light and more energy
remains in the crystal. Thus, the calibration of the phonon
channel assigns an energy slightly above the nominal value
for such an event. The event-type-independent total deposited
energy E – used throughout this letter – is given by the follow-
ing relation:

E = hEl +(1�h)Ep = [1�h(1�LY )]Ep, (1)

where h is the fraction of the deposited energy escaping the
crystal as scintillation light for an event with light yield one.

This correction affects events with a light yield <1. These
are nuclear recoils and alpha events, but also low energy e�/g-
events, because of the decrease of the light yield of the e�/g-
band towards lower energies (see Figure 1). This decrease
can be attributed to a non-proportionality of the light yield, as
observed in most inorganic scintillators at low energies [14,
15].

FIG. 1. Light yield versus energy of events passing all selection
criteria (see Section III B). The tungsten and oxygen nuclear recoil
bands in which we expect the central 80% of the respective recoils
are shown as solid (red) and dashed (black) line. The dash-dotted
line marks the center of the oxygen band. Events with energies from
0.6 keV to 40 keV and light yields below the center of the oxygen
band are accepted as WIMP recoil candidates.

Statistical fluctuations in the amount of scintillation light
produced for mono-energetic g-events make this correlation
visible as a small tilt of the corresponding g-lines in the un-
corrected energy/light yield-plane. Using this tilt the value of
h = 0.066±0.004 (stat.) is determined (similar to [16]). This
correction makes the energy measured for a-decays inside the
crystal, e.g. those of natural 180W [17], consistent with their
nominal Q-value. Furthermore, the value determined for h is
in agreement with dedicated studies on the scintillation effi-
ciency [18].

The resulting energy spectrum of the events in Figure 1 is
shown in Figure 2. The prominent peaks with fitted peak posi-
tions of (2.6014 ± 0.0108) keV and (11.273 ± 0.007) keV can
be attributed to M1 and L1 electron capture decays of cosmo-
genically produced 179Ta. The fitted peak positions agree with
tabulated values of 2.6009 keV (the binding energy of the Hf
M1 shell) and 11.271 keV (Hf L1 shell) [19] within deviations
of 0.5 eV and 2 eV, respectively. With rather low statistics an
L2 peak is also visible. Its fitted peak position of (10.77 ±
0.03) keV also agrees within errors with the tabulated value
of 10.74 keV. The peak at (8.048 ± 0.029) keV is attributed to
the copper Ka escape lines. An excellent agreement can also
be found at higher energies for the 46.54 keV peak of external
210Pb decays and the 65.35 keV peak from K-shell capture de-
cays of 179Ta. The energy resolution of the peak at 2.601 keV
is DE1s =(0.090 ± 0.010) keV. With the present trigger setting
it could not be clarified, whether the rise towards the thresh-
old energy of 0.6 keV is particle-induced, or noise triggers, or
both. All errors quoted are statistical 1 s errors.

arXiv:1407.3146v2  

CRESST-II

16

Stick Design

block-shaped target crystal 

re�ective and  

scintillating housing

CaWO4 sticks

(with holding clamps)

light detector (with TES)

23

TUM40 Accepted Events
all events are 
considered as 
WIMP scatters

O-Band:
50% 
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DAMAはどうなる？
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DAMA/LIBRA in Gran Sasso

December
30 km/s

~ 232 km/s 60°

June

30 km/s

6-14 keV

2-6 keV

6-14 keV

2-6 keV

Dark Matter investigation by modelDark Matter investigation by model--independent annual modulation signatureindependent annual modulation signature

No No systematicssystematics or side reaction able or side reaction able 
to account for the measured to account for the measured 
modulation amplitude and to satisfy modulation amplitude and to satisfy 
all the peculiarities of the signatureall the peculiarities of the signature

Power spectrum 

Multiple hits events = 
Dark Matter particle “switched off” This result offers an 

additional strong support 
for the presence of DM 
particles in the galactic 
halo further excluding 
any side effect either 
from hardware or from 
software procedures or 
from background

2-6 keV

Comparison between single hit residual rate (red points) and multiple hit 
residual rate (green points) for  (DAMA/LIBRA 1-6); Clear modulaion in the 
single hit events A=(0.0091±0.0014) cpd/kg/keV; No modulation in the 
residual rate of the multiple hit events A=-(0.0006±0.0004) cpd/kg/keV

EPJC 56(2008)333, arXiv:1002.1028

continuous lines: t0 = 152.5 d,  T = 1.00 y
Acos[Z(t-t0)]

The data favor the presence of a modulated The data favor the presence of a modulated behaviourbehaviour with all the proper with all the proper 
features for DM particles in the galactic halo at about 9features for DM particles in the galactic halo at about 9VV C.L.C.L.

DAMA/NaI (7 years) + DAMA/LIBRA (6 years). Total exposure: 1.17 tonuyr
(the largest exposure ever collected in this field)

Experimental single-hit residuals rate vs time in 2-6 keV

A=(0.0114±0.0013) cpd/kg/keV
F2/dof = 64.7/79     8.8 V C.L.

Absence of modulation? No
F2/dof=140/80 P(A=0) = 4.3u10-5

fit with all the parameters free:
A = (0.0098 ± 0.0015) cpd/kg/keV
t0 = (146±9) d  
T = (0.999±0.002) y

Principal mode 
2.735 · 10-3 d-1 § 1 y-1

9.2 sigma

•  DAMA(~100 kg) + LIBRA (~250 kg) of NaI
• Annual Modulation 9.2 σ 

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

• high QE 35% at 420nm
• Energy threshold 

• 2keV -> 1keV
• a better energy resolution
• a better noise/scintillation discrimination
• less radioactivity

Eur. Phys.J. C(2013) 73, JINST 2012 7 P03009

今年7年間のデータを発表する
と聞いている。 
XMASSもアップデートの予定
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FIG. 5. The XENON100 best-fit black dot, and 68% (light
red shaded region) and 90% (green shaded region) confidence
level contours as a function of amplitude and phase relative
to January 1, 2011 for one year period. The corresponding
Run II-only results [10] are overlaid with a black square and
dotted lines. The phase is less constrained than in Run II
due to the smaller amplitude. The expected DAMA/LIBRA
signal (cross, statistical uncertainty only) and the phase ex-
pected from a standard DM halo (vertical dotted line) are
shown for comparison. Top and side panels show ��(TSl) as
a function of phase and amplitude, respectively, along with
two-sided significance levels.
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Nuclear recoilではすでに否定されているので
DM-electronなど
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NaI R&D Project 

Worldwide effort of NaI dark matter experiments (ANAIS, 
DM-Ice, KIMS) working with crystal grower (Alpha Spectra) 
to produce low-background crystals

(all rates in µBq/kg)

CIPANP: May 2015Walter C. Pettus 17

Decay DM-Ice17A ANAIS-0B DAMAC ANAIS-25D KIMS-001E KIMS-002E DM-Ice37F

40K 17000 12700 600 1250 1250 1490 <2000
232Th 10 13 2 <12 2
228Ra – 208Tl 160 35 2-30 2 <13 2
238U 17 75 4.4 10 <7 <12
234U, 234Th 140 75, 23 15.8
226Ra – 214Po 900 98 21.7 10 <0.3 <1.5
210Po 1500 188 24.2 3150 3280 1760 2100

A+–++Cherwinka et al., Phys. Rev. D 90 (2014)
B – Cebrián et al., Astropart. Phys. 37 (2012)

C – Bernabei et al. NIM A 592 (2008)
D – Amaré et al. NIM A 742 (2014)

E – Kim et al. Astropart. Phys. 62 (2014)
F – PRELIMINARY

CIPANP2015 Pettus

• -R&D for making radioactive pure NaI crystal by DM-ICE, 
ANAIS, KIMS, SABRE, PICOLON.

• DM-ICE => First Dark Matter Search in South Pole ICE.
• Entirely different environment=>annual modulation

CIPANP: May 2015Walter C. Pettus 3

DM-ICE17
(January 2011 – present)

DM-ICE37
(April 2014 – present)

DM-ICE250
(future)

First dark matter 
experiment in South 
Pole ice
-  Demonstrated viability 

and advantage of 
environment

R&D testbed for NaI 
detectors
-  Crystal background
-  Light yield
-  PMT/lightguide 

configurations

Science result
-  Definitive test of DAMA 

dark matter claim

同じターゲットで。
追認？　それとも?
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重いDM

DAMA　DM

LXe

LArCryogenics
軽い DM

NaI
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Budget
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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.

• Progress continues on DM-G2 experiments: ADMX-G2, LZ, SuperCDMS-SNOLAB

– ADMX-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

• DOE operations funding completed in FY 2016 for VERITAS and Auger

Cosmic Frontier Status

3rd Dark Matter Berkeley Workshop 8

US support ADMX, LZ, Super-CDMS
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CDMS – Cryogenic Dark Matter Search
SuperCDMS-Soudan Æ 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 (CFI, 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 2016)
New limit on low-mass WIMPS from CDMSlite Run 2 (black line and orange 
band); > x10 improvement at 3 GeV/c2 (http://arxiv.org/abs/1509.02448)

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

3rd Dark Matter Berkeley Workshop 10
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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.

Non-G2 WIMP Search Experiments 

3rd Dark Matter Berkeley Workshop

DOE operations funding for these experiments ended in FY16. 

12
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近い将来
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Ton sale future experiment goal

31Figure 1: Plot of rescaled spin-independent WIMP detection rate ⇠�SI(�, p) versus m� from
several published results versus current and future reach (dashed) of direct WIMP detection
experiments. ⇠ = 1 (i.e. it is assumedWIMPs comprise the totality of DM) for the experimental
projections and for all models except RNS and pMSSM.

scale. The scans over parameter space typically range up to weak scale soft terms of 4 TeV
and are subject to a variety of constraints including LHC sparticle search limits and that
⌦TP

�1
h2  0.12. For general projections from a three parameter model involving just electroweak-

inos, see Ref. [56].

3 Spin-independent direct detection

We first examine a grand overview of prospects for spin-independent SUSY WIMP direct de-
tection. In this case, the neutralino-nucleon scattering cross section is dominated by Higgs
and squark exchange diagrams. (Here, most results do not include extensive QCD corrections
so theory predictions should be accepted to within a factor two unless otherwise noted [57].
Since squark mass limits are now rather high from LHC searches, the Higgs exchange h dia-
gram usually dominates the scattering amplitude. The results are presented in Fig. 1 in the
⇠�SI(�, p) vs. m� plane. We leave the factor ⇠ in the y-axis to account for a possible depleted
local abundance of WIMPs. For the experimental projections and for all models except RNS
and pMSSM, it is assumed that ⇠ = 1 (i.e. it is assumed that WIMPs comprise the totality of

7

Spin independent
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Ton sale future experiment goal

32

Figure 2: Plot of rescaled spin-dependent WIMP detection rate ⇠�SD(�, p) versus m� from
several published results versus current ANTARES and IceCube reach and projected (dashed)
LZ, XENON1T, 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).

10

Spin dependent
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Future

from arXiv:1310.8327v1 

ν+N-> ν+N

Detector Threshold
<1keV

Detector Mass
~10 ton 
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Energy threshold is very important. 
For Xe target,  detector resolution, systematic has to be well controll.

5GeV Spin independent case

XENON100
LUX2013



Masaki Yamashita

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x 10
-4

0 5 10 15 20 25 30 35 40
energy (keV electron equivalent)

ev
en

t r
at

e 
(/k

eV
/d

ay
/k

g=
dr

u)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

x 10
-4

0 200 400 600 800 1000
energy (keV electron equivalent)

ev
en

t r
at

e 
(/k

eV
/d

ay
/k

g=
dr

u)

äǚĤƕÊŞȌɇȽȭȮɛȥɠɂ�

•  0.1x10:4/keV/day/kg%(=dru)%
%%%%%%%%%%%%%%%1events/1ton%FV/10keV%bin%width�

2νββ�
2νββ�

pp+7Be%solar%nu�
pp+7Be%solar%nu%

85Kr,%0.1ppt�
85Kr,%0.1ppt�

dark%maYer%

50GeV,%10:46cm2%

222Rn,%0.1mBq%(214Pb)%0.1μBq/kg

近い将来の主なバックグラウンドはpp/Rn

ラドンはXMASSで約10μ/kgが達成されている。
もう一桁以上減らしたい。
pp:昔は目的の一つであったが、今ではbackground.強力なparticle IDが必要q
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CDMSの場合（low mass)
SuperCDMS G2+:		Hitting	the	Neutrino	Floor
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At	high	voltage you’ve	made	an	
ionization	amplifier

Luke-Neganov Ionization	
Amplification

25

Recoil	Phonons

Luke	Phonons

ΔV

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

Super-CDMS
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ER/NR discriminationもできる
Preferential	Stretching	of	Electronic	Recoils
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ER: Vb=0V

3GeV 10−43cm2: Vb=0V

ER: Vb=100V

3GeV 10−43cm2: Vb=100V

Since	Electronic	Recoils	(ER)	have	
larger	Ionization	Yields	than	
Nuclear	Recoils	(NR),	they	have	
larger	Luke	Neganov Gain

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

Total	Phonon	Energy	[keVt]

σ =	50eVt

伸ばす
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Future liquid Xe TPC

• 201X
• 4 ton

PandaX-II

XENON1T/nT

• 2015- 3.3ton
• 2018- 7 ton kg LXe

LZ

• 2020- 7 ton kg LXe

10-47 - 10-48 cm2

Cryostat

31

Double-walled vacuum insulated cryostat made from low 
radioactivity Stainless Steel


Outer vessel:  2.4 m high, 1.6 m diameter. Built to house a new 
inner vessel of 1.4 m diameter for XENONnT TPC. 


Connected to Cryogenic System via a 7.6 m long double-walled 
vacuum insulated pipe


from E.Aprile

PandaX-IV
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XENON
XENON Program

Guillaume Plante - XENON Dark Matter 2016 - UCLA - February 19, 2016 3 / 17

XENON10 XENON100 XENON1T/XENONnT

2005-2007 2008-2015 2012-2018 / ∼2018-2022

25 kg 161 kg 3500 kg / ∼7000 kg

Achieved (2007) Achieved (2011) Projected (2018) / Projected (2022)
σSI = 8.8× 10−44 cm2 σSI = 7.0× 10−45 cm2 σSI = 1.6× 10−47 cm2 / σSI = 1.6× 10−48 cm2

Achieved (2012)
σSI = 2.0× 10−45 cm2

XENON1Tが走り始めた。AmBeのキャリブレーションも終了。
2018年にXENON-nTにする。内側のvesselを変えるだけ。
お金は問題ないらしい。
2018年は、そのときにPMTが手に入るから。　その前に手に入るん
だったらもっと早く始めたい。
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LZ

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016 16

Active veto volumes

❖ TPC field cage is not pressed up 
against the cryostat wall for two 
reasons
❖ high fields
❖ background rejection

LXe
in
here

PM
Ts
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Image from CPAD talk by Ethan Bernard, UC Berkeley

200人を超える大きなグループになった。米国のフラッグシップ
DOEにサポートされ、厳密にスケジュールが管理されている。
LXe, 液シンのactive vetoが加わる
2020年スタート
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active vetoの効果

Evan Pease, Yale University — Berkeley DMD Workshop — December 5-6, 2016 19

Effect of the vetoes
❖ Nine acrylic tanks, 60 cm thick, 

holding 17.5 tonnes of 
Gadolinium-loaded scintillator 
(LAB, linear alkylbenzene)

❖ 97% efficient for neutron 
detection

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

❖ In combination with the 
instrumented LXe “skin,” the 
fiducial mass expands from   
3.8 to 5.6 tonnes
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Future LAr
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DarkSide-20k Plans 

Number of collaborating institutions is growing. 

Proposal is submitted to NSF and INFN.

Full size components scaled down 
(1ton) TPC prototype including is 
planned for  2017. 
Material Screening Strategy is being 
finalized.

Continue with photodector modules R&D to 
optimize performance.!
Start setting up facilities for mass production 
and testing.

PDM testing facility 
@Naples!
Capacity: 4 mother 
boards 

Continue with production of ARIA 
modules and testing. ! ARIA module testing  

26
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DarkSide-20k challenges and status 
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LAr
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URANIA and ARIA

Aria !
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

Urania  !
UAr extraction/

purification@100kg/d !
Ar extraction expected to 

start in 2017.Extraction&purification!
@upgraded Colorado 

facility

D
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e
Urania in cooperation with Kinder Morgan !
ARIA in cooperation with Regione Sardegna (production of other isotopes of interest for medical application)

UAr (地下から採取したアルゴン。<cosmogenic)
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WIMP検出器でなにができるか？
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理想的には（ここ掘れワンワン）

素晴らしい理論屋

素晴らしい実験屋

暗黒物質



Masaki Yamashitafrom arXiv:1310.8327v1 

ν+N-> ν+N

MOTIVATION

WEAK SCALE PARADIGM: UNDER ASSAULT10 Direct Detection Program Roadmap 39
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
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Asymmetric DM

3

of outgoing electrons are found by numerically solving
the radial Schrödinger equation with a central potential
Z
e↵

(r)/r. Z
e↵

(r) is determined from the initial electron
wavefunction, assuming it to be a bound state of the same
central potential. We evaluate the form-factors numeri-
cally, cutting o↵ the sum at large l0, L once it converges.
Only the ionization rates of the 3 outermost shells (5p,
5s, and 4d, with binding energies of 12.4, 25.7, and 75.6
eV, respectively) are found to be relevant.

The energy transferred to the primary ionized electron
by the initial scattering process is ultimately distributed
into a number of (observable) electrons, n

e

, (unobserved)
scintillation photons, n

�

, and heat. To calculate n
e

, we
use a probabilistic model based on a combined theoreti-
cal and empirical understanding of the electron yield of
higher-energy electronic recoils. Absorption of the pri-
mary electron energy creates a number of ions, N

i

, and
a number of excited atoms, N

ex

, whose initial ratio is
determined to be N

ex

/N
i

⇡ 0.2 over a wide range of ener-
gies above a keV [18, 19]. Electron–ion recombination ap-
pears well-described by a modified Thomas-Imel recombi-
nation model [20, 21], which suggests that the fraction of
ions that recombine, f

R

, is essentially zero at low energy,
resulting in n

e

= N
i

and n
�

= N
ex

. The fraction, f
e

,
of initial quanta observed as electrons is therefore given
by f

e

= (1 � f
R

)(1 + N
ex

/N
i

)�1 ⇡ 0.83 [21]. The total
number of quanta, n, is observed to behave, at higher
energy, as n = E

er

/W , where E
er

is the outgoing energy
of the initial scattered electron and W = 13.8 eV is the
average energy required to create a single quanta [23].
As with f

R

and N
ex

/N
i

, W is only well measured at en-
ergies higher than those of interest to us, and thus adds
to the theoretical uncertainty in the predicted rates. We
use N

ex

/N
i

= 0.2, f
R

= 0 and W = 13.8 eV to give
central limits, and to illustrate the uncertainty we scan
over the ranges 0 < f

R

< 0.2, 0.1 < N
ex

/N
i

< 0.3,
and 12.4 < W < 16 eV. The chosen ranges for W and
N

ex

/N
i

are reasonable considering the available data
[9, 18, 19, 22]. The chosen range for f

R

is conserva-
tive considering the fit of the Thomas-Imel model to low-
energy electron-recoil data [20].

We extend this model to DM-induced ionization as fol-
lows. We calculate the di↵erential single-electron ion-
ization rate following Eqs. (1–3). We assume the scat-
tering of this primary electron creates a further n(1) =
Floor(E

er

/W ) quanta. In addition, for ionization of the
next-to-outer 5s and 4d shells, we assume that the pho-
ton associated with the de-excitation of the 5p-shell elec-
tron, with energy 13.3 or 63.1 eV, can photoionize, cre-
ating another n(2) = 0 (1) or 4 quanta, respectively, for
W > 13.3 eV (< 13.3 eV). The total number of detected
electrons is thus n

e

= n0

e

+ n00

e

, where n0

e

represents the
primary electron and is thus 0 or 1 with probability f

R

or (1 � f
R

), respectively, and n00

e

follows a binomial dis-
tribution with n(1) + n(2) trials and success probability
f
e

. This procedure is intended to reasonably approxi-

0.1

1

10

100

R
at
e
@kg-

1 ◊
da
y-
1 D

1
el
ec
tro
n

2
el
ec
tro
ns

3
el
ec
tro
ns

se = 10-36 cm2

1 10 100 103
10-39

10-38

10-37

10-36

10-35

10-34

Dark Matter Mass @MeVD

s
e
@cm

2 D

Excluded by
XENON10 data

1 ele
ctron

2 ele
ctron

s

3 ele
ctron

s

Hidden-
Photon models

FIG. 2: Top: Expected signal rates for 1-, 2-, and 3-electron
events for a DM candidate with �e = 10�36 cm2 and FDM = 1.
Widths indicate theoretical uncertainty (see text). Bottom:
90% CL limit on the DM–electron scattering cross section
�e (black line). Here the interaction is assumed to be in-
dependent of momentum transfer (FDM = 1). The dashed
lines show the individual limits set by the number of events
in which 1, 2, or 3 electrons were observed in the XENON10
data set, with gray bands indicating the theoretical uncer-
tainty. The light green region indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).

mate the detailed microscopic scattering processes, but
presents another O(1) source of theoretical uncertainty.
The 1-, 2-, and 3-electron rates as a function of DM mass
for a fixed cross section and F

DM

= 1 are shown in Fig. 2
(top). The width of the bands arises from scanning over
f
R

, N
ex

/N
i

and W , as described above, and illustrates
the theoretical uncertainty.

RESULTS. Fig. 2 (bottom) shows the exclusion limit in
the m

DM

-�
e

plane based on the upper limits for 1-, 2-,
and 3-electrons rates in the XENON10 data set (dashed
lines), and the central limit (black line), corresponding
to the best limit at each mass. The gray bands show the
theoretical uncertainty, as described above. This bound
applies to DM candidates whose non-relativistic inter-
action with electrons is momentum-transfer independent
(F

DM

= 1). For DM masses larger than ⇠15MeV, the
bound is dominated by events with 2 or 3 electrons, due
to the small number of such events observed in the data
set. For smaller masses, the energy available is insu�-
cient to ionize multiple electrons, and the bound is set
by the number of single-electron events. The light green
shaded region shows the parameter space spanned by

二相型液体キセノンの場合
5

FIG. 5. Charge yield (Qy) as a function of energy for nu-
clear recoils (keV). This analysis employs the conservative
nuclear recoil charge yield model of Bezrukov et al. (elec-
tric field independent) [16], given by the green line. It agrees
with the measurement of XENON100 (E = 0.53 kV/cm) [14]
(red triangles) while the NEST model (E = 0.73 kV/cm) [17]
(dashed black) and the recent measurement of LUX (E =
0.18 kV/cm) [15] (blue points) predict higher yields. To ac-
count for the mild discrepancies at low energies, we use the
model from Bezrukov et al. and conservatively assume Qy=0
below 0.7 keV.

tainty in Qy, especially at very low recoil energies, even
though the LUX data demonstrate clearly thatQy is non-
zero above 0.7 keV [15]. In order to not base our WIMP
result on optimistic assumptions, we use the analytical
model of Bezrukov et al. [16], which agrees with the
XENON100 measurement [14] and the NEST model [17]
above ⇠6 keV and is more conservative at lower ener-
gies. We additionally introduce a cut o↵ at 0.7 keV, be-
low which Qy is set to zero, to penalize the result for
the limited knowledge on the charge yield at the lowest
energies. This energy also corresponds to the threshold
at which signals will be above our 80PE threshold.

However, we note that a Monte Carlo model based on
the Bezrukov et al. function without any cuto↵ leads to a
good description of the measured charge-spectrum from
241AmBe calibration data, see Fig. 6. The data were se-
lected based on the same criteria as used in the WIMP
analysis, with the exception of the S2 asymmetry cut,
which is not required due to the significantly higher rate
of the 241AmBe source compared to the gas event rate.
Besides the statistical uncertainty, the spectrum also in-
cludes a systematic uncertainty of 8%, which is mainly
due to the uncertainties in the S2 amplification [12] and
the cut acceptance. The simulation follows the strategy
described in [14] but ignores the S1 light information.

The same Monte Carlo method is used to model the
expected WIMP spectra. The number of electrons re-
leased after a nuclear recoil of energy E is given by a
Poisson distribution with mean N = EQy. The charge

FIG. 6. S2 spectrum of 241AmBe calibration data compared
to simulations using the Qy from Bezrukov et al. [16] with no
energy cut-o↵.

DAMA/LIBRA

CRESST-II
CDMSlite

XENON10

XENON100 this work

SuperCDMSXENON100LUX

CDMS-II

FIG. 7. WIMP exclusion limit on the spin-independent
WIMP-nucleon scattering cross section at 90% confidence
level. Limits from the LUX [15], XENON100 [10], Super-
CDMS [21], CDMSlite [22], XENON10 [8], CRESST-II [23]
experiments are shown. The claims from DAMA/LIBRA ex-
perimental data [24] and CDMS-II (Si detectors) [7] are also
shown . The limit from this analysis is shown with the thick
blue line and it improves the XENON100 result [10] (dashed
blue line) for WIMP masses below ⇠7.4GeV/c2.

loss due to the finite electron lifetime ⌧e is taken into
account by using the average ⌧e = 570µs measured in
this run [13]. Since no information on the z-coordinate
is available, we correct each event by averaging the ex-
ponential survival probability throughout the TPC. The
secondary scintillation is modeled using the measured pa-
rameters given above and in [12]. A Maxwell-Boltzmann
distribution with the asymptotic velocity of the local sys-
tem v

0

= 220 km/s, the solar velocity vsun = 232 km/s
and the galactic escape velocity vesc = 544 km/s is used

MeV scale DM GeV scale DM TeV scale DM
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FIG. 1: Top: The spectrum of XENON10 dark matter
search data, corrected for trigger e�ciency. Blue boxes in-
dicate statistical uncertainty, while green boxes indicate the
systematic uncertainty arising from the the trigger e�ciency.
The e�ciency curve crosses 5% within the orange-hatched ver-
tical band. The thick gray curve is the best-fit triple Gaussian
function. Thin solid red curves indicated the best-fit individ-
ual components. Dashed lines indicate curves allowed at the
90% upper limit for each component. Small open squares in-
dicate the raw spectrum (uncorrected for trigger e�ciency)
from [10]. Arrows indicate 1-� upper limits on the number
of events for bins with no events. Bottom: The trigger e�-
ciency as determined by Monte Carlo simulation, whose range
is chosen such that the e�ciency curve crosses 5% at, or be-
fore, the first non-zero bin in the blue histogram.

shown in Fig. 2 of [10]. In this context, we define the
turn-on point as the location where the e�ciency curve
crosses 5%, which is indicated by the orange-hatched ver-
tical band in Fig. 1. If the e�ciency were to turn on at a
higher point, the peak of the single-electron distribution
would be shifted to values much lower than that of the
known detector response to these events, demonstrated
by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top)
of [10]. We reproduce this spectrum in Fig. 1 (top), cor-
rected for the trigger e�ciency. Wide (blue) bars rep-
resent statistical uncertainty, while the narrow (green)
bars indicate the systematic uncertainty introduced by
the range of allowed trigger e�ciencies. This spectrum
is fit by a triple Gaussian function with five free pa-
rameters: the heights, H

i

, of the three components and
the mean and width of the first component (µ

1

, �
1

).
The means, µ

i

, and widths, �
i

, are constrained to fol-
low the relations µ

i

= µ
1

i and �
i

= �
1

p
i, respectively,

where i = 1, 2, 3 identifies the Gaussian component. In-
dividual marginal posterior probability distributions are
obtained for the event rates of the three components,

r
i

= H
i

�
i

p
2⇡/✏S�x, where ✏ = 0.92 is the overall cut

e�ciency reported in [10], S=15 kg-days is the exposure,
and �x=0.1 electrons is the histogram bin width. From
these, upper limits are extracted taking the measured
spectrum to be due entirely to signal (i.e. no background
subtraction). The result of the fit, including statisti-
cal and systematic uncertainties, gives 90% upper con-
fidence bounds of r

1

< 23.4, r
2

< 4.23, and r
3

< 0.90
cts kg�1 day�1.
DIRECT DETECTION RATES. We assume that
DM particles scatter through direct interactions with
atomic electrons. If the DM–electron interaction is in-
dependent of the momentum transfer, q, then it is com-
pletely parametrized by the elastic cross section, �

e

, of
DM scattering with a free electron. For q-dependent in-
teractions, we define a cross section �

e

by fixing q = ↵m
e

in the matrix element [2]. The q dependence of the matrix
element is then described by a DM form-factor, F

DM

(q);
for example, if the interaction proceeds through a mass-
less vector mediator then F

DM

= (↵m
e

/q)2.
A large fraction of the kinetic energy carried by a DM

particle, E
DM

= m
DM

v2/2 ' 10 eV(m
DM

/20MeV), can
be transferred to a primary ionized electron. We treat the
target electrons as single-particle states bound in isolated
xenon atoms, using the numerical RHF bound wavefunc-
tions tabulated in [16]. The electron recoils with energy
E

er

, with a di↵erential ionization rate [2]

dR
ion

d lnE
er

= N
T

⇢
DM

m
DM

X

nl

dh�nl

ion

vi
d lnE

er

, (1)

where N
T

is the number of target atoms, ⇢
DM

=
0.4GeV cm�3 is the local DM density, and the velocity-
averaged di↵erential ionization cross section for electrons
in the (n, l) shell is given by

dh�nl

ion

vi
d lnE

er

=
�
e

8µ2

�e

Z
q
��fnl

ion

(k0, q)
��2��F

DM

(q)
��2⌘(v

min

) dq . (2)

Here v
min

= (|Enl

binding

|+E
er

)/q + q/2m
DM

, and ⌘(v
min

)

has its usual meaning h 1
v

✓(v�v
min

)i. We assume a stan-
dard Maxwell-Boltzmann velocity distribution with cir-
cular velocity v

0

= 220 km s�1 and a hard cuto↵ at
v
esc

= 544 km s�1 [17].
With full shells, the form-factor for ionization of an

electron in the (n, l) shell, escaping with momentum k0 =p
2m

e

E
er

after receiving a momentum transfer q, can be
written as

��fnl

ion

(k0, q)
��2= 4k03

(2⇡)3

X

l

0
L

(2l+1)(2l0+1)(2L+1)


l l0 L
0 0 0

�
2

⇥
����
Z

r2dr R
k

0
l

0(r)R
nl

(r)j
L

(qr)

����
2

, (3)

where [· · · ] is the Wigner 3-j symbol and j
L

is a spher-
ical Bessel function. The radial wavefunctions R

k

0
l

0(r)

single electron in Xenon10 
~25 PE!

S2 only search

一個の電離電子も見える。ただし、ER/NR判別は
ー＞annual modulation
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DM-electron channelも

fast neutron
WIMP
(SUSY, KK …)

electronic recoilnuclear recoil

-U/Th/40K etc background
-WIMP-electron
-inelastic scattering (χ+N-> χ+N*)
-Super WIMP (bosonic)
-Axion/Axion like particle 
-Mirror DM
-Luminous DM …The signal is in electronic recoil ?
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