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Figure 2.1.1: The schematic view of the motion of the Sun and the Earth in our galaxy.

The number density of WIMPs, dn, with the velocity of v ∼ v + dv is written as

dn =
n0

k
f(v,vE)d

3v, (2.2)

n0 ≡
∫ vesc

0
dn , k =

∫ 2π

0
dφ

∫ +1

−1
d(cos θ)

∫ vesc

0
f(v,vE)v

2dv ,

where k is the normalize constant, n0 is the total number of WIMPs in our galaxy, vesc is

the escape velocity of the galaxy, θ is the angle between vE and WIMP velocity, and φ is

azimuth angle taking WIMP velocity vector as a zenith. Assuming a Boltzmann distribution,

the velocity distribution of the dark matter f(v,vE) is written as

f(v,vE) = e−(v+vE)2/v20 , (2.3)

where v0 is the velocity dispersion of our galaxy and if the galaxy rotation velocity is flat, it

becomes rotation velocity. The normalize constant k is derived in case vesc is infinite or not as

k = k0 = (πv20)
3/2 (vesc = ∞) (2.4)

k = k1 = k0

{
erf

(
vesc
v0

)
− 2

π1/2

vesc
v0

e−v2esc/v
2
0

}
(vesc ̸= ∞), (2.5)

where erf(x) ≡ 2
π1/2

∫ x
0 e−t2dt is the error function.

The differential event rate R per target mass per days is

dR =
NA

A
σvdn, (2.6)

where NA is the Avogadro number (6.02×1026), A is the mass number of the target nucleus, v =

|v−vE| is the dark matter velocity relative to the target, σ is the WIMP-nucleus cross section.
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SD, M図 3.9: 異なる標的原子核に対する、SI 反応で予想されるエネル
ギースペクトル。WIMP の質量は MD = 100GeV/c2、散乱断面
積は σSI

χ−p = 1 × 10−6 pb とした。

recoil energy [keV]
0 20 40 60 80 100 120 140 160 180 200

ev
en

t r
at

e 
[c

ou
nt

s/
ke

V/
kg

/d
ay

s]

-610

-510

-410

-310

=20GeVDF  M19

=50GeVDF  M19

=100GeVDF  M19

=200GeVDF  M19

=1e-6 [pb],  averageσF,  19SI, 

recoil energy [keV]
0 20 40 60 80 100 120 140 160 180 200

ev
en

t r
at

e 
[c

ou
nt

s/
ke

V/
kg

/d
ay

]

-310

-210

-110

1

10
=20GeVDF  M19

=50GeVDF  M19

=100GeVDF  M19

=200GeVDF  M19

=1 [pb],  averageσF,  19SD, 
recoil energy [keV]

0 20 40 60 80 100 120

ev
en

t r
at

e 
[c

ou
nt

s/
ke

V/
kg

/d
ay

s]

-410

-310

-210

C12

F19

Na22

Ar39

Ge74

I127

Xe132

=1e-6 [pb]σ=100 [GeV],  
D

SI, M

recoil energy [keV]
0 20 40 60 80 100 120

ev
en

t r
at

e 
[c

ou
nt

s/
ke

V/
kg

/d
ay

s]

-310

-210

-110

1

F19

Li7

Na23

Ge73

I127

Xe131

=1 [pb]σ=100 [GeV],  
D

SD, M

図 3.10: 異なる標的原子核に対する、SD 反応で予想されるエネル
ギースペクトル。WIMP の質量は MD = 100GeV/c2、散乱断面
積は σSD

χ−p = 1pb とした。

3.4.2 季節変動
エネルギースペクトルの季節変動は地球の公転による銀河に対する地球の相対速度 vE の変化 (3.1

式)によって生じる。vE は 6月 2日に最大となり、12月 4日に最小となる。またその変動率は 5%

程度である。この僅かな季節変化を測定するためには、固体検出器といった大質量検出器を用いた長
時間観測を行って統計を貯め統計誤差を小さくし、非常に安定した環境で実験を行うことで系統誤差
を低くする必要がある。季節変動の観測結果については 3.5節で述べる。
図 3.11 は 6 月と 12 月で予想されるエネルギースペクトルである。ここで、標的原子核は 19F、

WIMPとの反応は SD、MD = 100GeV、σSD
χ−p = 1 pbを用いた。
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図 3.11: 予想されるエネルギースペクトルの季節変化。標的原子核は 19F、WIMP との反応は SD、MD = 100GeV/c2、σSD
χ−p = 1pb

とした。[57]
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Backgrounds
Extrinsic Intrinsic

Electronic recoil Radiogenic γ, β
222Rn progeny (β)

85Kr (β)
v-electron scattering

136Xe ββ

Nuclear recoil Radiogenic neutrons
Cosmogenic (μ-induced) n Coherent ν-nucleus sc.

Other backgrounds:
 
Accidental coincidences
Events from unusual regions (gas, cathode)

S1/S2 discrimination

LXe self-shieldingInstrumented water shield
10m high, 10m diam.

85Kr distillation

Gran Sasso mountain
3.6 km water eq.

[https://arxiv.org/abs/1406.2374]

[arxiv:1612.04284]
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find weaknesses in the DAMA 
experiment, such as environmen-
tal effects that the researchers had 
not taken into account, have failed. 
“The modulation signal is there,” 
says Kaixuan Ni at the University 
of California, San Diego, who 
works on a dark-matter experi-
ment called XENON1T. “But how 
to interpret that signal — whether 
it’s from dark matter or something 
else — is not clear.”

No other full-scale experi-
ment has used sodium iodide in 
its detector, although the Korea 
Invisible Mass Search (KIMS), in 
South Korea, used caesium iodide. 
So the possibility remains that dark 
matter interacts with sodium in a 
different way to other elements. 
“Not until someone has turned 
on a detector made of the same 
material will you grow convinced 
that nothing is there,” says Juan 
Collar at the University of Chicago, 
Illinois, who has worked on several 
dark-matter experiments.

Many have found it challenging 
to grow sodium iodide crystals 
with the required purity. Contam-
ination by potassium, which has 
a naturally occurring radioactive 
isotope, is a particular problem. 

But now three dark-matter-hunting teams 
— KIMS; DM-Ice, run from Yale University 
in New Haven, Connecticut; and ANAIS, at 
the University of Zaragoza, Spain — have each 
obtained crystals with about twice the level of 
background radioactivity of DAMA’s. That is 
pure enough to test its results, they say. 

The KIMS and DM-Ice teams have built a 
sodium iodide detector together at Yangyang 
Underground Laboratory, 160 kilometres 
east of Seoul. This instrument uses an ‘active 
veto’ sensor that will enable it to separate the 
dark-matter signal from the noise better than 
DAMA does, says Yeongduk Kim, the direc-
tor of South Korea’s Center for Underground 
Physics in Daejeon, which manages KIMS. 

ANAIS is building a similar detector in the 
Canfranc Underground Laboratory in the 
Spanish Pyrenees. Together, KIMS/DM-Ice 
and ANAIS will have about 200 kilograms of 
sodium iodide, and they will pool their data. 

That is comparable to DAMA’s 250 kilograms, 
enabling them to catch a similar number of 
WIMPs, they say. Even though the newer 
detectors will have higher levels of background 
noise, it should still be possible to either falsify 
or reproduce the very large DAMA signal, says 
Reina Maruyama of Yale, who leads DM-Ice. 

But Calaprice argues that high purity is more 
important than mass. He and his collaborators 
have developed a technique to lower contami-
nation, and in January announced that they 
were the first to obtain crystals purer than 
DAMA’s. He expects to reduce the background 
levels further, to one-tenth of DAMA’s. 

The project, SABRE (Sodium-iodide with 
Active Background Rejection), will put one 
detector at Gran Sasso and the other at the 
Stawell Underground Physics Laboratory, 
which is being built in a gold mine in Victoria, 
Australia. SABRE will also use a sensor to pull 
out the dark-matter signal from noise, and will 

have a total mass of 50 kilograms. 
SABRE should complete its 

research and development stage 
in about a year, and will build 
its detectors soon after that, says 
Calaprice. It will then make its 
technology available to other labs 
— something that DAMA did not 
do. And having twin detectors in 
both the Northern and South-
ern hemispheres could clarify 
whether environmental effects 
could have mimicked dark mat-
ter’s seasonality in DAMA’s results 
— if the signal is from WIMPs, 
then both detectors should see 
peaks at the same time.

DAMA will wait at least until 
2017 to release its latest results, 
says spokesperson Rita Bernabei 
of the University of Rome Tor Ver-
gata. She is not holding her breath 
about the upcoming sodium 
iodide detectors. “Our results have 
already been verified in countless 
cross-checks in 14 annual cycles, 
so we have no reason to get excited 
about what others may do,” she 
says. If other experiments do not 
see the annual modulation, she 
adds, her collaboration will con-
clude that they do not yet have 
sufficient sensitivity. 

Could the teams prove DAMA right? “I 
was unwilling to believe the DAMA results 
or even take them seriously at first,” says 
Katherine Freese, a theoretical astroparticle 
physicist at the University of Michigan in 
Ann Arbor, who with her collaborators first 
proposed the seasonal modulation technique 
used by DAMA2. But, as DAMA’s data have 
accumulated, and no other explanation for 
their signal has arisen, Freese is now excited 
by the possibility that dark matter may have 
been discovered after all. The fact that many 
have tried and failed to repeat DAMA’s experi-
ment shows that it is not easy, says Elisabetta 
Barberio at the University of Melbourne, who 
leads the Australian arm of SABRE. “The more 
one looks into their experiment, the more one 
realizes that it is very well done.” ■
1. Bernabei, R. et al. Eur. Phys. J. C 73, 2648 (2013).
2. Drukier, A. K., Freese, K. & Spergel, D. N. Phys. Rev. D 

33, 3495–3508 (1986).
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The DAMA team uses sodium iodide housed in copper to hunt for dark matter.
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Figure 1. Experimental model-independent residual rate of the single-hit scintillation events,
measured by DAMA/NaI over seven and by DAMA/LIBRA over six annual cycles in the (2 – 6)
keV energy interval as a function of the time [4, 5, 17, 18]. The zero of the time scale is January
1st of the first year of data taking. The experimental points present the errors as vertical bars
and the associated time bin width as horizontal bars. The superimposed curve is A cos ω(t− t0)
with period T = 2π

ω
= 1 yr, phase t0 = 152.5 day (June 2nd) and modulation amplitude, A,

equal to the central value obtained by best fit over the whole data. The dashed vertical lines
correspond to the maximum expected for the DM signal (June 2nd), while the dotted vertical
lines correspond to the minimum. See Refs. [17, 18] and text.

more than one detector “fires”. In fact, since the probability that a DM particle interacts in
more than one detector is negligible, a DM signal can be present just in the single-hit residual
rate. Thus, this allows the study of the background behaviour in the same energy interval of
the observed positive effect. The result of the analysis is reported in figure 2 where it is shown
the residual rate of the single-hit events measured over the six DAMA/LIBRA annual cycles, as
collected in a single annual cycle, together with the residual rates of the multiple-hits events, in
the same (2–6) keV energy interval. A clear modulation is present in the single-hit events, while
the fitted modulation amplitudes for the multiple-hits residual rate are well compatible with
zero [18]. Similar results were previously obtained also for the DAMA/NaI case [5]. Thus, again
evidence of annual modulation with proper features, as required by the DM annual modulation
signature, is present in the single-hit residuals (events class to which the DM particle induced
events belong), while it is absent in the multiple-hits residual rate (event class to which only
background events belong). Since the same identical hardware and the same identical software
procedures have been used to analyse the two classes of events, the obtained result offers an
additional strong support for the presence of a DM particle component in the galactic halo
further excluding any side effect either from hardware or from software procedures or from
background.

The annual modulation present at low energy has also been analyzed by depicting the
differential modulation amplitudes, Sm, as a function of the energy; the Sm is the modulation
amplitude of the modulated part of the signal obtained by maximum likelihood method over
the data, considering T = 1 yr and t0 = 152.5 day.

The Sm values are reported as function of the energy in figure 3. It can be inferred that
a positive signal is present in the (2–6) keV energy interval, while Sm values compatible with
zero are present just above; in particular, the Sm values in the (6–20) keV energy interval have
random fluctuations around zero with χ2 equal to 27.5 for 28 degrees of freedom. It has been
also verified that the measured modulation amplitudes are statistically well distributed in all
the crystals, in all the annual cycles and energy bins; these and other discussions can be found
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• 季節変動の観測を唯一主張

• NaIを用いた直接探索実験

• 2-6keVで9.3σの観測
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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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4.2 MPGD: µ-PIC879

The micro-pixel chamber (µ-PIC), a type of MPGD, was first developed in 2000 by Tanimori880

and Ochi [133]. The most unique feature of the µ-PIC compared to other types of MPGDs is881

that the detector is a monolithic board. This o↵ers an advantage in developing large-scale de-882

tectors, which is essential for rare event search experiments. Another feature of the µ-PIC is883

that the gas amplification structure (typically 50 µm-diameter anode electrodes) also consti-884

tutes a two-dimensional micro-pattern (typically 400 µm pitch) readout. This simplifies the885

detector system, which could be another advantage in developing low-background detectors.886

A schematic of the µ-PIC is shown in the left panel of Fig. 8. Cathode electrodes are887

formed on the detection side of a substrate with a pitch of 400 µm. The polyimide film888

substrate is 100 µm thick. The cathode strips have circular openings with 260 µm diameter889

and 400 µm pitch. Anode electrodes with diameters of 50 µm are formed at the center of each890

opening. Both the anode and cathode electrodes are made of copper. The gas amplification891

occurs in the strong electric field near the anode electrode. The pixel-shaped electrodes were892

implemented so that the detectors do not su↵er destructive discharges, which had been a893

problem in previous MSGCs [134]. Anode electrodes are connected through the substrate to894

the anode readout strips on the rear side. The anode strips run orthogonal to cathode strips895

so that the two-dimensional position of an event can be determined from the coincidence of896

the anode and cathode-strip signals.897

4.2.1 Development of the µ-PIC and related technologies898

The development of the µ-PIC started in the year 2000 with a small prototype that had a de-899

tection area of 3⇥3 cm2 [133]. After this proof-of-concept, development of a practical-sized900

– 26 –

μ-PIC	(30cm×30cm)

E

• μ-PIC	(Micro-pixel	chamber)
- X-Y	readout
- Detection	area	:	10×10cm2

- Strip	pich:	400μm
- Made	by	DNP,	Japan

400um50um
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energy. Evaluated detection efficiency in the energy bin 50 − 100 keV was 2.5 × 10−5. The

energy dependence of the electron detection efficiency is shown in Figure 4.4.15.
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Figure 4.4.14: The detection efficiency of nuclear events.
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Figure 4.4.15: The detection efficiency of the electron event, or gamma-ray rejection power.
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• Nuclear	track	detection	efficiency	:	~40%	
@	50keVee

• Gamma	rejection	:	2.5e-5	@	50keVee
• Energy	resolution	:	7.8keV(σ)	@	50keVee
• Angular	resolution	:	40°(σ)	@50keVee

energy. Evaluated detection efficiency in the energy bin 50 − 100 keV was 2.5 × 10−5. The

energy dependence of the electron detection efficiency is shown in Figure 4.4.15.
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Nuclear	track	detection	efficiency

Gamma	rejection	Efficiency
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As a next step, we measured the recoiled nuclear tracks by neutrons from the 252Cf source,

at six positions, given above. Measured events were weighted by the direction-dependent

efficiency and thus corrected | cos θ| is obtained The observed | cos θ| distribution is shown by

the blue histogram in Figure 4.4.18. To determine the angular resolution, we simulated the

neutron-nucleus scatterings assuming several angular resolutions as shown in Figure 4.4.19, and

compared them to the measured distributions. We calculated a χ2 of | cos θ| distribution for

each simulated angular resolution, and the χ2 values plotted against the angular resolutions are

shown in Figure 4.4.20. We obtained the minimum χ2(≡ χ2
min) point using a fitted polynomial

function. We then set 1σ error for the angular resolution as the range determined from [χ2
min :

χ2
min + 1] [80].

We measured the angular resolutions in each energy ranges. The result is shown in Fig-

ure 4.4.21. By using the low pressure gas of 0.1 atm, we were able to measure the angular

resolution in the 50− 100 keV energy range in addition to other energy ranges.
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Figure 4.4.21: Obtained angular resolution for each energy.

4.4.5 Direction dependent efficiency

We measured the overall direction-dependent efficiency in the 50 − 100 keV range by us-

ing the DAQ-mode5 with a self-trigger. The detector was irradiated with the neutrons from

the 252Cf source placed at (25.5 cm, 0 cm, 0 cm), (−25.5 cm, 0 cm, 0 cm), (0 cm, 25.5 cm, 0 cm),

(0 cm,−25.5 cm, 0 cm), (0 cm, 0 cm, 47.5 cm) and (0 cm, 0 cm,−47.5 cm). We confirmed that we

76

Angular	resolution
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THIS WORK (RUN14)

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

Figure 5.2.2: Limits of SD cross section, σSD
χ−p, as a function of mass of WIMP mass Mχ. Red thick solid

line is the result of a directional method in this work. Blue thick dotted line is a result obtained with
the conventional method for reference. Red thin lines labeled ”NEWAGE surface run” and ”NEWAGE
2010 (RUN5)” are previous results measured at surface and Kamioka, respectively[83]. Allowed region
(DAMA[39]) and upper limits of other experiments are shown for comparison. Green lines are limits set
by liquid or solid detectors, blue lines are the limits set by gas detectors with conventional analysis.

reference. The largest systematic error is arised from the uncertainty of the energy resolution.

Since the shape of the expected energy spectrum is exponential (Figure 2.1.2), the lower limit

is obtained for the larger energy resolution. As described in the Section 4.4.2, the energy

resolution is sum of σuni = 20 ± 5% and σnoise = 2keV. In order to obtain the conservative

limit, σuni = 15% is used for the analysis (total energy resolution is 7.8 keV for 50 keV). It

should be noted that the direction-sensitive analysis and conventional method provide similar

limits with this low statistic results. Figure 5.2.3 shows the calculated χ2/d.o.f. values with the

WIMP model (red), and calculated that with the flat-background model (black). The minimum

χ2 values are shown in the 20− 70GeV mass region. As for the 100− 1000GeV mass region,

86

• Obtained	limit:	
557pb@200GeV

• Improved	one	order	of	
magnitude	from	first	
underground	RUN

Red		:	directional	analysis
Blue	:	spectrum	analysis

First	underground	RUN

K.Nakamura et.al,	PTEP(2015)043F01s
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2017/6/13 CYGNUS2017 17

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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• Main	BG	is	alpha	particle	from	μ-PIC
- Measured	by	high	pure	Ge	detector

100μm

800μm

100μm

Ø Two	approach	for	reduction	of	BGs
- Low	α	μ-PIC
- Full-fiducialization analysis	using	Negative	Ion

238U [μBq/cm2]
middle	stream†

232Th	
[μBq/cm2]

PI	100μm 68.5±1.5 102.1±2.3

Glass cloth 64.5±0.1 86.8±1.1

(PI)-(Glass	cloth) 4.0±1.5 15.3±2.6

Cross-section	view	of	μ-PIC

Polyimide including Glass cloth

Glass	cloth

• U/Th in	the	Polyimide	100um	can	be	
explained	by	U/Th of	glass	cloth

By	Takashi	Hashimoto

αα
U/Th contamination



Development	of	Low	α	μ-PIC
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238U[ppm] 232Th[ppm]
PI including glass cloth 0.39±0.01 1.81±0.04

PI+epoxy < 2.98×10-3 < 6.77×10-3

By	Takashi	Hashimoto
• Production	of	μ-PIC	with	low	radioactive	materials

- Glass	cloth	was	used	as	reinforced	material
- Epoxy	can	be	replacement

100μm

800μm

100μm
epoxy

polyimide

75μm

5μm

PI	+	epoxy

U/Th contamination

ß New	material

• Polyimide+epoxy has	1/100 radioactivity



Performance	of	Low	α	μ-PIC	
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Anode_V[V]
440 460 480 500 520 540 560 580 600

ga
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ga
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310

standard uPIC

LA uPIC

• The	Low	α	μ-PIC	was	successfully	created
- Detection	area	:	10×10cm2	 and	30×30cm2

- Alignment	is	good

• Gas	gain	is	almost	the	same	as	standerd μ-PIC
- Max	gas	gain	is	about	5000

Gas	gain	(10×10cm2)

Ar:C2H6 =9:1 (1atm)
55Fe

• The	Low	α μ-PIC	with	large	size	will	be	installed	in	
July	2017

By	Takashi	Hashimoto
10

cm

30cm

30
cm

10cm

Low α µ-PIC Low α µ-PIC(30×30)



陰イオンガス検出器の開発
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Physics of the Dark Universe 9-10(2015)1-7

-HV

NI gas

Amp

[v
]

X SF6-

[s]

• 陰イオンガスを⽤いたZの位置決定
- DRIFTグループ(英・⽶)が陰

イオンガスCS2 を⽤いて
MWPC-TPCでZの絶対位置決
定に成功

- ガス検出器でも有効体積カッ
トが可能に

• NEWAGEグループでも2015年から陰イオ
ン検出器の開発
- SF6+CF4ガス
- Zの位置分解能2.5cm(RMS)
- ⾶跡の2D位置分解能130um

200us

Fiducial	volume
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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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̺Ɉ˞~ɡ̹ƖǬĽ_�Ėȉk�

�\{ƶj���T  

�  
Ő 2 V͉ǹ̺Ɉ˞}̴W}ĖȉǬĽ

xĮŮȔĳ˦}zkʾ}îƙ}Ú

ƴĐƎT1 {¶Í��ǌtɉƩɢz

ĐƎxz�T  
 

 
Ő 3͉I-TPC }ȟƗŐT  
 

�  
Ő 4͉´¬� Å�Ë°}�²Ç�

Í¦º�¯ÇTȴƱɃ}ƀĄwSÅ

°Ë}ďkFʖ} 6MeV }¶Í�

�ʉĨĐ{ipTáƤSȴƱɃ�č

ĭk�fxw 1/10 �ɣǍkT  

������ 	������ ;Å¢��

]2 [GeV/crM10 210 310

[p
b]

-p
r

m

-210

-110

1

10

210

310

410

510

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

DRIFT 2015
DAMA allowed(NaI)

NEWAGE 2010 (RUN5)NEWAGE surface run

NEWAGE 2015 (RUN14)

NEWAGE 2019

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

� 
�¸ģÏċ;�¦´ěß;|Ė
¹ë�

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
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2m

2m

40cm

40cm
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• NEWAGEは⽅向に感度を持った暗⿊物質探索実験

• ⽅向情報を⽤いた解析で557pb@200GeV

• R&Dとして、低BGμ-PIC、陰イオンガス検出器の開発を⾏っている

• 将来1m3級の検出器を⽤いて世界初の⽅向感度でDAMA領域の探索を⾏う



Next	stage
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• Tracking	with	detection	of	minority	carrier

• Development	of	ASIC	for	NI-μTPC
- Wide	dynamic	range	:	-10pC	〜 10pC
- High	gain	:	10mV/fC
- Slow	shaper	:	4us

!

!"#$%"&%!' !"#$ %&'$

!"#"$%&'"()*%+*,-./0"*120(.$*/".3%4)*"$",)/%(2,1*+%/*$25423*./0%(*678

()*+!"(),-./#"()0123#"()4567$()489:#();<=#(

>?@#"()AB.C#"()DEFG#"()1HIJ#"()1KLM!"()HNO#(

PQRS#()T1UM!"()VWXYZ#"()[\]#()*+,-+).+/01223#"

^_'!()`abc#()def`g$()4516789"

ß LTARS2016_K01	TEG	chip

μ-PIC	+	GEM	+	SF6
Gas gain 2000

Z resolution 6.8cm Need more study

XY resolution 130um

Summary

ASIC	test	boardà
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Residual	distribution

• Tracking	was	succeed
• 2D	position	resolution	:	130μm(RMS)

σxy=130µm

µ-PIC(400µm pich) +GEM 
SF6(20Torr)

residual [mm]



(IRSN- Cadarache) allowing to select the energy of the neutrons by the angle with respect to a
proton beam producing a neutron resonance on a LiF target.

On fig 4 (center and right panel), 3D tracks of nuclear recoils following elastic scattering of
mono-energetic neutrons are represented. On the center panel, a 8 keV proton recoil leaving a
track of 2.4 mm long in 350 mbar of 4He + 5%C

4

H
10

is represented. The right panel presents a
50 keV (in ionization) fluorine recoil of 3 mm long obtained in a 55 mbar mixture of 70% CF

4

+ 30% CHF
3

.

4. MIMAC at the Underground Laboratory of Modane (LSM)
In June 2012, we have installed the bi-chamber module, at the Underground Laboratory of
Modane (LSM), see fig.5 .

Figure 5. The bi-chamber module installed at Modane in June 2012.

The set-up includes a close loop gas system with in-line filtering and is able to reach a vacuum
of 10�6 mbar. The pressure was regulated at 50 mbar. The gas mixture used was 70% CF

4

+
28% CHF

3

+ 2% C
4

H
10

We have calibrated twice a week by means of fluorescence produced by
X generator on thin foils of Cd (3.2 keV), Fe (6.4 keV), Cu (8.1 keV) and Pb (10.5 and 12 keV).
In the fig. 6, we show the low energy calibration obtained, its linearity and the stability of the
calibration given by the bin position of the di↵erent peaks as a function of time. The first data
acquisition started on June 22nd and it has been continuously run and remotely monitored up
to October 12th .

Figure 6. Left: The fit of the five X-ray peaks produced by fluorescence. Centre: The linear
calibration obtained from the fit. Right: the gain stability from July 5th to August 28th.

In order to characterize the total background of our detector at Modane, we worked without
any shielding. Besides the very good stability of the calibration validating the gas circulation,

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.

57

25cm

30cm

1m

DM-TPC
・CCD(256um pitch)
・2D track
・Head/tail recognition
・Underground

ガス検出器と暗黒物質実験の世界情勢
DRIFT
・MWPC(2mm pitch)
・First	started	gas	
detector
・Underground
・Low	background
・Large	size(~1m3)

MIMAC
・MicroMegas(~424um
pitch)
・Underground
・10×10×25	cm3

NEWAGE
・μ-PIC(400um pitch)
・3D track
・Direction-sensitive	
limit
・Underground



XENON1T最新
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Rare event search: huge statistical uncertainty 
1σ band spans a factor 4

Choices could have led to a different limit 
(reason for blinding):

- using cS2 total instead of bottom
- removing 68 PE outlier
- statistical details: power constraint vs CLs,

likelihood ratio distribution approximations

Result and outlook

Don’t miss other XENON-related talks at TAUP:
- Alex Fieguth (Today, 14:45 Neutrino session): Double electron capture results
- Rafael Lang (Tue. 16:45 DM session): The DARWIN Observatory
- Manfred Lindner (Thursday Plenary): XENON1T status and first results

XENON1T is the largest LXe TPC, with the 
lowest-ever low-energy background. 

Future:
- XENON1T: > 100 live-days already taken
- XENONnT: ~5 ton fiducial upgrade, ~2019

10

[arxiv:1705.06655] 



Underground	RUN14
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• RUN14
- Period	:	2013/7/20-8/11,	10/19-11/12
- Live	time												:	31.6	days
- Fiducial	volume	:	28×24×41cm3

- Mass																			:	10.36g
- Exposure												:	0.327kg・days
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Figure 5.1.6: Obtained energy spectrum in Kamioka RUN-14 (red points). Blue points are the results
of previous measurements RUN-5[58, 83]. Detection efficiency was taken into account.
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Figure 5.1.7: Obtained direction of the nuclear tracks of RUN-14 in the energy range of 50− 400 keV

82

First underground RUN

• Energy	spectrum
- Threshold	:	100keV	à 50keV
- BG	rate					:	1/10	@100keV

• Skymap,	cosθ distribution
- Set	limit	by	significant	

difference	in	2-binned	
measured	cosθ and	DM-
wind	simulated	cosθ

RUN14

Energy	spectrum
K.Nakamura et.al,	PTEP(2015)043F01s
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