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pDetector NEWAGE-0.3b’

Figure 4.1.3: The µ-PIC and the GEM during their installation (upper) and inner structure of TPC
including the 10B-evapolated glass plate (lower).

The electric field is formed by the drift plane and wires on the side walls of the drift region

with a spacing of 1 cm. Applied voltages for the µ-PIC, the GEM and the drift plane are listed

in Table 4.1.1, where a stable operation with a combined (µ-PIC×GEM) gas gain of 2500 was

obtained. A glass plate with a thin layer of 10B is installed at the position of (−5,−12, 0) cm

for the energy calibration. The size of the 10B layer is 2 × 2 cm and the designed thickness is

0.6µm. The µ-TPC is placed on a 2.5 cm thick stainless-steel vacuum vessel filled with CF4

gas at 0.2 atm. As mentioned in Section 3.2.1, CF4 gas is suitable for a direction-sensitive spin

dependent dark matter search.

59

u CF4 0.1 atm
u Detector Volume : 30 × 30 × 41 cm3 ~ 0.037m3

u GEM：LCP100μm, φ70μm, 140μm pitch
u μ-PIC : 30.72 × 30.72 cm2 、400 μm pitch
u Gas Gain ( μ-PIC + GEM ) : 2500
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DM探索用のガス検出器 NEWAGE-0.3b’ 

Figure 4.0.1: Sensitivity goals of the NEWAGE project. Thick and dotted lines show expected 3σ asym-
metry detection sensitivities by the ST(semi-tracking) and FT(full-tracking) modes, respectively. Details
are described in [73]. An experimental result of NAIAD (thin dashed dotted line labeled UKDMC) and
MSSM predictions (thin line labeled MSSM) are also shown [41, 74].

4.1 NEWAGE-0.3b’ detector

A new detector, NEWAGE-0.3b’, was designed and developed to improve the sensitivity by

one order of magnitude. NEWAGE-0.3b’ consists of a micro time projection chamber (µ-TPC),

its electronics system, and the gas circulation system (Figure 4.1.1).

Figure 4.1.1: The photograph of whole system of NEWAGE-0.3b’ in Kamioka underground laboratory.
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pDAQ
u record charge and track
u charge : Summed waveform 100MHz FADC
u track   : μ-PIC strip address and 

time-over-threshold(TOT) by 100MHz clock
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p Detector Response
u Energy Calibration
・10B(n,α)7Li : 1.5MeV

u Energy resolution
・220Rn and 222Rn α : 10%@6MeV
・55Fe 40%FWHM@5.9keV

u Drift Velocity
~  9.3 cm/μs

u Nuclear detection efficiency
l 40%@50keV
l 80%@200keV

u Gamma rejection power
l ~ 2 × 10-5 @ 50-100keV
l ~ 10-7 @ 100‒400keV

0 500 1000 1500 2000 2500 3000
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Energy [keV]

When measuring the detection efficiency of the nuclear events and the rejection power of

the gamma-ray events, we imposed the three cuts introduced in subsection 2.3. The measured

detection efficiency of the nuclear recoil events is shown in Figure 11. The efficiency is defined

by applying the three cuts to the energy spectrum, and dividing the measured spectrum

by the simulated one. The denominator in this calculation is the ideal simulated result,

which excludes the detector responses. To cancel the positional dependence, the spectrum

was measured at 6 positions of 252Cf and averaged. The source positions were (25.5 , 0 , 0 ),

(−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). In this way, the

detection efficiency of nuclear events was determined as 40% at 50 keV. There are points

where the error bars is greater than 1, it is because statistical error is large in the high-

energy region due to low event rate. The thresholds of digital signals and cut efficiency

decrease the detection efficiency in the low energy range.

To determine the detection efficiency of electron events, the detector was irradiated with

gamma-rays from a 137Cs source and the data were compared with simulated results. Within

a given energy bin, the detection efficiency is the measured event rate divided by the simu-

lated event rate of electrons with the same energy. The electron detection efficiency in the

energy bin 50− 100 keV was evaluated as 2.5× 10−5. The electron detection efficiency is

plotted as a function of energy in Figure 12.

The direction-dependent efficiency in the 50− 100 keV range was measured by irradiating

the detector with neutrons from a 252Cf source placed at various positions; namely, at

(25.5 , 0 , 0 ), (−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). For

simulations, we confirmed that the weighted average of these six measurements (standard

deviation = 23%) properly captures isotropic recoil. In the expected direction distribution

of the recoil nuclear tracks scattered by dark matter, the weighting factor is the measured

direction-dependent efficiency.

The angular resolution was evaluated from the neutron-nuclei elastic scatterings. Specifi-

cally, the measured | cos θ| distributions were compared to the simulated distributions, where

θ is the angle between the directions of the scattered nuclei and the 252Cf neutron source.

In our previous detector study, we measured the angular resolution as 40◦ at the energy

threshold of 50 keV[16].
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Fig. 11 Detection efficiency of nuclear events

as a function of energy. The error bars are
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pUnderground measurement
l First underground measurement

Ø RUN14-1,2(NEWAGE2015)
Ø Run14-1 : 2013/7/17 - 2013/9/16
Ø Run14-2 : 2013/10/17 - 2013/11/14
Ø live time : 31.6 days
Ø Exposure : 0.327kg・days

l Directional-sensitive SD crosssection
upper limit 557pb for 200 GeV/c2

l Additional new Data
Ø Run14-3 : 2014/1/29 - 2014/3/12
Ø run15 : 2015/3/30 - 2016/1/14 
Ø run16 : 2016/1/14 ‒ 2016/6/28
Ø run17 : 2016/6/28 ‒ 2016/8/24

l total Data
Ø live time：230.16 days
Ø exposure : 2.38 kg・days

l ~ 7 times statistics more than NEWAGE2015

�
�

❒ Status 

������������	�

PTEP 2015, 043F01 K. Nakamura et al.
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Fig. 17. Limits of SD cross-section, σ SD
χ−p, as a function of WIMP mass Mχ . The thick solid red line plots the

result of the present directional method. The results of the conventional method (thick dotted blue line) are
plotted as a reference. The thin red lines labeled “NEWAGE surface run” and “NEWAGE 2010 (RUN5)” are
previous results measured at the surface and Kamioka, respectively [10]. The allowed region (DAMA [13])
and the upper limits of other experiments are shown for comparison. The solid green and blue lines are
the non-directional limits imposed by liquid or solid detectors in conventional analysis (DAMA/LXe [14],
NAIAD [15], KIMS [16], Tokyo(CaF2) [17], XENON10 [18], CDMS2(Ge) [19], PICASSO [20], COUPP [21],
SIMPLE [22]) and the limits set by gaseous detectors (DM-TPC [23], DRIFT [24]), respectively.
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in preparation). We have begun developing a new µ-PIC with low background radiation and are
planning initial investigations of the DAMA region within the next few years.

5. Conclusion

NEWAGE-0.3b’ was employed in a direction-sensitive dark matter search in the Kamioka under-
ground laboratory, undertaken from July 17, 2013 to November 12, 2013. The exposure was evaluated
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PTEP2015 (RUN14-1,2)以降
DM RUN継続 (RUN 14- RUN17)
2013/7/20-2016/8/24
live time : 31.6 days → 230.2 days
制限 2倍程度更新

preliminary

preliminary

PTEP2015 (RUN14-1,2)以降
DM RUN継続 (RUN 14- RUN17)
2013/7/20-2016/8/24
live time : 31.6 days → 230.2 days
制限 2倍程度更新

preliminary

preliminary

• Continued	underground	RUN
- Period					:	2013/7/20	- 2016/8/24
- Live	time	:	230.2days (RUN14-17)

• Optimized	cut	parameters
- 50keV-100keV	region	:	improved	

gamma/α	rejection	efficiency	

Energy	spectrum
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pUpdate.

Detector & DAQ 

Kobe Univ.　Ryota Yakabe, 
 Kentaro Miuchi, Takashi Hashimoto, Tomonori Ikeda,  

Ryosuke Taishaku, Miki Nakazawa, Kiseki Nakamura(Kyoto Univ.) 
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Dark Matter Search 
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l  Dark Matter 
＊Observational evidence 

　　�Galaxy rotation curves 
　　�velocity dispersions of galaxies 
　　�Galaxy clusters and gravitational lensing 
   ＊Maxwell-Boltzmann velocity distribution @ Galaxy 
l  Solar system rotate around the center of Galaxy 
l  Forward DM-N scattering gives strong evidence 
l  Current : |cosγ|→ Future : cosγ 

T. Tanimori et al. / Physics Letters B 578 (2004) 241–246 245

Fig. 3. Simulated recoil angle distributions for the ST (semi-tracking) mode (upper) and the FT (full-tracking) mode (lower). The pressures
of the CF4 gas are 30 and 20 Torr for the ST mode and FT mode, respectively. Neutron background is estimated based on the measured fast
neutron flux (1.9± 0.21) × 10−6 n/(cm2 s) at Kamioka Observatory and a 50 cm water shield. WIMP signals, neutron background, and the
total observable events are shown in the hatched, filled, and solid-line histograms, respectively. Theoretical calculations are also shown by the
dashed lines.

Fig. 4. Asymmetry-detection confidence level (ADCL) [σ ] as a
function of the gas pressure and the corresponding recoil energy
threshold. It is seen that FT (full-tracking) and ST (semi-tracking)
modes have different optimum pressures.

4. Conclusions

In this Letter, we have shown that µ-TPC filled
with CF4 gas is a promising device for WIMP-wind
detection via SD interactions. By the full-tracking
method with sufficient exposure, it is expected that
we cannot only detect the WIMP-wind, but can also
precisely study the nature of WIMPs.
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l  NEWAGE is a direction-sensitive direct  
dark matter search experiment with μ-TPC. 

l  I present the latest our result of  
dark matter search in RUN14-17. 

l  We set more strict conditions on TOT-sum 
cut to reduce gamma than NEWAGE2015. 

l  Background decrease to 1/3@50keV. 
l  Study of direction-sensitive SD cross-
section upper limit is on going. 

Measured Result run14 -17 

Direction-sensitive dark matter search  
with μ-TPC 

Figure 4.0.1: Sensitivity goals of the NEWAGE project. Thick and dotted lines show expected 3σ asym-
metry detection sensitivities by the ST(semi-tracking) and FT(full-tracking) modes, respectively. Details
are described in [73]. An experimental result of NAIAD (thin dashed dotted line labeled UKDMC) and
MSSM predictions (thin line labeled MSSM) are also shown [41, 74].

4.1 NEWAGE-0.3b’ detector

A new detector, NEWAGE-0.3b’, was designed and developed to improve the sensitivity by

one order of magnitude. NEWAGE-0.3b’ consists of a micro time projection chamber (µ-TPC),

its electronics system, and the gas circulation system (Figure 4.1.1).

Figure 4.1.1: The photograph of whole system of NEWAGE-0.3b’ in Kamioka underground laboratory.
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Figure 4.1.3: The µ-PIC and the GEM during their installation (upper) and inner structure of TPC
including the 10B-evapolated glass plate (lower).

The electric field is formed by the drift plane and wires on the side walls of the drift region

with a spacing of 1 cm. Applied voltages for the µ-PIC, the GEM and the drift plane are listed

in Table 4.1.1, where a stable operation with a combined (µ-PIC×GEM) gas gain of 2500 was

obtained. A glass plate with a thin layer of 10B is installed at the position of (−5,−12, 0) cm

for the energy calibration. The size of the 10B layer is 2 × 2 cm and the designed thickness is

0.6µm. The µ-TPC is placed on a 2.5 cm thick stainless-steel vacuum vessel filled with CF4

gas at 0.2 atm. As mentioned in Section 3.2.1, CF4 gas is suitable for a direction-sensitive spin

dependent dark matter search.

59

l  RUN 14 : 2013/7/17 ‒ 2015/3/18  56.96 days  
l  RUN 15 : 2015/3/30 - 2016/1/14  38.16 days  
l  RUN 16 : 2016/1/14 ‒ 2016/6/28  109.07 days 
l  RUN 17 : 2016/6/28 ‒ 2016/8/24  26.46 days 
l  mass : 10.36 g 
l  live time : 230.16 days 
l  exposure：2.38 kg・days 
l  Fiducial Volume : 28×24×41cm3 

l  μ-TPC ( micro-Time Projection Chamber) 
　＊CF4 gas at 0.1 atm 
　＊Detection Volume : 30 × 30 × 41 cm3 
　＊GEM：LCP100μm, φ70μm, 140μm pitch 
　＊μ-PIC : 30.72 × 30.72 cm2 、400 μm strip pitch 
　＊Gain ( μ-PIC + GEM ) : 2500 
　＊Gas circulation system with cooled charcoal 

l  DAQ 
＊record charge and track 
   charge : Summed waveform   
                  100MHz FADC 
   track   : μ-PIC strip address and 
                  time-over-threshold(TOT) 
                   by 100MHz clock 

μ-TPC 

Solar 
System 

l We set more strict conditions on TOT-
sum cut to reduce gamma  

l  Energy Threshold : 50 keVee 
l  BG : 1/3＠50keV 
l  study of direction-sensitive SD cross-
section upper limit is on-going 
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l  Low-BG μ-PIC 
＊α from μ-PIC is Large BG. 
＊radio-pure(1/100) 10×10cm2  
   μ-PIC is made and tested 
   for 30×30cm2 
   μ-PIC 

l  Z-fiducialization 
＊minority peaks 
   “discovery” by DRIFT Group  
＊SF6 Gas study is on-going 
   ➡ use arrival time difference  
       between minority peaks 

図 6.2 10× 10 cm2 の低バックグラウンド µ-PIC試作機の外観。

図 6.3 低バックグラウンド µ-PIC試作機のピクセル電極の様子。

低バックグラウンド µ-PIC試作機製作にあたり、製作途中に放射性不純物混入調査のた
めに製作過程での試料を確保した。
試料を確保した製作工程は以下である。

工程 1 製作の元ととなるコア基板のポリイミド 800 µm(製作開始前)

工程 2 ポリイミド 800µm上にアノードストリップを形成し、ポリイミド +エポキシとコ
ア基板の積層プレス後

工程 3 レーザーで穴を開けて銅電極を成長させてつくるビアフェルメッキ加工後
工程 4 ワイヤーボンディング用の電極に加工後 (完成品)

それぞれの測定試料を図 6.4に示す。本研究では上記の工程ごとに U/Th含有量測定を行っ
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図 5.12 Geant4によるシミュレーションにおける装置のジオメトリ

本研究では U/Th含有量を HPGe検出器による測定結果を用いるとともに、先行研究で
使用されていたシミュレーションにおける検出器ジオメトリの更新を行った (図 5.13)。更
新箇所を以下に記す。

• 解析的に考慮に入れていた GEMの構造をシミュレーションのジオメトリに組み込む
(図 5.14)

• U/Th由来の α線をポリイミド 100 µm全体から発生させていたところを測定値 tを
用いて発生させる

• µ-PICの銅電極の横に入っていたポリイミドを gasにした (図 5.13中 1⃝)

• gap領域を 4mmを 3.99mmに修正した (図 5.13中 2⃝)

• LCPの厚さを 90µmを 100 µmに修正した (図 5.13中 3⃝)

• GEM穴の大きさの修正をデザイン値である 70 µmから実測値 80µmに修正した (図
5.13中 4⃝)
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Figure 1: a) Example detector output after pulse shaping for a typical neutron
recoil candidate event, demonstrating the minority carrier signature. The event
produced 4980 NIPs at a distance of 35.6±0.2 cm from the right MWPC during
a neutron-calibration run. In the waveform labels, ‘R’ stands for ‘right’, ‘A’ for
‘anode’, ‘G’ for ‘grid’, ‘V’ for ‘veto’ and ‘S’ for ‘sum’. Horizontal grey lines above
the coloured anode waveforms indicate the analysis threshold. b) labeled detail
of the channel RA7 (blue) waveform before (grey) and after (black) application
of the undershoot removal algorithm discussed in the text. The dotted vertical
line separates the minority (S, P, D) peaks from the main (I) peak.
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l  Upsizing 
＊1.6×1.6×1.0m3  
＊30×30 cm2  low-BG 
   μ-PIC arrayed in 3×3 
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Fig. 2 Example of ”raw track data” of an alpha particle. The measured energy was

600 keV. The points shown are of recorded digital hits in the clock-anode (z-x) and clock-

cathode (z-y) strips. Upper figures show real data obtained with DAQ-mode5; lower figures

show the emulated DAQ-mode1 data for the same event. In the upper figures, vertical length

indicates the TOT of each strip.

by noting the x-y coincidences and limiting the number of output addresses. The differences

between the two DAQ modes are summarized in Table 1.

DAQ mode mode1 mode5

x-y coincidence take not take

strip address to record at each clock Xmin, Xmax, Ymin, Ymax all

Time over threshold (TOT) not take take

detector NEWAGE-0.3a NEWAGE-0.3b’

Table 1 Difference between DAQ modes 1 and 5.

2.2. Energy calibration

Energy is calibrated using α particles rather than γ-rays and β-rays, since we are interested

in the detector response to nuclear tracks, which are expected to result from WIMP-nucleus

scatterings. The α particles were generated by neutron capture of 10B in the 10B(n,α)7Li

reactions (Q = 2.310 or 2.792MeV). α particles are generated in the µ-TPC by irradiating

the 10B plate in the µ-TPC (see Figure 1) with thermalized neutrons. In order to irradiate the
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4. Result

We derived the SD cross-section σSD
χ−p limits by the direction-sensitive method, in which the

measured | cos θcygnus| distribution was compared with a calculated ”expected spectrum.”

This calculation involved the astrophysical parameters, nuclear parameters, and detector

responses listed in Table 3. Energy range to be used for the analysis is low, it is necessary to

take the effect of the nuclear quenching. The energy is corrected using a ionization quenching

factor for 0.1 atm of CF4 gas simulated by SRIM[12]. The ionization quenching factor have

been measured by MIMAC group[14], it is greater than the value of SRIM. In order to give

a conservative limit in this analysis, we adopted the calculation results of SRIM. To obtain

conservative limits, the expected and measured | cos θcygnus| distributions were compared

assuming that all measured events are dark matter events. Because of the low statistics, the

measured and calculated | cos θcygnus| distributions in every 10 keV bin between 50− 400 keV

were rebinned into a two bins and compared with each other. Details of the procedure are

provided in [15].
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Fig. 16 Limits of SD cross section, σSD
χ−p, as a function of WIMP mass Mχ. The thick

solid red line plots the result of the present directional method. The results of the con-

ventional method (thick dotted blue line) are plotted as a reference. The thin red lines

labeled ”NEWAGE surface run” and ”NEWAGE 2010 (RUN5)” are previous results mea-

sured at the surface and Kamioka, respectively[18]. The allowed region (DAMA[1]) and

the upper limits of other experiments are shown for comparison. The solid green and

blue lines are the non-directional limits imposed by liquid or solid detectors in con-

ventional analysis (DAMA/LXe[6], NAIAD[7], KIMS[9], Tokyo(CaF2)[24], XENON10[10],

CDMS2(Ge)[25], PICASSO[20], COUPP[2], SIMPLE[13]) and the limits set by gaseous

detectors (DM-TPC[19], DRIFT[3]), respectively.
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RUN14(1,2) Only(31.62 days) Prog. Theor. Exp. Phys. 2015, 043F01(14) 

図 1.2 NGC6503の回転曲線 [4]。縦軸が銀河の回転速度、横軸は銀河中心からの距離。
誤差棒つきの点が観測点、破線と点線はそれぞれ観測される円盤部分とガスからの回転速
度への寄与、一点鎖線は銀河ハローの見えない質量による寄与であり、実線はそれらの和
を示す。

1.1.2 重力レンズ効果
重力レンズ効果とは、宇宙に存在する重力源の影響で光の経路が曲がることで、観測者か
らみると背景の銀河が複数見えたり歪んで見えたりする現象のことをいう。重力源がレンズ
のような役割をしているように考えられることからこのように呼ばれる。特に重力源が大き
くなく背景の銀河が歪む程度の場合の重力レンズ効果のことを弱い重力レンズ効果と呼ぶ。
弱い重力レンズ効果を用いて背景の銀河の歪みを統計的に調べることで、背景銀河と観測者
の間にある重力源の分布を知ることができる。
弱い重力レンズ効果を用いて暗黒物質の質量空間分布を調べるために、ハッブル宇宙望遠
鏡により銀河団「1E 0657-56」が観測された [5]。銀河団「1E 0657-56」は小さな銀河団と
大きな銀河団が衝突したことで強い X 線を放つ銀河団であり、弾丸銀河団と呼ばれる。図
1.3中の緑線は弾丸銀河団を弱い重力レンズ効果を用いて観測した暗黒物質の空間分布であ
る。また銀河団「1E 0657-56」をマゼラン望遠鏡を用いた可視光での観測した結果が図 1.3

中左図、X線天文衛星チャンドラを用いた X線での観測結果が図 1.3中右図である。その
結果、X線で観測された高温プラズマに対して反応率の低い暗黒物質が先行する分布が得ら
れた。これは銀河団スケールでの暗黒物質が存在する証拠の一つである。
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•  先行研究ではSF6ガスを用いたときのμ-PIC+GEMシステムのガスゲインを調べた 
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l  Detector response 
＊Drift Velocity : ~ 9.0 cm/μs 
＊Energy Calibration 
   ・10B(n,α)7Li : 1.5MeV 
　・220Rn and 222Rn α : 10%@6MeV 
＊Energy resolution 
   ・20±5%@width of Rn peak 
　・electronic noise : 2keV@50keV    

We want to detect DM “wind” 
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thermal neutrons from outside for calibration, we placed a 252Cf neutron source surrounded

by polyethylene outside of the detector. This neutron-capture reaction usually emits prompt

gamma-rays, thus the kinetic energy of the generated α particle is 1.5MeV. The linearity of

the TPC response has been evaluated from the α particles in the background radon. Both
220Rn and 222Rn and their progenies make peak at ∼ 6MeV but have difference about 10%.

Since the detector is not able to measure the ratio of these two types of radon, we regarded

the linearity of 6MeV is 10%.

The energy resolution are consists of two factors; non-uniformity of the detector response

(σuni) and electronic noise (σnoise). The former is sourced from the positional dependence

of the gas gain and the disappearance of electrons drifting in the gas volume. This factor is

energy-independent and was evaluated from the width of the radon peak as σuni = 20± 5%.

The latter was evaluated from the flash ADC data. Given that the off-timing waveforms

and on-timing data are processed in the same manner, the electronic noise was evaluated as

σnoise = 2keV in 50 keV.

2.3. Event selection

To reduce the background, several event selections are applied. During the dark matter anal-

ysis, a fiducial cutting volume of 28× 24× 41 cm3 was selected from the detection volume of

30.72× 30.72× 41 cm3. This procedure rejected charged particles ejected from the walls and

the 10B plate. Fiducial cutting was applied to all measurements except the 10B calibration.

The gamma-ray background and the alpha-ray background are then cut by following crite-

ria. Since the energy loss (dE/dx) of an electron is much smaller than that of a nucleus, the

track of electron events should be long (Figure 4) and non-continuous (Figure 5) compared

to the track of nuclear events (Figure 3). The differences in track length and energy-loss

density between these particle species were quantified by two parameters: ”length” and

”TOT-sum.”The parameter ”length” is calculated as followings. In the x-z and y-z plane,

rising points are fitted by straight lines. Here, the rising points have information of the track

shape whereas time durations correspond to the energy deposition. Then, the range of rising

points along the fitted line is calculated on each plane. After that, ”length” in the 3D space

is calculated. Another parameter ”TOT-sum” is the sum of the TOTs of all strips. The TOT

of a given strip is the length between the blue (rise-time) and black (fall-time) points along

the strip. Thus, the TOT-sum of a single event is the total number of blue, red, and black

points, where the red points lie between the start and end points of the event. Also, since

the drift length of the alpha-ray background from radioactive impurities contaminating in

µ-PIC is short, gas diffusion is small, and the track shape is close to a straight line (Figure

6). In order to discriminate these alpha-ray background by using track shape, a ”round-

ness” parameter is defined as Equation 1 as the extent to which the shape of the rise-points

deviates from a straight line.

roundnessx =

Nx∑
(zrisex − axx− bx)2

Nx
, roundnessy =

Ny∑
(zrisey − ayy − by)2

Ny
,

roundness = min(roundnessx, roundnessy), (1)
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Fig. 3 Track sample measured with a 252Cf source. Left and right panels show the z − x

and z − y projections, respectively, of the digitized track. The rise-time points, fall-time

points, and the in-between points are indicated in blue, black, and red, respectively. The

illustrated event has survived the length-cut, the TOT-sum-cut, and the roundness-cut.
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This type of events are cut by the roundness-cut.
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recoil nuclear 
event 

α event 

Old Cut 

u Energy threshold : 50keV
u Fiducial Volume : 24 × 2８ × 41 cm3

u Track Length ‒ Energy cut
u TOT sum cut improved
u Roundness cut

Old Cut
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p Result
l Energy spectrum
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l BG : 1/3＠50keV
l exposure : 2.38 kg・days
~ 7 times more than NEWAGE2015

l Directional-sensitive SD crosssection upper limit 356 pb＠180GeV

preliminary

l limit
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Physics Letters B 578 (2004) 241‒246

DM Particle θ

Nucleus

MDM=80GeV σp-DM=0.1pb

co
un
ts
/3
m
3 y
ea
r/
bi
n

uCurrent：w/o Head-Tail Sense
get |cosθ| information

u This work : w/ Head-Tail Sense
get cosθ information
~ 3 times good sensitivity

w/o HTR w/ HTRSimulation

Neutron BG
expected DM 
signal

|cosθ| cosθ

p R&Ds ( Head-Tail Analysis )
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Ø dE/dx information

dE/dx decreases along  recoil nuclear track
initial point ： large dE/dx
end point    ： small dE/dx

need detailed dE/dx information
along recoil nuclear track

Ø Use dE/dx information of Bragg curve in low energy region

Ø HTS

X-Y
Charge(x, y) (μ-PIC)  

Z
Charge(t) FADC

pHead-Tail Analysis
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CF4 : 0.1 atm、F 500keV

Track direction
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pHead-Tail Analysis
lHead-tail parameter

X : strip position
So as Y
Z : TOT(x) → FADC(t)
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pHead-Tail Analysis
l3-dimensional Head-Tail parameter
HTS_xyz = (1- 2/π*θ)*(1- 2/π*φ)*skewnessX

+ (1- 2/π*θ)(2/π*φ)*skewnessY
+(2/π*θ)*skewnessZ y

x

φ z

r

θ
track

CF4 0.1atm 252Cf run

l We analysis
Head-tail sense power
~ 50% @50-200keV
~ 60% @200-400keV
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l Cosθ spectrum
l Directional limit 
using cosθ distribution is in progress

@50-60keV
cygθcos
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p R&Ds ( Head-Tail Analysis )
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p R&Ds ( Low-alpha μ-PIC )

図 6.2 10× 10 cm2 の低バックグラウンド µ-PIC試作機の外観。

図 6.3 低バックグラウンド µ-PIC試作機のピクセル電極の様子。

低バックグラウンド µ-PIC試作機製作にあたり、製作途中に放射性不純物混入調査のた
めに製作過程での試料を確保した。
試料を確保した製作工程は以下である。

工程 1 製作の元ととなるコア基板のポリイミド 800 µm(製作開始前)

工程 2 ポリイミド 800µm上にアノードストリップを形成し、ポリイミド +エポキシとコ
ア基板の積層プレス後

工程 3 レーザーで穴を開けて銅電極を成長させてつくるビアフェルメッキ加工後
工程 4 ワイヤーボンディング用の電極に加工後 (完成品)

それぞれの測定試料を図 6.4に示す。本研究では上記の工程ごとに U/Th含有量測定を行っ

82
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図 5.12 Geant4によるシミュレーションにおける装置のジオメトリ

本研究では U/Th含有量を HPGe検出器による測定結果を用いるとともに、先行研究で
使用されていたシミュレーションにおける検出器ジオメトリの更新を行った (図 5.13)。更
新箇所を以下に記す。

• 解析的に考慮に入れていた GEMの構造をシミュレーションのジオメトリに組み込む
(図 5.14)

• U/Th由来の α線をポリイミド 100 µm全体から発生させていたところを測定値 tを
用いて発生させる

• µ-PICの銅電極の横に入っていたポリイミドを gasにした (図 5.13中 1⃝)

• gap領域を 4mmを 3.99mmに修正した (図 5.13中 2⃝)

• LCPの厚さを 90µmを 100 µmに修正した (図 5.13中 3⃝)

• GEM穴の大きさの修正をデザイン値である 70 µmから実測値 80µmに修正した (図
5.13中 4⃝)

74

l Low-BG μ-PIC
Ø α from μ-PIC is Large BG.
Ø radio-pure(1/100) 30×30cm2

μ-PIC is made and tested
Ø 2017 ~ underground run

• Low α μ-PICs with a detection area of 30×30cm2 was very successfully 
created 
• alignment control is very good (< 1 μm)

�  M�  ��B��0DK N 2�3��

30cm

30cm • We=confirmed=gas=amplification
• We'will'check'the'performance'of'

a'30�30cm2 LA'μLPIC
• This'will'be'installed'DM'searching'

detector'in'2017'summer

18

production' in'2017

studied	by	Takashi	hashimoto
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p R&Ds ( Negative-Ion TPC )
Development	of	NI-μTPC

2017/6/13 CYGNUS2017 13

• Minority	peaks “discovery”	by	DRIFT	group

- Used	negative	ion	gas	:	CS
2
+O

2

- First	full-fiducialization with	a	gas	

detector
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Figure 1: a) Example detector output after pulse shaping for a typical neutron
recoil candidate event, demonstrating the minority carrier signature. The event
produced 4980 NIPs at a distance of 35.6±0.2 cm from the right MWPC during
a neutron-calibration run. In the waveform labels, ‘R’ stands for ‘right’, ‘A’ for
‘anode’, ‘G’ for ‘grid’, ‘V’ for ‘veto’ and ‘S’ for ‘sum’. Horizontal grey lines above
the coloured anode waveforms indicate the analysis threshold. b) labeled detail
of the channel RA7 (blue) waveform before (grey) and after (black) application
of the undershoot removal algorithm discussed in the text. The dotted vertical
line separates the minority (S, P, D) peaks from the main (I) peak.

4

• Minority	peaks	is	very	powerful	tool!!

- Able	to	reject	μ-PIC	BGs	

• New	negative	ion	gas	:	SF
6

- First	studies	by	N.	Phan	(NMU)

- Also	detected	minority	peaks	

1.2 1.4 1.6 1.8

x 10
4

0

200

400

600

800

1000

Time (us)

I(
t)

 (
a
rb

. 
u
n
it
s
)

 

 

(a) E = 172 V/cm

6000 6500 7000 7500 8000

0

200

400

600

800

1000

Time (us)

I(
t)

 (
a

rb
. 

u
n

it
s
)

 

 

(b) E = 343 V/cm

4000 4500 5000 5500

0

200

400

600

800

1000

Time (us)

I(
t)

 (
a

rb
. 

u
n

it
s
)

 

 

(c) E = 515 V/cm
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(d) E = 686 V/cm
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(e) E = 858 V/cm
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(f) E = 1029 V/cm

Figure 2: 20 Torr SF
6

of the broad structure also increases. However, this behavior is not only
dependent on the field strength but also on the pressure as well, and is not
a simple reduced field (E/p or E/N) e↵ect. The pulse shapes from the 30,
40, 60, and 100 Torr SF

6

data acquired with E = 1029 V/cm are shown
in Figure 4. Besides the positive valued features, in each of Figures 2b -
2f, a small amplitude dip arriving after the primary peak is observed. This
feature has to do with the way the THGEM is connected. The surface of the
THGEM facing the cathode and opposite the readout surface is grounded
to the anode lid. Positive ions produced from the avalanche will drift away
from the positive voltage readout surface and towards the grounded THGEM
surface as well as the anode ground. The ions induce a small positive signal as
they move away from the readout surface but then a small negative signal is
induced as the ions approach the grounded anode end plate. This is because
one of the THGEM surfaces is connected to the anode but is capacitively
coupled to the readout surface.

7

• Negative	Ion	μTPC

ü Gas	gain

ü XY	position	resolution

ü Z	position	resolution

Physics of the Dark Universe 9-10(2015)1-7

N.S. Phan et al 2017 JINST 12 P02012

SF6

CS2+O2

Drift	Group,	Physics	of	the	Dark	Universe	9-10(2015)1-7

N.S.	Phan	et	al	2017	JINST	12	P02012

Drift Group Study
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p R&Ds ( Negative-Ion TPC )
Gas	Gain

2017/6/13 CYGNUS2017 15

• Gas	gain	of	μ-PIC	+	GEM	in	SF6
- Max	gas	gain	is	about	2000	

@20Torr
- Energy	resolution	

FWHM70%@5.9keV
- In	more	high	pressure	,	less	

than	1000

By	Tomonori	Ikeda
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• Tracking	was	succeed
• 2D	position	resolution	:	130μm(RMS)
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Studied	by	Tomonori	Ikeda

l NEWAGE Group Study
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p Summary

l NEWAGE is a direction-sensitive direct dark matter search 
experiment with μ-TPC.

l I present the latest our result of dark matter search 
for RUN14-17.

l We improve TOT-sum cut to reduce gamma background 
decrease to 1/3@50keV.

l I add headt-tail sense methode to analysis : |cosθ| →cosθ
and directional limit is in progress

l Low-alpha μ-PIC, Negative-Ion TPC R&Ds are on going . . .



2017/7/24 - 28 TAUP2017@sudbury 17

Thank you 
for your attention
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When measuring the detection efficiency of the nuclear events and the rejection power of

the gamma-ray events, we imposed the three cuts introduced in subsection 2.3. The measured

detection efficiency of the nuclear recoil events is shown in Figure 11. The efficiency is defined

by applying the three cuts to the energy spectrum, and dividing the measured spectrum

by the simulated one. The denominator in this calculation is the ideal simulated result,

which excludes the detector responses. To cancel the positional dependence, the spectrum

was measured at 6 positions of 252Cf and averaged. The source positions were (25.5 , 0 , 0 ),

(−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). In this way, the

detection efficiency of nuclear events was determined as 40% at 50 keV. There are points

where the error bars is greater than 1, it is because statistical error is large in the high-

energy region due to low event rate. The thresholds of digital signals and cut efficiency

decrease the detection efficiency in the low energy range.

To determine the detection efficiency of electron events, the detector was irradiated with

gamma-rays from a 137Cs source and the data were compared with simulated results. Within

a given energy bin, the detection efficiency is the measured event rate divided by the simu-

lated event rate of electrons with the same energy. The electron detection efficiency in the

energy bin 50− 100 keV was evaluated as 2.5× 10−5. The electron detection efficiency is

plotted as a function of energy in Figure 12.

The direction-dependent efficiency in the 50− 100 keV range was measured by irradiating

the detector with neutrons from a 252Cf source placed at various positions; namely, at

(25.5 , 0 , 0 ), (−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). For

simulations, we confirmed that the weighted average of these six measurements (standard

deviation = 23%) properly captures isotropic recoil. In the expected direction distribution

of the recoil nuclear tracks scattered by dark matter, the weighting factor is the measured

direction-dependent efficiency.

The angular resolution was evaluated from the neutron-nuclei elastic scatterings. Specifi-

cally, the measured | cos θ| distributions were compared to the simulated distributions, where

θ is the angle between the directions of the scattered nuclei and the 252Cf neutron source.

In our previous detector study, we measured the angular resolution as 40◦ at the energy

threshold of 50 keV[16].
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p Detector Response
u Nuclear detection efficiency

l 40%@50keV
l 80%@200keV

u Gamma rejection power
l ~ 2 × 10-5 @ 50-100keV
l ~ 10-7 @ 100‒400keV

When measuring the detection efficiency of the nuclear events and the rejection power of

the gamma-ray events, we imposed the three cuts introduced in subsection 2.3. The measured

detection efficiency of the nuclear recoil events is shown in Figure 11. The efficiency is defined

by applying the three cuts to the energy spectrum, and dividing the measured spectrum

by the simulated one. The denominator in this calculation is the ideal simulated result,

which excludes the detector responses. To cancel the positional dependence, the spectrum

was measured at 6 positions of 252Cf and averaged. The source positions were (25.5 , 0 , 0 ),

(−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). In this way, the

detection efficiency of nuclear events was determined as 40% at 50 keV. There are points

where the error bars is greater than 1, it is because statistical error is large in the high-

energy region due to low event rate. The thresholds of digital signals and cut efficiency

decrease the detection efficiency in the low energy range.

To determine the detection efficiency of electron events, the detector was irradiated with

gamma-rays from a 137Cs source and the data were compared with simulated results. Within

a given energy bin, the detection efficiency is the measured event rate divided by the simu-

lated event rate of electrons with the same energy. The electron detection efficiency in the

energy bin 50− 100 keV was evaluated as 2.5× 10−5. The electron detection efficiency is

plotted as a function of energy in Figure 12.

The direction-dependent efficiency in the 50− 100 keV range was measured by irradiating

the detector with neutrons from a 252Cf source placed at various positions; namely, at

(25.5 , 0 , 0 ), (−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). For

simulations, we confirmed that the weighted average of these six measurements (standard

deviation = 23%) properly captures isotropic recoil. In the expected direction distribution

of the recoil nuclear tracks scattered by dark matter, the weighting factor is the measured

direction-dependent efficiency.

The angular resolution was evaluated from the neutron-nuclei elastic scatterings. Specifi-

cally, the measured | cos θ| distributions were compared to the simulated distributions, where

θ is the angle between the directions of the scattered nuclei and the 252Cf neutron source.

In our previous detector study, we measured the angular resolution as 40◦ at the energy

threshold of 50 keV[16].
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When measuring the detection efficiency of the nuclear events and the rejection power of

the gamma-ray events, we imposed the three cuts introduced in subsection 2.3. The measured

detection efficiency of the nuclear recoil events is shown in Figure 11. The efficiency is defined

by applying the three cuts to the energy spectrum, and dividing the measured spectrum

by the simulated one. The denominator in this calculation is the ideal simulated result,

which excludes the detector responses. To cancel the positional dependence, the spectrum

was measured at 6 positions of 252Cf and averaged. The source positions were (25.5 , 0 , 0 ),

(−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). In this way, the

detection efficiency of nuclear events was determined as 40% at 50 keV. There are points

where the error bars is greater than 1, it is because statistical error is large in the high-

energy region due to low event rate. The thresholds of digital signals and cut efficiency

decrease the detection efficiency in the low energy range.

To determine the detection efficiency of electron events, the detector was irradiated with

gamma-rays from a 137Cs source and the data were compared with simulated results. Within

a given energy bin, the detection efficiency is the measured event rate divided by the simu-

lated event rate of electrons with the same energy. The electron detection efficiency in the

energy bin 50− 100 keV was evaluated as 2.5× 10−5. The electron detection efficiency is

plotted as a function of energy in Figure 12.

The direction-dependent efficiency in the 50− 100 keV range was measured by irradiating

the detector with neutrons from a 252Cf source placed at various positions; namely, at

(25.5 , 0 , 0 ), (−25.5 , 0 , 0 ), (0 , 25.5 , 0 ), (0 ,−25.5 , 0 ), (0 , 0 , 47.5 ), and (0 , 0 ,−47.5 ). For

simulations, we confirmed that the weighted average of these six measurements (standard

deviation = 23%) properly captures isotropic recoil. In the expected direction distribution

of the recoil nuclear tracks scattered by dark matter, the weighting factor is the measured

direction-dependent efficiency.

The angular resolution was evaluated from the neutron-nuclei elastic scatterings. Specifi-

cally, the measured | cos θ| distributions were compared to the simulated distributions, where

θ is the angle between the directions of the scattered nuclei and the 252Cf neutron source.

In our previous detector study, we measured the angular resolution as 40◦ at the energy

threshold of 50 keV[16].
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improved TOT-sum cut applied
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l About 5~10 % decrease
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252Cf run
・roundness cut

thermal neutrons from outside for calibration, we placed a 252Cf neutron source surrounded

by polyethylene outside of the detector. This neutron-capture reaction usually emits prompt

gamma-rays, thus the kinetic energy of the generated α particle is 1.5MeV. The linearity of

the TPC response has been evaluated from the α particles in the background radon. Both
220Rn and 222Rn and their progenies make peak at ∼ 6MeV but have difference about 10%.

Since the detector is not able to measure the ratio of these two types of radon, we regarded

the linearity of 6MeV is 10%.

The energy resolution are consists of two factors; non-uniformity of the detector response

(σuni) and electronic noise (σnoise). The former is sourced from the positional dependence

of the gas gain and the disappearance of electrons drifting in the gas volume. This factor is

energy-independent and was evaluated from the width of the radon peak as σuni = 20± 5%.

The latter was evaluated from the flash ADC data. Given that the off-timing waveforms

and on-timing data are processed in the same manner, the electronic noise was evaluated as

σnoise = 2keV in 50 keV.

2.3. Event selection

To reduce the background, several event selections are applied. During the dark matter anal-

ysis, a fiducial cutting volume of 28× 24× 41 cm3 was selected from the detection volume of

30.72× 30.72× 41 cm3. This procedure rejected charged particles ejected from the walls and

the 10B plate. Fiducial cutting was applied to all measurements except the 10B calibration.

The gamma-ray background and the alpha-ray background are then cut by following crite-

ria. Since the energy loss (dE/dx) of an electron is much smaller than that of a nucleus, the

track of electron events should be long (Figure 4) and non-continuous (Figure 5) compared

to the track of nuclear events (Figure 3). The differences in track length and energy-loss

density between these particle species were quantified by two parameters: ”length” and

”TOT-sum.”The parameter ”length” is calculated as followings. In the x-z and y-z plane,

rising points are fitted by straight lines. Here, the rising points have information of the track

shape whereas time durations correspond to the energy deposition. Then, the range of rising

points along the fitted line is calculated on each plane. After that, ”length” in the 3D space

is calculated. Another parameter ”TOT-sum” is the sum of the TOTs of all strips. The TOT

of a given strip is the length between the blue (rise-time) and black (fall-time) points along

the strip. Thus, the TOT-sum of a single event is the total number of blue, red, and black

points, where the red points lie between the start and end points of the event. Also, since

the drift length of the alpha-ray background from radioactive impurities contaminating in

µ-PIC is short, gas diffusion is small, and the track shape is close to a straight line (Figure

6). In order to discriminate these alpha-ray background by using track shape, a ”round-

ness” parameter is defined as Equation 1 as the extent to which the shape of the rise-points

deviates from a straight line.

roundnessx =

Nx∑
(zrisex − axx− bx)2

Nx
, roundnessy =

Ny∑
(zrisey − ayy − by)2

Ny
,

roundness = min(roundnessx, roundnessy), (1)
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Fig. 3 Track sample measured with a 252Cf source. Left and right panels show the z − x

and z − y projections, respectively, of the digitized track. The rise-time points, fall-time

points, and the in-between points are indicated in blue, black, and red, respectively. The

illustrated event has survived the length-cut, the TOT-sum-cut, and the roundness-cut.
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Fig. 4 Track sample from a 137Cs source, cut by the length-cut.
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Fig. 5 Track sample from a 137Cs source , cut by the TOT-sum-cut.
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Fig. 6 Track sample of α particle background from µ-PIC, contaminating in 137Cs run.

This type of events are cut by the roundness-cut.
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Fig. 6 Track sample of α particle background from µ-PIC, contaminating in 137Cs run.

This type of events are cut by the roundness-cut.
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Prog. Theor. Exp. Phys. 2015, 043F01      
K. Nakamura

・linear fit of rise point for strips
・αlpha event -> linear。
・neutron event -> round

252Cf run

137Cs run

neutron

αlpha
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pHead-Tail Analysis
lHead-tail parameter
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p R&Ds ( Upsizing )
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Fig. 3. Simulated recoil angle distributions for the ST (semi-tracking) mode (upper) and the FT (full-tracking) mode (lower). The pressures
of the CF4 gas are 30 and 20 Torr for the ST mode and FT mode, respectively. Neutron background is estimated based on the measured fast
neutron flux (1.9± 0.21) × 10−6 n/(cm2 s) at Kamioka Observatory and a 50 cm water shield. WIMP signals, neutron background, and the
total observable events are shown in the hatched, filled, and solid-line histograms, respectively. Theoretical calculations are also shown by the
dashed lines.

Fig. 4. Asymmetry-detection confidence level (ADCL) [σ ] as a
function of the gas pressure and the corresponding recoil energy
threshold. It is seen that FT (full-tracking) and ST (semi-tracking)
modes have different optimum pressures.

4. Conclusions

In this Letter, we have shown that µ-TPC filled
with CF4 gas is a promising device for WIMP-wind
detection via SD interactions. By the full-tracking
method with sufficient exposure, it is expected that
we cannot only detect the WIMP-wind, but can also
precisely study the nature of WIMPs.
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• Two	NI-μTPCs with	30�30�50cm3	in	cygnus vessel
• Will	be	ready	by	April	2018
• Expect	two	order	improvement	
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Fig. 3. Simulated recoil angle distributions for the ST (semi-tracking) mode (upper) and the FT (full-tracking) mode (lower). The pressures
of the CF4 gas are 30 and 20 Torr for the ST mode and FT mode, respectively. Neutron background is estimated based on the measured fast
neutron flux (1.9± 0.21) × 10−6 n/(cm2 s) at Kamioka Observatory and a 50 cm water shield. WIMP signals, neutron background, and the
total observable events are shown in the hatched, filled, and solid-line histograms, respectively. Theoretical calculations are also shown by the
dashed lines.

Fig. 4. Asymmetry-detection confidence level (ADCL) [σ ] as a
function of the gas pressure and the corresponding recoil energy
threshold. It is seen that FT (full-tracking) and ST (semi-tracking)
modes have different optimum pressures.

4. Conclusions

In this Letter, we have shown that µ-TPC filled
with CF4 gas is a promising device for WIMP-wind
detection via SD interactions. By the full-tracking
method with sufficient exposure, it is expected that
we cannot only detect the WIMP-wind, but can also
precisely study the nature of WIMPs.
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• Will	be	ready	by	April	2018
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Fig. 3. Simulated recoil angle distributions for the ST (semi-tracking) mode (upper) and the FT (full-tracking) mode (lower). The pressures
of the CF4 gas are 30 and 20 Torr for the ST mode and FT mode, respectively. Neutron background is estimated based on the measured fast
neutron flux (1.9± 0.21) × 10−6 n/(cm2 s) at Kamioka Observatory and a 50 cm water shield. WIMP signals, neutron background, and the
total observable events are shown in the hatched, filled, and solid-line histograms, respectively. Theoretical calculations are also shown by the
dashed lines.

Fig. 4. Asymmetry-detection confidence level (ADCL) [σ ] as a
function of the gas pressure and the corresponding recoil energy
threshold. It is seen that FT (full-tracking) and ST (semi-tracking)
modes have different optimum pressures.

4. Conclusions

In this Letter, we have shown that µ-TPC filled
with CF4 gas is a promising device for WIMP-wind
detection via SD interactions. By the full-tracking
method with sufficient exposure, it is expected that
we cannot only detect the WIMP-wind, but can also
precisely study the nature of WIMPs.
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Future	Prospect
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• Two	NI-μTPCs with	30�30�50cm3	in	cygnus vessel
• Will	be	ready	by	April	2018
• Expect	two	order	improvement	

50cm

30cm

30cm

CYGNUS/NEWAGE vessel

SF6

Fiducial volume

µ-PIC1

µ-PIC2

・Two NI-μTPC with 30 × 30 × 50 cm3 in cygnus vessel
・Two order improvement for directioanl limit
・Will be ready by April 2018 


