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: 様々な検出器を用いたWIMP直接探索が
世界各地で行われている。 
- 液体/気体希ガス検出器 (Xe, Ar, Ne) 
- 個体シンチレータ (NaI, CsI) 
- 半導体検出器 (Ge, Si) 
- Directional Sensitive... 

: 確たる発見証拠はない。 
- DAMAによる20年間にわたる 

季節変動観測 @ ~10 GeV/c2 ?? 

: 多手法・多媒質による探索が重要。
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16 27. Dark matter

Figure 27.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Table 26.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized
WIMP mass of each experiment. Also included are some new significant results (using
Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].

December 1, 2017 09:36

PDG2018

= 127.3/52 and 150.3/52, respectively. The P-values are P = 3.0 × 10−8 and P =
1.7 × 10−11, respectively. The residuals of the DAMA/NaI data (0.29 ton × yr) are
given in Ref. [2, 5, 14, 15], while those of DAMA/LIBRA–phase1 (1.04 ton × yr) in
Ref. [2, 3, 4, 5].

The former DAMA/LIBRA–phase1 and the new DAMA/LIBRA–phase2 residual
rates of the single-hit scintillation events are reported in Fig. 3. The energy interval
is from 2 keV, the software energy threshold of DAMA/LIBRA–phase1, up to 6 keV.
The null modulation hypothesis is rejected at very high C.L. by χ2 test: χ2/d.o.f. =
199.3/102, corresponding to P-value = 2.9 × 10−8.
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Figure 3: Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the (2–6) keV energy intervals
as a function of the time. The superimposed curve is the cosinusoidal functional forms
A cosω(t − t0) with a period T = 2π

ω = 1 yr, a phase t0 = 152.5 day (June 2nd) and
modulation amplitude, A, equal to the central value obtained by best fit on the data
points of DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2. For details see Fig. 2.

The single-hit residual rates of the DAMA/LIBRA–phase2 (Fig. 2) have been fit-
ted with the function: A cosω(t − t0), considering a period T = 2π

ω
= 1 yr and a

phase t0 = 152.5 day (June 2nd) as expected by the DM annual modulation signature;
this can be repeated for the only case of (2-6) keV energy interval also including the
former DAMA/NaI and DAMA/LIBRA–phase1 data. The goodness of the fits is well
supported by the χ2 test; for example, χ2/d.o.f. = 61.3/51, 50.0/51, 113.8/138 are ob-
tained for the (1–3) keV and (1–6) keV cases of DAMA/LIBRA–phase2, and for the
(2–6) keV case of DAMA/NaI, DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2,
respectively. The results of the best fits are summarized in Table 2. Table 2 also
shows the results of the fit obtained for DAMA/LIBRA–phase2 either including or not
DAMA/NaI and DAMA/LIBRA–phase1, when the period and the phase are kept free
in the fitting procedure. As reported in the table, the period and the phase are well
compatible with expectations for a DM annual modulation signal. In particular, the
phase is consistent with about June 2nd and is fully consistent with the value indepen-
dently determined by Maximum Likelihood analysis (see later). For completeness, we
recall that a slight energy dependence of the phase could be expected (see e.g. Refs.
[22, 23, 27, 28, 29, 30]), providing intriguing information on the nature of Dark Matter
candidate and related aspects.

7

DAMA/LIBRA (arXiv:1805.10486)



: 液体アルゴン + 気体アルゴン，内部に一様電場印加。 

: 2つのシンチレーション光 (S1@液相，S2@気相) を観測。 

: S1とS2の時間差による鉛直方向同定 (TPC),  
気相側光検出器のS2観測光量を用いた水平方向同定。 

: PSD (S1シンチレーション波形) ⊗ S2/S1 (電離蛍光比)  
による強力な粒子識別能力。
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: 液体アルゴン + 気体アルゴン，内部に一様電場印加。 

: 2つのシンチレーション光 (S1@液相，S2@気相) を観測。 

: S1とS2の時間差による鉛直方向同定 (TPC),  
気相側光検出器のS2観測光量を用いた水平方向同定。 

: PSD (S1シンチレーション波形) ⊗ S2/S1 (電離蛍光比)  
による強力な粒子識別能力。 

: S2 (　　   p.e./e- ) により極小電離信号 (~1e- ) に有感。

気液2相型Ar光検出器  4

𝒪(10)

‣ 1-photon ：Detection efficiency  ≲25% 
 　(光収集効率に制限される) 

‣ 1-electron ：Detection efficiency  ~100%  
 　(~10 photon以上のS2に変換される)



: アルゴンは比較的軽い元素 (Z = 18) 
→ 液体アルゴンTPC (LAr-TPC) は，S2の活用により 
低質量暗黒物質探索に強力な検出器になる。 

: DarkSide-50実験による探索結果 (’18/09) 
- Energy Threshold ≃ 1 keVnr， 

1.8 GeV/c2 @ 2×10-41 cm2 を棄却。 
→ Arが持つ低質量DMへのポテンシャルを実証。 

(特にCalibrationに関して不定性も大きい)

S2によるWIMP探索  5
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DarkSide-50 Binomial
DarkSide-50 No Quenching Fluctuation 
NEWS-G 2018 LUX 2017
XENON1T 2017 PICO-60 2017
PICASSO 2017 CDMSLite 2017
CRESST-III 2017 PandaX-II 2016
XENON100 2016 DAMIC 2016
CDEX 2016 CRESST-II 2015
SuperCDMS 2014 CDMSlite 2014
COGENT 2013 CDMS 2013
CRESST 2012 DAMA/LIBRA 2008
Neutrino Floor

(PRL 121, 081307)

̶ ANKOK ̶ 
　ArによるLow Mass (~GeV/c2) WIMP直接探索を目指す
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We achieved : 
- ~1 month of stable operation, 
- 0.5 mm liquid surface control,  
- Contamination removal from LAr.  

(Electron lifetime τ~ 1.5 ms).
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: 200L cryostat and liquefier, 
: Liquid argon (LAr) filling through cryogenic filter, 
: Gas argon (GAr) recirculation and liquefaction.

Test stand at Waseda (Surface)



: Fiducial Mass = 5 kg 
- φ22 cm x h10 cm (+ 取り出し1 cm) 

: Total 14ch PMTs (3-inch)
ANKOK Detector  8

22 cm

11 cm

TPC (PTFE)

PMTs (R11065 x 7)

Lightguide (SiO2)

PMTs (R11065 x 7)

PTFE(1cm厚)と  
銅リングの 
積層構造 
→縦方向拡張性

石英製の 
ライトガイド， 
両表面に 
透明電極膜(ITO)

4mmピッチ 
SUS製グリッド 
(エッチング)

熱収縮考慮 
(2%@LAr)

PTFE

(組み立て中)

銅

PEEK支柱



: Fiducial Mass = 5 kg 
- φ22 cm x h10 cm (+ 取り出し1 cm) 

: Total 14ch PMTs (3-inch)
ANKOK Detector  9

22 cm

11 cm

TPC (PTFE)

PMTs (R11065 x 7)

Lightguide (SiO2)

PMTs (R11065 x 7)

• 電場印加
Cockcroft-Watson (CW) 
回路を用いて電圧を液中 
増幅し，電極へ印加。 
（Ar Gasは放電しやすく， 
外部からの導入は困難。）

• 電場形成 (一様性)
有限要素法を用いた 
電場計算を行い， 
各所に電極を実装。

ex. “リング電極”の有無 →

無 有

LAr LAr

PMT PMT

PTFE

PTFE

PTFE

PTFEFemtet®

透明電極膜 
(ITO)

格子電極 
(SUS)

電極 
(SUS)

電極 
(SUS)



: Fiducial Mass = 5 kg 
- φ22 cm x h10 cm (+ 取り出し1 cm) 

: Total 14ch PMTs (3-inch)
ANKOK Detector  10

22 cm

11 cm

TPC (PTFE)

PMTs (R11065 x 7)

Lightguide (SiO2)

PMTs (R11065 x 7)

• 電場印加
Cockcroft-Watson (CW) 
回路を用いて電圧を液中 
増幅し，電極へ印加。 
（Ar Gasは放電しやすく， 
外部からの導入は困難。）

• 電場形成 (一様性)
有限要素法を用いた 
電場計算を行い， 
各所に電極を実装。

ex. “リング電極”の有無 →

無 有

LAr LAr

PMT PMT

PTFE

PTFE

PTFE

PTFEFemtet®

透明電極膜 
(ITO)

格子電極 
(SUS)

電極 
(SUS)

電極 
(SUS)

CW回路
放電装置

液面計

Top PMTs

Bottom PMTs

TPC本体
TPC本体

Vessel 
(200L)

Top Flange
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S2 … Electroluminescence (電子比例蛍光) 
発光までの各過程ごとの較正と最適化が探索感度に直結“S2”の理解  13

Liquid Ar

Gas Ar

石英

PMTPMT

Grid

ITO (透明電極膜)

S1

S2

e-

dVext

Ed

LAr 
相互作用

電離電子 
生成

ドリフト

気相 
取出し

EL光 
放出

EL Process

①

③

②

入射粒子と電場Edにより決定

LAr純度に依存

取出電位dVexや 
気相環境により決定

①

②

③

電子がいくつ生成されるか

電子がいくつ取り出されるか

1電子がいくつの光子へ 
変換されるか
→ 武田知将 (次トーク)

→ 較正データとMCを用いて 
　 基礎過程から理解する



‣ アルゴン中でのエネルギー損失は， 
S1とS2 (と熱) へ分配。 

‣ 電場印加によって再結合確率は減少。

S2の電場依存性の測定  14

• S1減少量 ≒ S2増加量 
• 高電場の印加により， 

- S2 (= Drift-Electron) へ分配されるエネルギーが増加する。 
- “S2-only”による解析下で低エネルギー事象への感度が向上する可能性。

Energy 
Deposition

Scintillation  
(S1)

Electroluminescence  
(S2) 観測量

観測量

(光観測不可)

Recombination

Escape

Excitation

Ionization Ar+ - e-

Ar*

Heat

Motion

e- (drift) EL



γ

Neutron

: Drift E-Field = 0.0 - 3.0 kV/cm 
: 250 MHz FADCで波形取得 (LAr-TPC, NaI) 
: TOF = tLAr - tNaI (L = 1.0 m) を用いて， 

入射中性子エネルギーをイベントごとに特定。

中性子データの取得 (252Cf)  15

Neutron shield

Neutron shield  
(Water and polyethylene)

1.0 m

γ-ray shield  
(Lead)

Vessel

TPC

GAr

LAr

NaI(Tl)

RI

Ground

Time of Flight

Neutron

γ

Neutron

γ

TOF vs PSDPSD Parameter
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S1

S2

規格化

Drift 
Time

e-

S1

S2Drift 
Time



H2O shield
Lead 
shield

TPC

RI (252Cf)

PE shield
: Geant4 MC Simulationにより， 

各TOF時刻ごとのエネルギー損失分布を算出。 
- Geant4-10.1.1
- Physics list 　　　: QGSP_BERT_HP  
(Neutron : G4NDL4.5 (ENDF/B-VII.1))

- Neutron truck cut : 0.5 μsec

: 液体希ガス実験で用いられてきたモデルを仮定して観測光量分布を予測。 
- NR quenching  

: Mei-model  
　　　= Lindhard × Birks’ 

- Recombination prob.  
: Thomas-Imel box model (TIB)

MC (Geant4)  17

LMei
eff = LLindhard

eff ×
1

1 + kB
dE
dx

R = 1 −
ln(1 + Niς)

Niς
, ς = βF−γ

Recoil Energy (keV)

S1
  (
p.
e.
/k
eV
)

NR Qu
enchin

g

× Recombination ➘

電場



MC Fitting to Data  18
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: Spectrumを， 
TOF Bin (4 ns) 毎に分割。 
 エネルギー依存性に感度 

: 0.0 - 3.0 kV/cm (6点)。 
 電場依存性に感度 

: それぞれのS1・S2分布を 
Simultaneous Fit。

Table 1: Results from the simultaneous fit of 252Cf data with the MC
simulation and the NR model described in Sec. 2.
Parameter Value
kB [g/(MeV · cm2)] 3.5 ⇥ 10�4

↵0 (fixed) 1.0
D↵ [(V/cm)�1] 1.2 ⇥ 10�3

� [(V/cm)�] 1.2
� 5.8 ⇥ 10�1
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Figure 12: Scintillation e�ciency Le↵ as a function of the NR energy
measured in this work. Uncertainty in Le↵ , as indicated as black error
bar in the plot, applies to all field points. Measurements from SCENE
[6], ARIS [9], and DarkSide-50 (DS-50) [8] are also shown.

which we constrained the fit range of S1 spectra where
there is su�cient PSD power to extract pure NR events.
Due to the poor statistics of high energy NR events, an
upper 200 keV boundary is also set. The NR model can
be extrapolated to both lower and higher energy region
as represented with dashed lines in Fig. 12. Any result
on the Le↵ value is estimated to have total uncertainty
of 0.02, as indicated with black error bar. The domi-
nant contributions to the uncertainty are the systematic
uncertainty in the energy calibration of the detector, the
value of g2/g1, and the distance between TPC and 252Cf
source. The statistical uncertainty is about 10% of the
systematic uncertainty. Since scintillation response in
LAr for ER in the range 41.5–511 keV at null field is
constant within 1.6% [9], the result can be subjected
to the comparison with other Le↵ measurements using
di↵erent reference sources (such as 83mKr [6] or 241Am
[9]). Although we are not aware of any theoretical de-
scription about the empirical field dependency of ↵, yet
it is consistent with our data samples.

7. Conclusion

The scintillation e�ciency of LAr for NR ranging
from 30 to 200 keV relative to 511 keV ER is measured

under electric fields from 0 to 3 kV/cm using small size
double-phase TPC and a 252Cf radioactive source. In
this measurement, observed S1 and S2 spectra are fit
with the simulated energy deposits and an assumption
on the light and charge yields of LAr. This assump-
tion, which is the function of recoil energy and electric
field, is based on existing models (Mei model and TIB
model). The result allows us to expect the energy and
field dependencies of the yields for NR energy of about
a few tens of keV. Such expectations would be used for
optimization of the detector design and calibration and
interpretation of the experimental data for WIMP dark
matter search.
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Result (　　)  19ℒeff ：電子反跳 @ 0電場に対する原子核反跳の 
　相対的な発光量
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F ≤ 3.0 kV/cmにおける， 
原子核反跳に対する 
LArシンチレーション発光量を
初めて測定。 
arXiv:1902.01501
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Result (Qy)  20
：単位原子核反跳エネルギーあたりの 
　電離電子生成数

Qy [e−/keVnr]

F ≤ 3.0 kV/cmにおける， 
原子核反跳に対する 
電離電子生成量を測定。 
系統誤差は評価中。 

電場が高いほど， 
生成される電離電子は多い。

Preliminary



: LAr-TPCの電離信号 (= S2) は，　　    の極小反跳エネルギー事象に有感。 
: 60Coを用いたHigh-energy ER sampleの解析から，S2波形特性を測定。 
: 252Cfを用いたNR sampleの解析により，  
F = 0.0 - 3.0 kV/cmにおけるLight/Charge yieldsを測定。 
- Charge yieldは，0.2 kV/cm → 3.0 kV/cmで約3倍増加 @ 50 keV。 

: “S2-only” 解析によるLow-mass WIMP search。 
- 高電場印加による感度向上を示唆。 
- ~Signal energyにおけるCharge yieldの測定， 
ER事象に対するCharge yieldの測定， 
Background sourceの特定/除去が課題。

纏めと展望  21
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Event Display  23
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“S2-only” analysis by DarkSide-50 (@ LNGS).  
(Spectrum analysis without BG-rejection)

Result from DarkSide  24

World’s most stringent limits for 1.8 GeV WIMP.  
(4e- ≈ 0.6 keVnr threshold)
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DarkSide-50 Binomial
DarkSide-50 No Quenching Fluctuation 
NEWS-G 2018 LUX 2017
XENON1T 2017 PICO-60 2017
PICASSO 2017 CDMSLite 2017
CRESST-III 2017 PandaX-II 2016
XENON100 2016 DAMIC 2016
CDEX 2016 CRESST-II 2015
SuperCDMS 2014 CDMSlite 2014
COGENT 2013 CDMS 2013
CRESST 2012 DAMA/LIBRA 2008
Neutrino Floor

1e- = 23 p.e.

2e-

(PRL 121, 081307)



: アルゴンは比較的軽い元素 (Z = 18) 
→ 液体アルゴンTPC (LAr-TPC) は，S2の活用により 
低質量暗黒物質探索に強力な検出器になる。

LAr-TPCのS2信号  25
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: 検出器内で発生する過程ごとの較正や環境最適化により， 
探索感度の向上が考えられる。 

①電場下における電離電子生成過程 
- アルゴンの相互作用により発生する電離電子数を決める 

②電子のドリフト・気相取り出し過程 
- 発生した電離電子からS2 (観測量) への変換成功確率 

③低温気体アルゴンのEL発光過程 
- 電子 → S2の増幅率を決める，dVext と −Pgas にほぼ比例。

↪ O2/H2O/N2不純物の除去を確立 
　(e.g. JPS2018年次大会 24pK301-6)

①

③

②



γ

Neutron

: 252Cf線源を用いたNR事象サンプル 
: Drift E-Field = 0.0 - 3.0 kV/cm 
: TOF値 (L = 1.0 m) を用いて， 

入射中性子エネルギーをイベントごとに特定。 
→ 中性子エネルギーで区切って光量を比較。

中性子データ取得  26
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ER Light Yield  27
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