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見えない暗黒物質の歴史

•1933             F. Zwicky
                          髪の毛座銀河団の質量をビリアルの定理から見積も観測と大きな食い違い
　　　　　　　(400倍！）を指摘　ー＞質量欠損（暗黒物質）
•1970年後半　Vera Cooper Rubin 渦巻き銀河の回転速度
                        観測より大きな質量が存在しないと銀河の運動が説明できない。
•1989-1993     COBEによるCMBの観測　(人工衛星）
•2001-2010     WMAPによるCMBの観測 (人工衛星）
•2009-2013     PlanckによるCMBの観測 (人工衛星)

Vera Cooper Rubin
F. Zwicky

NASA/WMAP ESA/Planck

CMB => Cosmic Microwave Background
宇宙マイクロ波背景放射
138億年前の光の痕跡
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渦巻き銀河の回転速度

NASA/JPL-Caltech/R. Hurt (SSC/Caltech)

8kpc
太陽

約230km/sec

銀河は回転している。 
銀河面の輝いている部分の外側は殆ど物質が 
ないと考えられるが。。。
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観測による暗黒物質の示唆
ケプラーの法則から軌
道の速度は計算できる

G: 重力定数 

M(r) :半径r内の全質量

しかし、M(r)半径に比
例して増加何かある

Total

渦巻き銀河の回転速度

ハロー

円盤

ガス

ν2 = M(r) G
r

M(r) ∝r 
であると説明できる 半径

速
度

暗黒物質

観測と合わない

中性水素ガスからの21cm波長の電波観測
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CMBによる最新の観測
いろんなことが分かった 

宇宙初期の姿のスナップショット 
宇宙の年齢　　　　　　138億年 

    宇宙の曲率はゼロ (に近い)(Ω ~1) 
などなど

138億年前の宇宙の温度ゆらぎ(宇宙のしわ)
PLANCK

PLANCK



Masaki Yamashita

宇宙のレシピ

星や銀河、
我々など

我々のしらない物質
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ダークマター

通常の物質

星や我々など

我々のしらない物質

我々の知らないエネルギー
宇宙の膨張に関係

宇宙のレシピ

星や我々など

我々の知らないエネルギー
宇宙の膨張に関係

結論：
我々の知っている物質はたった5%
暗黒物質+暗黒エネルギー 95%
我々は宇宙のほとんどを知らないことを知った。。。
暗黒物質、暗黒エネルギーを解明しようと世界中で研
究が盛んに行われている。



Masaki Yamashita

どうして地球ができたのか？
そもそも星や銀河はどうしてできたのか？
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宇宙の大規模構造

M. Blanton and the SDSS

SDSS

銀河の分布にはたくさん集まっている所
と空洞部分があることが観測から分かっている。
どうしてこの様な姿になったのか？
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暗黒物質が宇宙の構造をつくる

最初にちょっと密度がゆらいでいた
0.001%のオーダー

青：ダークマター
白：銀河
シミュレーション

130億年前

現在 4D2U Project, NAOJ
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暗黒物質が宇宙の構造をつくる
青：ダークマター
白：銀河
シミュレーション

暗黒物質の密度の揺らぎ
->ダークマターが集まる
->塵やガスが集まり、星、銀河できる
->我々が誕生
->宇宙の歴史に欠かせない存在

4D2U Project, NAOJ現在

最初にちょっと密度がゆらいでいた
0.001%のオーダー130億年前
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暗黒物質の考えられる性質
• 中性である 

• 電磁相互作用しない（見えない） 

• バリオン（陽子や中性子）ではない 

• 弱い相互作用 

• 冷たい（非相対論的粒子＝ゆっくり動いている。） 

• 大規模構造 

• 予言された新粒子？
宇宙物理だけでなく素粒子物理にとっても重要
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暗黒物質の候補
• ニュートリノ　 

• 軽すぎる、速度が速い(Hot)→大規模構造ができない 

• MACHO(Massive Compact Halo Object) 

• 惑星サイズのブラックホール、中性子星など 

• 重力レンズの観測により否定 

• WIMP (Weakly Interacting Massive Particle) 

• アクシオン  

• その他たくさん標準理論を超えたモデルで予言される
粒子　
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ここまでのまとめ

• 最新の観測によると宇宙の質量・エネルギーの
約20%暗黒物質（通常の物質の５倍程） 

• 暗黒物質のおかげで星や銀河、そして我々が生
まれたらしい。 

• 正体は不明。新粒子？？？
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暗黒物質探索
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Approaches to look for dark matter

Colliders 
LHC, ILC ...

indirect
SK, CTA, AMS02 ...

direct
XMASS, XENON, LZ …

χ

SM

χ

SM -

a few dark matter 
particle around us ! 

only direct search can 
tell us about dark 
matter around us.

ρdm =  0.3 GeV/cm3
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間接探索

Χ
Χ
Χ

Χ

Χ: dark matter 
ν: neutrino

Χ
ν

スーパーカミオカンデ 
ICE cubeなど

太陽の重力に引き寄せられる 
水素と衝突し速度を落とし集まる
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加速器 (LHC)
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暗黒物質候補の超対称性粒子
がが生成した場合検出器をす
り抜ける。 
->失ったエネルギーを探す。 
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Figure 1: Dark matter production in association with a single jet in a hadron collider.

3.1. Comparing Various Mono-Jet Analyses

Dark matter pair production through a diagram like figure 1 is one of the leading channels
for dark matter searches at hadron colliders [3, 4]. The signal would manifest itself as an excess
of jets plus missing energy (j + /ET ) events over the Standard Model background, which consists
mainly of (Z ! ⌫⌫)+ j and (W ! `inv⌫)+ j final states. In the latter case the charged lepton ` is
lost, as indicated by the superscript “inv”. Experimental studies of j + /ET final states have been
performed by CDF [22], CMS [23] and ATLAS [24, 25], mostly in the context of Extra Dimensions.

Our analysis will, for the most part, be based on the ATLAS search [25] which looked for mono-
jets in 1 fb�1 of data, although we will also compare to the earlier CMS analysis [23], which used
36 pb�1 of integrated luminosity. The ATLAS search contains three separate analyses based on
successively harder pT cuts, the major selection criteria from each analysis that we apply in our
analysis are given below.3

LowPT Selection requires /ET > 120 GeV, one jet with pT (j1) > 120 GeV, |⌘(j
1

)| < 2, and events
are vetoed if they contain a second jet with pT (j2) > 30 GeV and |⌘(j

2

)| < 4.5.

HighPT Selection requires /ET > 220 GeV, one jet with pT (j1) > 250 GeV, |⌘(j
1

)| < 2, and events
are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV or
��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

veryHighPT Selection requires /ET > 300 GeV, one jet with pT (j1) > 350 GeV, |⌘(j
1

)| < 2, and
events are vetoed if there is a second jet with |⌘(j

2

)| < 4.5 and with either pT (j2) > 60 GeV
or ��(j

2

, /ET ) < 0.5. Any further jets with |⌘(j
2

)| < 4.5 must have pT (j3) < 30 GeV.

In all cases events are vetoed if they contain any hard leptons, defined for electrons as |⌘(e)| < 2.47
and pT (e) > 20 GeV and for muons as |⌘(µ)| < 2.4 and pT (µ) > 10 GeV.

The cuts used by CMS are similar to those of the LowPT ATLAS analysis. Mono-jet events
are selected by requiring /ET > 150 GeV and one jet with pT (j1) > 110 GeV and pseudo-rapidity
|⌘(j

1

)| < 2.4. A second jet with pT (j2) > 30 GeV is allowed if the azimuthal angle it forms with
the leading jet is ��(j

1

, j
2

) < 2.0 radians. Events with more than two jets with pT > 30 GeV are
vetoed, as are events containing charged leptons with pT > 10 GeV. The number of expected and
observed events in the various searches is shown in table I.

3 Both ATLAS and CMS impose additional isolation cuts, which we do not mimic in our analysis for simplicity and
since they would not have a large impact on our results.

arXiv:1109.4398v1 P.J. Fox et al.

dark matter production 
in association with single jet 
in hadron collider.

DM

DM

Jet

他にもいろんなモードがある
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直接探索
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暗黒物質直接探索は激しい国際競争

CanFranc 
IGEX 
ROSEBUD 
ANAIS 
ArDM

Gran Sasso 
DAMA/LIBRA 
CRESST I/II 
XENON 
DarkSide 
NEWS

SNOLAB 
DEAP-CLEAN 
Picasso 
COUPP

Soudan 
CDMS II 
CoGENT

Boulby 
NaIAD 
ZEPLIN I/II/III 
DRIFT I/II

Frejus 
EDELWEISS I/II

Kamioka 
XMASS 
NEWAGE

YangYang 
KIMS

JINPING 
PANDA-X 
CDEX
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• 我々の気づかない間に体を毎秒
1000兆(1015)個ほど通過している
が、一年に1回も反応しない。

• 1Lに数個存在するくらいの密度

稀にしか反応しない暗黒物質をどう
やってとらえるか？

身の回りの暗黒物質
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なぜ、地下実験施設か？

地上では手のひらに毎秒数個の宇宙線が
降り注いでいる。
神岡地下では約1/105に減る

神岡
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暗黒物質直接探索原理
暗黒物質による原子核反跳によって落とされるエ
ネルギーを捕らえる。(Goodman and Witten PRD(1985))

• 反跳核のエネルギー ~ 10 keVと小さい 

• 検出頻度は非常に稀

��	
	
#WIMP$

��!�"����
������

χ + N → χ + N 

�������

eV: 電子ボルト、真空中で1Vの電位差から電子1個が得るエネルギー 

137Cs 662keV, 電子の質量511 keVなど　
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検出器に落とすエネルギー

簡単のために 

Mw = 100 GeV/c2  , MT  = 100 GeV/c2 , r = 1 

とすると 

WIMP velocity: v~ 0.75 X 10-3 = 220 km/sec 

                                            = 1/2 x 100 x GeV/c2 (0.75 x 10 -3) c2 

                    = 30 keV

r =
4 M w M N

( M w + M N )2

WIMP 原子核
θ

 

ER =
1
2
MW �2c2

ER = r
(1� cos�)

2
EW

(center of mass)

θ

エネルギー

Lo
g(

Ra
te

)

eV: 電子ボルト、真空中で1Vの電位差から電子1個が得るエネルギー 

137Cs 662keV, 電子の質量511 keVなど　
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R0: Event rate 

観測される頻度
Measuring the deposited energy due to 
elastic scattered nuclei by WIMP. 

Expected spectrum:

Maxwellian distribution for DM velocity 
is assumed. 
V :velocity onto target,  
VE: Earth’s motion around the Sun

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v

F: Form Factor 
(depends on atomic 
nuclei）

motion dynamics

σ0 = A2 µ
2

T

µ2
p
σχ−p σ0 =

(λ2

N,Z
J(J+1))Nuclear

(λ2

p,Z
J(J+1))proton

µ
2

T

µ2
p
σχ−p

Spin independent Spin dependent

検出器
暗黒物質や 
地球の運動力学

暗黒物質の密度や断面積



Masaki Yamashita

Energy[keVnr]
0 2 4 6 8 10

In
te
gr
al
[e
ve
nt
s/
da
y/
kg
]

4−10

3−10

2−10

1−10

1

10

25GeV:1e-41cm
Xe
I
Ge
Na

Differential spectrum 

31

Energy[keVnr]
0 10 20 30 40 50

In
te
gr
al
[e
ve
nt
s/
da
y/
kg
]
6−10

5−10

4−10

3−10

2100GeV:1e-45cm
Xe
I
Ge
Na

Ge

Na

 IXe

Energy threshold is important
for low mass WIMPs.

Ge
Na

 IXe

Detector mass  is important
for high mass WIMPs.

5GeV Mass 100GeV Mass



Masaki Yamashita

ities and proper motions in the Galactic center. Squares are
based on kinematics of OH/IR stars (Lindqvist et al. 1992).
The point at 3.5 kpc is based on the Zhao (1996a, 1996b)
model of the bar. Because the model was compared with the
data on stellar kinematics (inner rotation curve and radial
velocity dispersion), it gives a constraint on the total mass:
4! 1010 M", with an uncertainty of about 20%. For the
next data point at 8.5 kpc we simply assume that the circular
velocity is 220# 20 km s$1, which covers the whole range of
reasonable values. We then estimate the mass as
M ¼ v2r=G. The last observational point is the constraint

from the motions of satellite galaxies discussed in x 3. The
central data points were not used either in our fitting or in
the analysis of the bulge (Zhao 1996b). Nevertheless, they
come fairly close to the extrapolation of our model into the
very center of our Galaxy. The theoretical curves for our
favored models A1 and B1 are very close to each other,
which is not surprising because they fit the same data and
have the same global darkmatter content. The largest devia-
tion of the models from the data is for the mass inside 100
pc, where the observational estimate is twice larger than the
prediction of the models. Even at this point the disagree-
ment is not alarming because the observational data are
likely more uncertain than the formal error.

What is remarkable about Figure 3 is that it spans more
than 5 orders of magnitude in radius and mass. It is encour-
aging that, without fine-tuning, our models are consistent
with observations of the dynamical mass of the MW over
this huge range.

Finding an acceptable model for M31 was relatively easy
because there are much less data. In particular, we do not
have kinematic constraints for the disk, which would be
equivalent to constraints at the solar position in our Galaxy.
Our model seems to reproduce reasonably well the dynami-
cal mass of M31 from 100 pc to &100 kpc. Our model does
not produce the very large wiggles exhibited by the observed
rotation curve. The wiggles at 5 and 9 kpc are likely due to
noncircular motions induced by the bar and, thus, as dis-
cussed before, cannot be reproduced by any axisymmetric
model. The bulge of M31 is almost twice as massive as the
bulge of our Galaxy. It is also slightly (30%) more compact.
The disk of M31 is also more massive, but it is more
extended. As a result, in the central 5 kpc of the M31 the

Fig. 2.—Rotation curve for our favorite models A1 (no exchange of
angular momentum) and B1 (with the exchange). Note that the dark matter
dominates only in the outer part of theMilkyWay. Symbols show observa-
tional data from H imeasurements of Knapp et al. (1985; circles) and Kerr
et al. (1986; triangles).

Fig. 3.—Mass distribution of the MW galaxy for model A1 ( full curve)
and model B1 (dashed curve). The large dots with error bars are observatio-
nal constraints. From small to large radii the constraints are based on the
following: stellar radial velocities and proper motions in the Galactic cen-
ter; radial velocities of OH/IR stars; modeling of the bar using DIRBE and
stellar velocities; rotational velocity at the solar radius; and dynamics of
satellites.

606 KLYPIN, ZHAO, & SOMERVILLE Vol. 573

NASA/JPL-Caltech/R. Hurt (SSC/Caltech)

We are here!

disk

bulge

halo
Sun

KLYPIN et al. APJ 2002

Annual modulation signal

32

8

examined in a future paper. In this model, typical parameters of the Maxwellian distribution
for our location in the Milky Way are σSHM = 270 km/s and vesc = 650 km/s, the latter being
the speed necessary to escape the Milky Way (WIMPs with speeds in excess of this would
have escaped the galaxy, hence the truncation of the distribution in Eqn. (15)). Unlike the
Galactic disk (along with the Sun), the halo has essentially no rotation; the motion of the
Sun relative to this stationary halo is

v⊙,SHM = vLSR + v⊙,pec , (24)

where vLSR = (0, 220, 0) km/s is the motion of the Local Standard of Rest and v⊙,pec =
(10, 13, 7) km/s is the Sun’s peculiar velocity. The Earth’s speed relative to the halo, vobs(t),
is maximized around June 1. The local dark matter density ρ0 is taken to be the estimated
average density in the local neighborhood, 0.3 GeV/cm3.

C. Annual Modulation

It is well known that the count rate in WIMP detectors will experience an annual modu-
lation as a result of the motion of the Earth around the Sun described above [4, 5]. In some
cases, but not all, the count rate (Eqn. (1)) has an approximate time dependence

dR

dE
(E, t) ≈ S0(E) + Sm(E) cos ω(t − tc), (25)

where tc is the time of year at which vobs(t) is at its maximum. S0(E) is the average
differential recoil rate over a year and Sm(E) is referred to as the modulation amplitude
(which may, in fact, be negative). The above equation is a reasonable approximation for the
SHM we are considering in this paper, but is not valid for all halo models, particularly at
some recoil energies for dark matter streams; see Ref. [53] for a discussion. For the SHM,

Sm(E) =
1

2

[
dR

dE
(E, June 1) −

dR

dE
(E, Dec 1)

]
. (26)

Experiments such as DAMA will often give the average amplitude over some interval,

Sm =
1

E2 − E1

∫ E2

E1

dE Sm(E). (27)

D. Parameter Space

Many of the parameters that factor into the expected recoil rates for a scattering detector
are unknown, including the WIMP mass, four WIMP-nucleon couplings (SI and SD cou-
plings to each of protons and neutrons), the local WIMP density, and the WIMP velocity
distribution in the halo. In this paper, we shall fix the halo model to the SHM and the local
density to 0.3 GeV/cm3. In addition, we shall take fp = fn (equal SI couplings) so that
there are only three independent scattering couplings; the SI coupling will be given in terms
of the SI scattering cross-section off the proton, σp,SI. The parameter space we examine will
then consist of the four parameters m, σp,SI, ap, and an.
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Coherent Neutrino Scattering
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Figure 1. History and projected evolution with time of spin-independent WIMP-nucleon cross section
limits for a 50GeV WIMP. The shapes correspond to technologies: cryogenic solid state (blue circles), crystal
detectors (purple squares), liquid argon (brown diamonds), liquid xenon (green triangles), and threshold
detectors (orange inverted triangle). Below the yellow dashed line, WIMP sensitivity is limited by coherent
neutrino-nucleus scattering.

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

A Roadmap for Direct Detection

Discovery

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

that will arise from solar, atmospheric and supernova neutrinos

Confirmation

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

Study

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

R&D

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

Community Planning Study: Snowmass 2013

Ge

極低温検出器

希ガス液体100GeV

Xe10

Xe100
LUX

LUX

DarkSide-50

30年に及ぶ暗黒物質探索
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from arXiv:1310.8327v1 



Masaki Yamashita

ここまでのまとめ
• 暗黒物質探索にはいろんあアプローチの仕方があ
る。地下にもぐったり、宇宙に出たり、加速器で
生成しようとしたり。 

• 我々の身の回りにも暗黒物質物質が飛んでるはず。

• 暗黒物質直接探索では暗黒物質と通常の物質の反
応頻度が極めて小さいため大型な検出器が有効で、
その競争が世界中で激しく行われている。
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直接探索に使われる検出器
• エネルギー閾値 < 10 keV
• 大きな質量(トンサイズ)
• 放射性バックグラウンド

Erecoil

シンチレーション光電離

フォノン
CRESSTSuperCDMS 

EDELWEISS

XENON, LUX
DarkSide,,ArDM

DAMA, NAIAD, XMASS,
DEEP-CLEAN

CoGENT

泡箱

 Spin-dependence: PICO @ SNOLAB 
• Superheated bubble chambers operated 

in thermodynamic conditions at which 
they are virtually insensitive to gamma or 
beta radiation.

• Acoustic emission for discrimination 
between alpha decay and NR

PICO-60 spin-dependent limit February 
2017 arXiv:1702.07666 
• detector recommissioned after cleaning 

procedure to remove particulate 
contamination

• 52 kg of C3F8, 1167 kg d exposure 

• 3.3 keV thermodynamic threshold, no 
single-scatter NR candidates

• 3.4 10
−41

 cm
2
 @ 30 GeV 

• world-leading constraints in the WIMP-
proton spin-dependent sector, 17x 
improvement from previous PICO results

36

PICO-60 CF3I

PICO-2L

PICASSO

SIMPLE

PandaX-II

Constrained MSSM

PICO

L&H: CRESST @ LNGS

29

• Scintillating CaWO4 
crystals

• Target crystals 
operated as 
cryogenic 
calorimeters 
(~15mK)

• Separate cryogenic 
light detector to 
detect the 
scintillation light 
signal

CRESST-II: 

• 300 g crystal

• 307eV nuclear recoil threshold

• world-leading result below 1.7GeV/c2

• first experiment to explore masses in the sub-GeV range
Eur. Phys. J. C (2016) 76:25

Dark Matter Searches

Indirect search: AMS, Fermi…

Collider search: LHC (Atlas and CMS)

Direct search: XENON, LUX,Panda-X, CDMS, DAMA, CoGeNT…

3

LXe, LAr, NaI …

Ge CaWO4
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DAMA/LIBRA in Gran Sasso
December

30 km/s

~ 232 km/s 60°

June

30 km/s

6-14 keV

2-6 keV

6-14 keV

2-6 keV

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

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

Power spectrum 

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

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

2-6 keV

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

EPJC 56(2008)333, arXiv:1002.1028

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

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

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

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

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

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

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

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

9.2 sigma

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

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

• high QE 35% at 420nm
• Energy threshold 

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

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

今年7年間のデータを発表する
と聞いている。 
XMASSもアップデートの予定

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

Po
w

e
r s

p
e

c
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Multiple hits events =  
Dark Matter particle “switched off” 

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

2-6 keV 

Comparison between single hit residual rate (red points) and multiple 
hit residual rate (green points); Clear modulation in the single hit events; 
No modulation in the residual rate of the multiple hit events  
A=-(0.0005±0.0004) cpd/kg/keV 

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 

continuous line: t0 = 152.5 d,  T =1.0 y 

Single-hit residuals rate of scintillation events vs time in 2-6 keV 

A=(0.0110±0.0012) cpd/kg/keV 
χ2/dof = 70.4/86     9.2 σ C.L. 

Absence of modulation? No 
χ2/dof=154/87 P(A=0) = 1.3×10-5 

Fit with all the parameters free: 
A = (0.0112 ± 0.0012) cpd/kg/keV      
t0 = (144±7) d  -  T = (0.998±0.002) y 

Principal mode  
2.737×10-3 d-1 ≈ 1 y-1 

Model Independent Annual Modulation Result 
DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 

The data favor the presence of a modulated behaviour with all the proper 
features for DM particles in the galactic halo at about 9.2σ C.L. 
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他の実験では？
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FIG. 5. The XENON100 best-fit black dot, and 68% (light
red shaded region) and 90% (green shaded region) confidence
level contours as a function of amplitude and phase relative
to January 1, 2011 for one year period. The corresponding
Run II-only results [10] are overlaid with a black square and
dotted lines. The phase is less constrained than in Run II
due to the smaller amplitude. The expected DAMA/LIBRA
signal (cross, statistical uncertainty only) and the phase ex-
pected from a standard DM halo (vertical dotted line) are
shown for comparison. Top and side panels show ��(TSl) as
a function of phase and amplitude, respectively, along with
two-sided significance levels.
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Nuclear recoilではすでに否定されている。
DM-electronなどは？

DAMA

いずれも否定
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ANAIS
DM-Ice + KIMS

Canfranc

Yangyang

Boulby

113 kg array

Current & Planned NaI(Tl) Experiments 

107 kg at Yangyang

Gran Sasso + Australia COSINE-100

SABRE

from Reina Maruyama

特に、南半球でもちゃんと信号がでるか？
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First Dark Matter Search Results from the XENON1T Experiment
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We report the first dark matter search results from XENON1T, a ⇠2000-kg-target-mass dual-
phase (liquid-gas) xenon time projection chamber in operation at the Laboratori Nazionali del Gran
Sasso in Italy and the first ton-scale detector of this kind. The blinded search used 34.2 live days
of data acquired between November 2016 and January 2017. Inside the (1042±12) kg fiducial mass
and in the [5, 40] keVnr energy range of interest for WIMP dark matter searches, the electronic
recoil background was (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee), the lowest ever achieved in
a dark matter detector. A profile likelihood analysis shows that the data is consistent with the
background-only hypothesis. We derive the most stringent exclusion limits on the spin-independent
WIMP-nucleon interaction cross section for WIMP masses above 10 GeV/c2, with a minimum of
7.7 ⇥10�47 cm2 for 35-GeV/c2 WIMPs at 90% confidence level.

PACS numbers: 95.35.+d, 14.80.Ly, 29.40.-n, 95.55.Vj

Keywords: Dark Matter, Direct Detection, Xenon
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3

finding photon hits in each PMT channel, then cluster-
ing and classifying groups of hits as S1 or S2 using the
Pax software. For S1s, we require that hits from three or
more PMTs occur within 50 ns. To tune the signal recon-
struction algorithms and compute their e�ciency for de-
tecting NRs – shown in blue in Fig. 1 – we used a Monte
Carlo code that reproduces the shapes of S1s and S2s
as determined by the interaction physics, light propaga-
tion, and detector-electronics chain. This was validated
against LED, 83mKr and 220Rn calibration data.

The interaction position is reconstructed from the top-
array PMT hit pattern of the S2 (for the transverse po-
sition) and the time di↵erence between S1 and S2 (for
depth). The S2 transverse position is given by maximiz-
ing a likelihood based on an optical simulation of the
photons produced in the S2 amplification region. The
simulation-derived transverse resolution is ⇠2 cm at our
S2 analysis threshold of 200 PE. The interaction position
is corrected for drift field nonuniformities derived from a
finite element simulation, which is validated using 83mKr
calibration data. We correct S2s for electron losses dur-
ing drift, and both S1s and S2s for spatial variations of
up to 30% and 15%, respectively, inferred from 83mKr
calibration data. These spatial variations are mostly due
to geometric light collection e↵ects. The resulting cor-
rected quantities are called cS1 and cS2. As the bottom
PMT array has a more homogeneous response to S2 light
than the top, this analysis uses cS2b, a quantity similar
to cS2 based on the S2 signal seen by the bottom PMTs.

To calibrate XENON1T, we acquired 3.0 days of data
with 220Rn injected into the LXe (for low-energy ERs),
3.3 days with 83mKr injected into the LXe (for the spatial
response) and 16.3 days with an external 241AmBe source
(for low-energy NRs). The data from the 220Rn [19]
and 241AmBe calibrations is shown in Fig. 2 (a) and
(b), respectively. Following the method described in [20]
with a W -value of 13.7 eV, we extracted the photon gain
g1 = (0.144 ± 0.007) PE per photon and electron gain
g2 = (11.5 ± 0.8) PE (in the bottom array) per elec-
tron in the fiducial mass by fitting the anti-correlation
of cS2b and cS1 for signals with known energy from
83mKr (41.5 keV), 60Co from detector materials (1.173
and 1.332 MeV), and from decays of metastable 131mXe
(164 keV) and 129mXe (236 keV) produced during the
241AmBe calibration. The cS1 and cS2b yields are stable
in time within 0.77% and 1.2% respectively, as deter-
mined by 83mKr calibrations.

WIMPs are expected to induce low-energy single-
scatter NRs. Events that are not single scatters in the
LXe are removed by several event-selection cuts: (i) a
single S2 above 200 PE must be present and any other
S2s must be compatible with single electrons from pho-
toionization of impurities or delayed extraction; (ii) an
event must not closely follow a high-energy event (e.g.,
within 8 ms after a 3 ⇥ 105 PE S2), which can cause
long tails of single electrons; (iii) the S2 signal’s duration
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FIG. 2: Observed data in cS2b vs. cS1 for (a) 220Rn ER
calibration, (b) 241AmBe NR calibration, and (c) the 34.2-
day dark matter search. Lines indicate the median (solid)
and ±2� (dotted) quantiles of simulated event distributions
(with the simulation fitted to calibration data). Red lines
show NR (fitted to 241AmBe) and blue ER (fitted to 220Rn).
In (c), the purple distribution indicates the signal model of
a 50GeV/c2 WIMP. Thin gray lines and labels indicate con-
tours of constant combined energy scale in keV for ER (a) and
NR (b, c). Data below cS1 = 3 PE (grey region) is not in our
analysis region of interest and shown only for completeness.

must be consistent with the depth of the interaction as
inferred from the drift time; (iv) the S1 and S2 hit pat-
terns must be consistent with the reconstructed position
at which these signals were produced; (v) no more than
300 PE of uncorrelated single electrons and PMT dark
counts must appear in the region before the S2. Single
scatter NR events pass these selections with >82% prob-
ability, as determined using simulated events and control
samples derived from calibration, and shown in green in
Fig. 1.

The dark matter search uses a cylindrical (1042±12) kg
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [26]
(red), PandaX-II [27] (brown), and XENON100 [23] (gray)
are shown for reference.

events would appear at unusually low cS2b due to charge
losses near the wall. The inward reconstruction is due to
limited position reconstruction resolution, especially lim-
ited for small S2s, near the 5 (out of 36) top edge PMTs
that are unavailable in this analysis.

Sixth and last, we add a small uniform background in
the (cS1, log cS2b) space for ER events with an anoma-
lous cS2b. Such anomalous leakage beyond accidental
coincidences has been observed in XENON100 [23], and
a few such events are seen in the 220Rn calibration data
(Fig. 2a). If these were not 220Rn-induced events, their
rate would scale with exposure and we would see nu-
merous such events in the WIMP search data. We do
not observe this, and therefore assume their rate is pro-
portional to the ER rate, at (0.08+0.11

�0.06) events based on
the outliers observed in the 220Rn calibration data. The
physical origin of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. This did not result in changes in the event
selection.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the Kr con-
centration measured in the current science run. This is

the lowest ER background ever achieved in a dark matter
experiment. A single event far from the bulk distribution
was observed at cS1 = 68.0 PE in the initial 4-day un-
blinding stage. This appears to be a bona fide event,
though its location in (cS1, cS2b) (see Fig. 2c) is extreme
for all our physical background models and WIMP signal
models. One event at cS1 = 26.7 PE is at the �2.4� ER
quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b) with the asymptotic distribution for-
mula from [24]. The signal and background models were
evaluated in (cS1, log cS2b) bins. We propagate the un-
certainties on the most significant shape parameters (two
for NR, two for ER) inferred from the posteriors of the
calibration fits to the likelihood. The uncertainties on the
rate of each background component mentioned above are
also included. Finally, we employ the procedure from [25]
to account for mismodeling of the ER background.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sen-
sitivity band [28]. This does not constrain our re-
sult. For the WIMP energy spectrum we assume a
standard isothermal WIMP halo with v0 = 220 km/s,
⇢DM = 0.3 GeV/cm3, vesc = 544 km/s, and the Helm
form factor for the nuclear cross section [29]. No light
and charge emission is assumed for WIMPs below 1 keV
recoil energy. For all WIMP masses, the background-
only hypothesis provides the best fit, with none of the
nuisance parameters representing the uncertainties dis-
cussed above deviating appreciably from their nomi-
nal values. Our results improve upon the previously
strongest spin-independent WIMP limit for masses above
10 GeV/c2. Our strongest exclusion limit is for 35-
GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the
LUX sensitivity above 100 GeV/c2, and continues to im-
prove with more data. The experiment resumed opera-
tion shortly after the January 18, 2017 earthquake and
continues to record data.
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XMASS実験とは
Xenon MASSive detector for Solar neutrino  (太陽ニュートリノ) 
Xenon neutrino MASS detector  (ニュートリノ質量の測定) 
Xenon detector for Weakly Interacting MASSive Particles　(暗黒物質)

T
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T
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液体キセノンを用いた多目的実験

http://www.solar.isas.ac.jp/graph/Yohkoh_full.gif
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液体キセノンの利点
大きい質量数 Xe (A~131)    

暗黒物質が反応しやすい。 

大きい原子番号 (Z=54) とその密度 (ρ=3g/cc): 

-> コンパクトに大質量の検出器 

大きな発光量  

暗黒物質がわずかに落とすエネルギーをとらえる。 

液体であるがゆえに自由な形状と取り扱い 

液体（ガス）での純化、測定中でも循環できる 

Ge半導体などにくらべ、コストが安い
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Aluminum block floating in liquid xenon (picture)

Picture by Tom Haruyama, KEK

KEK, Haruyama

アルミ(2.7g/cc）などは浮いてしまう
質量の大きい検出器を用いて稀な現象をたくさん
捕らえる。

4.2 Physical properties of LXe
The Liquid Xe (LXe) is expected to be an excellent detector medium for gamma rays be-
cause of its fast response, high scintillation yield, large atomic number, and high density.
The summary of LXe property is listed in Table 4.1.

Atomic Number 54
Mass Number 131.29
Density 3.06g/cm3
Boiling point 165K
Melting point 161K
Radiation length 27.7mm
Scintillation wave length 178nm
Refractive Index 1.61[48]
Energy per scintillation photon 21.6±2.8eV [49]
Decay time(recombination) 45ns
Decay time(Fast Components) 4.2ns
Decay time(Slow Components) 22ns
Scintillation absorption length ≥ 100cm
Rayleigh scattering length 29cm [52]

30cm (calculated)[53]

Table 4.1: Physical properties of Liq.Xe

Fig.4.1 shows the phase diagram of Xe. The LXe detectors are usually operated in
170-185 K using the refrigerator or liquid Nitrogen. Fig.4.2 shows the gamma cross
section for Xe. Because of its high atomic number, the LXe detector is favorable to the
gamma ray detector. Table4.2 shows the natural abundance of Xe. As mentioned in
Section3.3, 129Xe and 131Xe are very interesting isotopes in spin dependent case because
of their cross section to WIMP. Furthermore, 136Xe can be used in the double beta decay
experiment. The isotope separation is possible by centrifugal separation.

Isotope 124Xe 126Xe 128Xe 129Xe 130Xe 131Xe 132Xe 134Xe 136Xe
Abn.[%] 0.10 0.09 1.92 26.4 4.07 21.2 26.9 10.4 8.87

Table 4.2: Natural abundance of Xe.

30
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放射線バックグランドを減らす方法２ 
ガンマ線に対する自己遮蔽
（シミュレーション）

Blue : γ tracking 
Pink : whole liquid xenon 
Deep pink : fiducial 
volumeLXe

液体キセノンは密度が高くγ線をよく止める
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暗黒物質はどう見える？ 
• こんなに明るいのはちがう 

低バックグラウンドの642本PMTでわずかな光
をとらえる。
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この光電子増倍管はどのくらい 
低放射能なのか？

15 ベクレル/バナナ

4000 ベクレル/人

0.01 Bq/PMT
6.42 Bq/642 PMTs

e.g. 40K case
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Figure 5: Calibration system on top of the tank. Source placed on the edge of the copper

rod is inserted into the ID and can be moved along the z axis.

Table 7: Calibration sources and energies. The 8 keV (*1) in the 109Cd and 59.3 keV (*2)

in the 57Co source are Kα X-rays from the copper and tungsten, respectively, used for

source housing.

Isotopes Energy [keV] Shape

55Fe 5.9 cylinder

109Cd 8(*1), 22, 58, 88 cylinder

241Am 17.8, 59.5 thin cylinder

57Co 59.3(*2), 122 thin cylinder

137Cs 662 cylinder

21

Injection for XMASS

sources by Korean collaborator 
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Figure 9: Energy spectra reconstructed using the 57Co source at z = 0 cm (upper) and ver-

tex distributions reconstructed using the same source at z = −40, −30, ..., 40 cm (lower).
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Total PE

57Co
15PE/keV
@122keV

PE

vertices for various 57Co source positions. The observed position
resolution (rms) is 1.4 cm at z¼0 cm and 1.0 cm at z¼720 cm for
122 keV gamma rays. The distributions of the reconstructed

energy and vertices for 122 keV gamma rays are reproduced well
by the MC.

14. Conclusion

The construction of the XMASS detector was completed in
September 2010 and commissioning runs were conducted from
October 2010 to June 2012.

The XMASS detector is the world's largest (ton scale) single-
phase liquid xenon detector for dark matter searches. The key idea
for BG reduction is self-shielding using vertex reconstruction. The
position and energy resolution along the z-axis inside the detector
were measured with radioactive sources and are well reproduced
by MC. The observed position and energy resolution for 122 keV
gamma rays are 1.0 cm at z¼720 cm and 4% (rms) at z¼0 cm,
respectively.

A high light yield, 14:771:2 PE=keV, was obtained owing to the
large photocoverage (462%) and small amount of impurities in the
liquid xenon. This was achieved by careful control of dust and radon
during construction and purification by liquid collection and filling
with purified gas. The concentrations of radon (8:270:5 mBq=835 kg
for 222Rn and o0:28 mBq=835 kg for 220Rn) and krypton (o2:7 ppt)
in liquid xenon are also the lowest among liquid xenon detectors
for dark matter searches.
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Fig. 6. WIMP signal acceptance efficiency after data reduction for the analysis.

select these events a time-of-flight correction is made to the tim-
ing distribution of each event assuming the event vertex is on
the surface of the PMT closest to the charge-weighted center of
gravity of the event. After this correction the timing distribution
of Cherenkov-like events is found to be narrower than that for
scintillation-like events. Events with more than 60% of their PMT
hits occurring within the first 20 ns of the event window are re-
moved as Cherenkov-like. The ratio of the number of PMT hits
within the first 20 ns relative to the total number of hits in the
event window for all events (head-to-total ratio) is shown in Fig. 4.
Each step of the data reduction is shown in Fig. 5.

The expected WIMP acceptance efficiency of these cuts was
estimated with the detector simulation. In the simulation WIMP
recoil energy spectra were generated for each WIMP mass and MC
events were distributed uniformly throughout the detector volume
using a liquid scintillation decay constant of 25 ns [16]. Fig. 6
shows the resulting signal acceptance efficiency at energies be-
low 1 keVee. The size of the error bars comes primarily from the
systematic uncertainty in the xenon scintillation decay constant,
25 ± 1 ns, which is estimated based on the difference between the
XMASS model [16] and the NEST model [17] based on [18]. A sys-
tematic error on the selection efficiency is determined based on
the error resulting from a linear fit to the points in the figure. At
the 0.3 keVee analysis threshold this error is 6.1%.

4. Results and discussion

Fig. 7 shows simulated WIMPs energy spectra overlaid on the
observed spectrum after the data reduction was applied. WIMPs
are assumed to be distributed in an isothermal halo with vo =
220 km/s, a galactic escape velocity of vesc = 650 km/s, and an
average density of 0.3 GeV/cm3. In order to set a conservative
upper bound on the spin-independent WIMP-nucleon cross sec-
tion, the cross section is adjusted until the expected event rate
in XMASS does not exceed the observed one in any energy bin
above 0.3 keVee. Implementing the systematic errors discussed in
the text above, the resulting 90% confidence level (C.L.) limit de-
rived from this procedure is shown in Fig. 8. The impact of the
uncertainty from Leff is large in this analysis, so its effect on the
limit is shown separately in the figure.

After careful study of the events surviving the analysis cuts,
their origins are not completely understood. Contamination of 14C
in the GORE-TEX® sheets between the PMTs and the support struc-
ture may explain a fraction of the events. Light leaks through this
material are also suspect. Nonetheless, the possible existence of a
WIMP signal hidden under these and other backgrounds cannot
be excluded. Although no discrimination has been made between

Fig. 7. Simulated WIMP energy spectra in the XMASS detector assuming the maxi-
mum cross section that provides a signal rate no larger than the observation in any
bin above 0.3 keVee.

Fig. 8. Spin-independent elastic WIMP-nucleon cross section as a function of WIMP
mass. All systematic uncertainties except that from Leff are taken into account in
the XMASS 90% C.L. limit line. The effect of the Leff uncertainty on the limit is
shown in the band. Limits from other experiments and favored regions are also
shown [4–9].

nuclear-recoil and electronic events, and many events remain in
the analysis sample, the present result excludes part of the param-
eter space favored by other measurements [4–6] when those data
are interpreted as a signal for light mass WIMPs. Finally, we are
working on modifications to the inner surface of XMASS, especially
around the PMTs, to improve the detector performance.
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Table 1. Signal efficiencies with their systematic errors for deriving the limit
shown in Figs. 4 and 7. The row starting from (a) is based on Ref. [29], and the
one starting from (b) on Ref. [33].

WIMP mass (GeV) 20 50 100 300 1000 3000 5000

(a) signal efficiency (%) 23±7
6 29±4

5 26±2
4 19±1

3 16±1
3 15±1

3 15±1
3

(b) signal efficiency (%) 24±7
6 30±2

5 29±2
4 26±2

5 25±2
5 25±2

5 25±2
5

used in Ref. [29], it can be seen in Fig. 1 that the shape of this distribution for a 50 GeV WIMP
does not change much with the use of the more modern form factors. These cut values and the signal
window optimized for the 50 GeV WIMPs were also used to obtain the limits for the other WIMP
masses. Our signal efficiency is defined as the ratio between the number of simulated events remain-
ing after all cuts in the 36–48 keV signal region and the number of simulated events generated within
the fiducial volume (radius less than 15 cm, containing 41 kg of LXe). As shown in Table 1, sig-
nal efficiency ranges from 29% for 50 GeV WIMPs to 15% for 5 TeV WIMPs for the nuclear form
factors given in Ref. [29].

5. Results and discussion

As clearly visible in Fig. 3, the cuts discussed in the previous section almost eliminate all background
in and around the signal window. After all cuts, 5 events remain in our 36–48 keV signal region. The
main contribution to the remaining background in this energy region stems from the 222Rn daughter
214Pb. From our simulation we estimate this background alone to contribute 2.0 ± 0.6 events. As
other background contributions are smaller but less certain, we do not subtract background when
calculating our limits. Our detector’s low background allows us to directly use the event count in
the signal region to extract our limit on the inelastic scattering cross section of WIMPs on 129Xe
nuclei. Using Eq. 6 and taking into account the nuclear form factor and our signal efficiency we
derive a 90% C.L. upper limit for this cross section, which in Fig. 4 is compared to the result from
Refs. [12,13]. The gray band reflects our systematic uncertainties. The systematic uncertainty on
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Fig. 4. The black solid line is our 90% C.L. upper limit on the asymptotic cross section σ as
I for inelastic scat-

tering on 129Xe using the same form factors as DAMA. The gray band covers its variation with our systematic
uncertainty. The dotted line is the limit obtained by the DAMA group [12,13]. It was derived after statisti-
cally subtracting background. Our low background allows us to derive this limit without such background
subtraction.
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XMASS annual modulation
•2013	Nov	-	2015	March		
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•assuming	WIMP	spectrum	
•	2D	fiJng	(Kme		and	energy	bin	)	

1 year data of XMASS (0.82 ton x year)    
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14 years data of DAMA/LIBRA (1.33 ton x year)
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• Spin-independent WIMP-nucleon interaction cross section sensitivity of ∼2×10−48 cm2

for WIMPs with a mass of 50GeV/c2 (arXiv:1512.07501)

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

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

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

inos, see Ref. [56].

3 Spin-independent direct detection

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

7

arXiv:1609.06735  

~5ton
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暗黒物質にはまだ謎が多い。暗黒物質が解明されることで、これからニュー
トリノ天文学のように暗黒物質天文学が発展していくかもしれない。
暗黒物質探索は宇宙物理、素粒子物にとって重要な実験 

実験は世界中で多数行われており、激しい競争。 

5-15年かけてSUSYの重要なパラメータ領域を探索
WIMP以外の探索にも目を向ける必要がある

最後に

50年 80年 40年

暗黒物質重力波

100 年

ヒッグス


