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中型B2021年度第一回CRCタウンミーティング

(dark matter wimp 
search with liquid xenon)

目的：
　DARWIN実験は、XENONnT実験の後継機に位置し、地下実験室における
50トン級-液体キセノン検出器を用いた次世代WIMP暗黒物質直接探索実験

東京大学カブリIPMU 山下雅樹
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DARWIN 計画の概要
• 宇宙は何でできているのか? 
•宇宙の物質・エネルギー　95% unknown 
•暗黒エネルギー(68%), 暗黒物質(27%) 
•我々の身の回りにもあるはず。(0.3GeV/cm3) 

•暗黒物質の候補 
• WIMP, アクシオン, 原始ブラックホール など 
•WIMP: 有力候補の一つ。 
•超対称性粒子 
•宇宙の初期に熱的に生成。WIMPミラクル 

•その他 
•pp太陽ニュートリノ観測 (~1% 精度) 
•8B ニュートリノとのコヒーレント散乱  
•超新星ニュートリノ 
•二重ベータ崩壊 ( T1/2 0ν　1027 years)
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DARWIN Collaboration

DARWIN全体：アジア、米国, ヨーロッパから
165人、30研究機関が参加 
国内 
神戸大学, 東京大学, 名古屋大学
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液体キセノンTPC検出器Evolution

• 各フェーズにて着実な成果。常に世界最高感度で探索。(実現性） 
•XENON1T:  124Xe 二重電子捕獲の観測（人類の知る最も長い半減期、1022年, 2019 Nature）　 
　　　　　　低エネルギー電子反跳の超過事象  (未知の粒子か? 　トリチウムBGの可能性あり） 
•XENONnT: イタリアグランサッソにて実験開始 ->10-48cm 断面積の探索,  XENON1T Excessの検証

BENCHMARK: THE XENON LEGACY AT LNGS

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

2005-2007 2008-2016 2012-2018 2020-2025 2027—

15 kg 161 kg 3200 kg 8400 kg 50 tonnes

15 cm 30 cm 96 cm 150 cm 260 cm

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN
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ガス・液体　2相型キセノンTime Projection Chamber

• イベント事にシンチレーション光と電離信号を読み出す。 
• 3次元位置構成: x-y (S2) and z (ドリフト時間) 
• Xe:Z(=54), 中心の有効体積を選ぶことにより、外来のγ線 や表面
の放射線を効率よく除去。 コンプトン散乱、中性子による多重散乱
も識別。(1/104 - 1/105) 

• WIMP(原子核反跳）と電子散乱を S2/S1信号比によって粒子弁別可
能 (1/200)

�,�

• S1:シンチレーション光  
• S2:電離信号 (-> 比例蛍光）
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• Scintillation light - S1
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WIMPとXe原子核の弾性散乱 
WIMP + Xe  -> WIMP  + Xe

Xe

Luigi
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DARWIN Base Line Desgin

2.6 m

2.
6 

m

Size 
•液体キセノン 40トン有感質量  (全質量50トン） 
• 2.6 m ドリフト長 
• ~1800 PMTs 

Background 
•  222Rn (0.1 uBq/kg) (1/10 XENONnT goal) 
• (!,n) neutron (PTFE, Cryostat, PMT) 

R&Dを進めている。 
純化などのsubsystemはXENONnT自身を使い物
理探索を進めながら開発が可能。
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XENON1T 電子反跳事象の超過(2019)

Axion favored over background-only at 3.5σ 
検出器内のトリチウムBGの可能性あり
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Axioelectric effect

2.) Future Opportunities Associated with XENONnT

In astroparticle physics Dark Matter is the proverbial “elephant in the room”. This is reNected 
in Kavli-IPMU's research program, which – following the institute's de?ning ambition – probes
that elephant from many directions:

• with its unique blend of mathematics, theory, and particle physics phenomenology

• with searches for DM signatures in accelerator experiments (Belle2, ATLAS, CMS),

• with astronomy using micro-lensing to constrain DM candidates like non-luminous 

stars and micro black holes
• with a robust, LXe based underground DM direct detection program. 

Each of these approaches has its own strengths: Math and theory provide context and 
direction for the development of plausible scenarios, phenomenology provides testable 
hypotheses on the basis of these scenarios, Belle2's clean e+/e- collisions powered by 
SuperKEKB's luminosity advantage allow sensitive tests for mediators beyond the standard 
model ones (like for example dark photons), and LXe based direct detection experiments will 
continue to dominate the hunt for WIMPs with masses between 10 GeV/c2 and 1 TeV/c2. 
Astronomy keeps informing cosmology and so far has been our only source of information 
about DM, leading us to think of it as a cold, collisionless gas of particles that are not part of 
the standard model of particle physics that so well describes normal matter. Figure 1 below 
drives home the importance of connecting theory, phenomenology, and experiment here at 
Kavli-IPMU: It shows interaction cross section limits for WIMPs with nucleons as a function of
WIMP mass for the mass range relevant for supersymmetry. Exclusions from LXe DD  
experiments are shown as solid lines; above 10 GeV/c2 they currently have no competition. 
The gray shaded area is a recent
contour obtained for a speci?c
phenomenological minimal super-
symmetric model given constraints
from LHC including ~36/fb 13 TeV
data, the PICO, PandaX-II and
XENON1T WIMP searches, and
results on the anomalous magnetic
moment of the muon. Other models
as well as changes in the data used
change these contours. The green
line is a Kavli-IPMU product and
represents a cross section cal-
culation up to next to leading order
in QCD for wino DM. The line’s
reach on the WIMP mass scale
comes from a pre-IPMU publication involving two current Kavli-IPMU researchers, one of 
who also authored the cross section calculation. The dashed section of that green line is the 
part that has since the original publication in 2006 fallen victim to constraints from ATLAS 
and CMS at LHC. Thus there is a powerful and direct connection between accelerators, DD 
experiments and model building. Having scientists in-house who fully understand the 
intricacies of a DD experiment’s data analysis should be of great value to Kavli-IPMU – as 
much as it is of great value for DD experimentalists to have direct access to model builders. 
It should be noted here that the green line extends into the multi-TeV/c2 mass range which 
will only be accessible to a future third generation (G3) LXe experiment. G3 sensitivity may 
also be required for another reason: Models built on a 1992 paper on radiative symmetry 

DARWIN

XENONによるWIMP探索とDARWINの展望

DARWIN実験による検出感度
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pp ニュートリノ観測
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 超新星ニュートリノ
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DARWIN: 液体キセノン40トン有効質量
Coherent ν elastic scateringを通して観測(すべてのflavor)
S2-only analysis (~ 3電離電子,原子核反跳エネルギー ~ 1keV)
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Neutrinoless double beta decay

Test of lepton flavour conservation
136Xe is a 0⌫�� candidate with
8.9% natural abundance

Without isotopic enrichment:
⇠ 3.5 t of 136Xe in DARWIN

Peak at Q��(136Xe) = 2.458 MeV

DARWIN, Eur. Phys. J. C 80 (2020) 9, 808

Teresa Marrodán Undagoitia (MPIK) DARWIN August 4, 2021 7 / 17

136Xe 2重ベータ崩壊探索
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DARWINの前身となるXENONnT

LXe
purification

• Faster xenon cleaning 
• 5 L/min LXe 

(2500 slpm) 
• XENON1T ~ 100 slpm

• Inner region of 
existing muon veto 

• optically separate 
• 120 additional PMTs 
• Gd in the water tank 
• 0.5 % Gd2(SO4)3

NVeto

•XENONnT自身が物理探索をしながらDARWINの下準備になっている。 
•日本の担当する液体キセノン純化、中性子カウンターが非常にうまく行っている。
(XENON1Tを大きく超える純度） 
•2021年に初期成果を目指している。

日本の貢献

XENONnT検出器

Credit: Luigi Di Carlo for the XENON Collaboration
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2020年代おけるWIMP - DM

the other hand, generated via tree-level interactions to the
R-symmetry breaking sector [22] (see [23] for a related
mechanism), which leads to a much heavier Higgsino than
the gauginos. As a result, the pure gravity mediation model
predicts the almost pure neutral wino as the lightest
supersymmetry particle (LSP) which is a good candidate
for WIMP dark matter.
As mentioned earlier, the wino dark matter possesses a

phenomenologically notable feature, a large annihilation
cross section enhanced by the so-called Sommerfeld effects
[16–18]. Due to the enhancement, the annihilation cross
section into a pair of the W-bosons at present universe
is automatically boosted to be 10−24–10−25 cm3=s. In
Fig. 1(a), we show the annihilation cross section of the
wino dark matter into a pair of W bosons as a solid line.
With this large cross section, the antiproton flux from the
wino annihilation can be comparable to the secondary
astrophysical antiproton flux at Tp ≳ 100 GeV, with Tp

being the kinetic energy of a proton and an antiproton.
There are two favored mass regions for the wino dark

matter. One is the mass region around 3 TeV where the
observed dark matter density is explained solely by its
thermal relic density [24]. The other region is below
1–1.5 TeV where the relic density is provided nonthermally
by the decay of the gravitino [25,26]. There, the appropriate
gravitino abundance for the nonthermal wino production is
achieved when the reheating temperature of the universe is
consistent with the traditional thermal leptogenesis scenario
[27]. As we will see shortly, the wino mass in the both mass
regions can sizably contribute to the antiproton spectrum,
although the thermal wino case fits the observed spectrum
of the antiproton fraction particularly well.

So far, the mass of the wino dark matter has been
constrained by collider experiments. Among them, the
searches for disappearing tracks made by a short lived
charged wino inside the detectors put a lower limit on the
mass of the wino dark matter,

M ~w ≳ 270 GeV; ð1Þ

with 20 fb−1 data at LHC 8 TeV running [28].3 At the
14 TeV running, the limit can be pushed up to 500 GeV
with 100 fb−1 data [30]. See also Refs. [31–33] for more
details on the future prospects of the wino dark matter
searches at the collider experiments.
The wino dark matter is also constrained by the indirect

detections of dark matter in cosmic rays. To date, the most
robust limit comes from the gamma-ray searches from the
dwarf spheroidal galaxies (dSphs) at the Fermi-LATexperi-
ment. By taking uncertainties of the dark matter profile of
the dSphs, it has excludedM ~w ≲ 320 GeV and 2.25 TeV≲
M ~w ≲ 2.43 TeV at the 95% confidence level (C.L.) using
four-year data [34].4 It should be noted that the constraints
on the wino dark matter via monochromatic gamma-ray
searches from the galactic center [37] and from the dSphs
[38] by the H.E.S.S experiments are less stringent due to
large uncertainties of the dark matter profile at the galaxy
center (see e.g. Ref. [39]) and the small cross section into
the monochromatic gamma rays.

FIG. 1 (color online). (a) Constraints on the (MDM-hσvi) plane. The black solid lines show the predicted annihilation cross sections for
the wino and Higgsino. Red solid, blue dashed and green dotted lines show the upper bounds on the annihilation cross section at
95% C.L. for MIN, MED and MAX propagation models, respectively. The shaded regions with the same color show the best-fitted
regions. The constraint from the Fermi is shown with the orange bands. The yellow vertical shaded region indicates the wino mass range
where the wino thermal relic abundance is the observed dark matter density. (b) Predicted antiproton to proton ratio with experimental
data. The solid (dashed) lines show the case with (without) the dark matter contributions.

3See [29] for a two-loop calculation of the wino mass splitting.
4For uncertainties and future prospects of the searches for the

wino dark matter via the gamma rays from the dSphs, see e.g.
[35,36].

IBE et al. PHYSICAL REVIEW D 91, 111701(R) (2015)

111701-2

RAPID COMMUNICATIONS

LHC

CTA(間接探索)

Minimal DM, Wino
-> Hisano, Ishiwata,  Nagata  JHEP06(2015)097

χ

SM
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CRCの活性化



DARWINに向けた国内の取り組み
•宇宙線研地下神岡施設共同利用、Generation  Three Consortium (G3C)の立ち上げ(2018) 
(神戸大, 東大, 名古屋大, 日本大学, 横浜国立大） 

•  XMASSの時代からR13111 の性能改善,  現在のXENON,LZ, Panda-XなどのPMTよりも
一桁近く低バックグラウンドを実現している。 

•その他、将来へ向けた光センサーの開発

Hamamatsu R13111
K. Abe et al. JINST 15 P09027

Hybrid Photosensor (PMT+SiPM)

3 mm

3 mm

従来のものに比べ1桁以上 
Dark Noiseの改善 
VUV版を今後入手 
+低放射能下

低Dark Noise SiPM

SiPMを電子検出器として使用 
部材を究極に減らす。 
プロトタイプ試験終了 
要ー電極改善（収集効率）

Ozaki et al. JINST 16 P03014

この分野で最も放射性不純物が 
最も小さい3インチ光電子増倍管

/10GXeのβ線励起によるNIR発光スペクトルの測定
Ø 測定条件

β線励起によるGXeのNIR発光スペクトル測定の実験系

実験系の平面図

2015年からの
改良点

GXe

β線源

合成石英窓

チェンバ

β線入射窓と
エルボ

GXeの圧力 140 kPa
測定時間 1,920 s × 100回
スリット幅 3 mm
波長分解能 60 nm
回折格子 150 G/mm – 800 nm blaze
ロングパス
フィルタ 580 nm

チェンバ

分光器

ブラックアルミテープで
目張り

この周りを複数枚のブラック
シートでカバー

8
LXeの近赤外領域での発光 Set up@横国

CRCの活性化

液体Xeの赤外発光の測定 
新しい粒子弁別や時間情報の改善の 
可能性



DARWINに向けた国内の取り組み
•宇宙線研地下神岡施設共同利用、Generation  Three Consortium (G3C)の立ち上げ(2018) 
(神戸大, 東大, 東北大, 名古屋大、横浜国立大） 

• XMASSの時代からR13111 の性能改善,  現在のXENON,LZ, Panda-XなどのPMTよりも
一桁近く低バックグラウンドを実現している。 

•その他、将来へ向けた光センサーの開発

密閉型Time Projection Chamber

- 内部メインバックグランドであるラドンを遮蔽
するための密閉型TPCの開発 
-質量の小さい暗黒物質探索を展開 (< 1GeV ) 
-学生を中心に開発

CRCの活性化

Set up@名古屋大 Set up@神岡

Sato et al. PTEP 2020 113H02
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2021/4/26,27 XENON/DARWIN, LUX-ZEPLIN meeting 
                         https://indico.cern.ch/event/1028794/ 
2021/7/6 :      16カ国 104名が署名 
                       MOU締結: XENON, DARWIN, LUX-ZEPLIN(米国) 
日本グループ：神戸大学、東京大学、名古屋大学

Leading Xenon Researchers unite to build next-generation Dark Matter Detector  
The XENON/DARWIN and LUX-ZEPLIN collaborations have now joined forces to work 
together on the design, construction, and operation of a new, single, multi-tonne scale 
xenon observatory to explore dark matter. The detector will be highly sensitive to a 
wide range of proposed dark matter particles and their interactions with visible matter. 
Over the last 20+ years, experiments using liquefied xenon targets have delivered 
world-leading results in the global quest for direct dark matter detection. This next-
generation detector aims to continue the pursuit. 

https://www.ipmu.jp/ja/20210721-NextGenerationLiquidXenonDetector

世界の動き
次世代の実験に向けて世界で一つの究極のキセノン検出器を

•White Paper 準備中 
•サイトについては、Scientificな検討や、安全、環境への配慮、labのサポートを勘案
してこれから決定していく。 
•深度が浅いがインフラの整っている神岡地下施設も候補として検討して行く。

国際性:国際競争、国際協力の状況
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2027~2021 2022 2023 2024 2025 2026

DARWIN Time Line
R&D and construction parallel to XENONnT data taking

概念設計 (CDR) Technical Design Report

2028 2032 ~

R&D Phase
•光センサー
•純化システム
•電極
•など

試運転開始

建設建設準備
各コンポーネント
•キセノン容器
•電極
•光センサー
•純化システム

First Result

運転開始

5年の観測

•総予算: 約200億円
•日本グループは光センサー開発及び調達、キセノン純化装置、中性子反同時検出器の貢献。
5-10% の貢献を目指す。（大型科研費）

•米国LUX-ZEPLINの参加により分担割合は調整の可能性あり。

各コンポーネント
•中性子カウンター
(Gd-Water)

キセノンガス (全体50トン） 172 億円
光検出器, クライオジェニクス、
キセノン検出器, 水タンク, 純化設備 52 億円

合計 224 億円
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•   DARWIN実験は50トンの液体キセノンを用い断面積10-49cm2

の感度を持つ 
•  WIMP探索と同時にニュートリノ観測, 二重ベータ崩壊探索を
行う事が可能。 

•  XENON実験での長年の実績により、実現性が高い。  
•世界で一つの究極な検出器をつくろうという動きが開始し
た。日本もグループもサイン。 

•  2027年の開始を計画している。
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まとめ

XENON


