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液体キセノンTPCを用いた暗黒物質の検出原理 2

2311.05320 

(not detectable in LXe)

•暗黒物質がキセノン原子核と相互作用し、シンチ光と電子が生成
•シンチ光(S1)は直ちに光センサー(PMT)で検出

•電子は印加された電場によりガス相にドリフト
•一部はキセノンイオンと再結合しシンチ光(S1)に寄与

•他の電子は液体からガス相に抽出され、ガス中で比例蛍光(S2)を生成
γ,e (ER)の(S2/S1) > WIMPや中性子 (NR)の(S2/S1)

検出原理 粒子識別
•電離・励起 ・熱の割合は電子・原子核反跳で異なる

•再結合の割合は電離密度に依存し、両者で異なる

•この識別能力は印加電場の値に強く依存

原子核反跳

電子反跳

https://arxiv.org/abs/2311.05320


XENONnT検出器 3
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XENONnT実験のこれまでの成果



これまでの観測: Science Run 0 / Run 1 (SR0 + SR1) 5

• 局所的な放電に伴って行ったアノード電極のオン・オフにより、
single-electron gain・extraction efficiencyなどは時間依存

• SR1後も2025年前半まで観測を行った。
その後、電極アップグレードのためキセノン回収・Gd水を排水(後述)
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• Livetime: 288日 (WIMP探索), 324日 (CEvNS)

• Rn-level: 1.8 μBq/kg (SR0), 0.8 μBq/kg (SR1)

• Fiducial Volume: ~4トン

• Drift E-field: 23 V/cm

• Extraction Field: 2.9 kV/cm

• 検出器は安定: light and charge yieldの変動は1-3 %程度



WIMP探索結果 6

• 3.1 トン・年の統計

6

TABLE I. Expectation values of the nominal (pre-fit) and best-fit models for SR0 (1.09 tonne⇥year), SR1a (0.73 tonne⇥year),
and SR1b (1.31 tonne ⇥ year), including an unconstrained WIMP signal with a mass of 200GeV/c2. Connected background
colors (c.f. Figure 2) indicate which components share a scaling parameter, coupling their rates across di↵erent science runs.

SR0 SR1a SR1b

Nominal Best fit Nominal Best fit Nominal Best fit

ER (flat) 134 136± 12 430± 30 450± 20 151± 11 154± 10

ER (3H-like) – – 62 40± 30 101 80+18
�17

ER (37Ar) – – 58± 6 55± 5 – –

Neutron 0.7± 0.3 0.6± 0.3 0.47± 0.19 0.45± 0.19 0.7± 0.3 0.7± 0.3

CE⌫NS (solar) 0.16± 0.05 0.16± 0.05 0.010± 0.003 0.010± 0.003 0.019± 0.006 0.019± 0.006

CE⌫NS (atm.+DSNB) 0.04± 0.02 0.04± 0.02 0.024± 0.012 0.024± 0.012 0.05± 0.02 0.05± 0.02

AC 4.3± 0.9 4.4+0.9
�0.8 2.12± 0.18 2.10± 0.18 3.8± 0.3 3.8± 0.3

Surface 13± 3 11± 2 0.43± 0.05 0.42± 0.05 0.77± 0.09 0.76± 0.09

Total background 152 152± 12 553 550± 20 257 239± 15

WIMP (200GeV/c2) – 1.8 – 1.1 – 2.1

Observed 152 560 245

Statistical inference — For the statistical analysis of
the dataset, we used a log-likelihood-based test statis-
tic with the distributions obtained via toy-MC simu-
lations, as recommended in [33] and detailed in [24].
The computations were performed with the alea frame-
work [37]. The likelihood function L(�,✓) depends on
the WIMP-nucleon cross-section � � 0, which is the
parameter of interest, and a set of nuisance parame-
ters ✓, written as the product of three terms, L(�,✓) =
Lsci(�,✓)⇥Lcal(✓)⇥Lanc(✓). The term Lsci is a product
of six terms separating SR0, SR1a, and SR1b, as well
as the near-wire and far-wire regions. All six terms are
extended unbinned likelihood functions, which model the
data in (cS1, cS2, R) for the far-wire region and in (cS1,
cS2) for the near-wire region. Lcal is a product over two
unbinned likelihood functions in (cS1, cS2) modeling the
ER calibration datasets in SR0 and SR1, and Lanc(✓) is
a product of Gaussian constraint terms for nuisance pa-
rameters from ancillary measurements. The background
and signal components are listed in Table I. Apart from
the background expectation values, the set of nuisance
parameters comprises the WIMP-mass-dependent rela-
tive signal e�ciency and four ER shape parameters (two
for each SR) that modify the shape in (cS1, cS2) of the
di↵erent ER components. These parameters are tightly
constrained via the term Lcal. The relative signal rate
uncertainty is 15% (6%, 4%) in SR0 (SR1a, SR1b) for
WIMP masses above ⇠100GeV/c2, and becomes larger
for smaller masses. The rate uncertainty in SR1 is smaller
than in SR0 due to a smaller selection e�ciency uncer-
tainty.

We employed power-constrained limits (PCL) [33, 38]
to prevent excluding regions of parameter space where
our sensitivity is low, which could otherwise occur due

to statistical fluctuations or systematic e↵ects. In [3],
a conservative power threshold of 0.5 was chosen after
identifying an error in the definition of power in [33], ef-
fectively truncating the upper limits at the median of
the sensitivity band. We have investigated the PCL be-
havior with toy data, specifically in scenarios involving a
shift in the ER event distribution, increased background
rates, or increased background uncertainties. These stud-
ies revealed no issues that would disqualify a lower power
threshold of 0.16. The corresponding truncation of the
limits at the �1� quantile of the sensitivity band allows
for a direct comparison with other experiments [4, 5].

The SR1 signal region unblinding was performed in
two steps. First, events in a small region above the me-
dian of the NR event distribution with energies above
5 keVER were unblinded, containing about 7.5% of ex-
pected events from a 1TeV/c2 WIMP signal. This initial
step allowed us to investigate potential excessive down-
ward leakage of ER events, as previously observed in [3].
The results of the first unblinding step showed no dis-
crepancy with the nominal model. In the second step, all
data in the ROI were unblinded. The regions in cS1-cS2
are indicated in Figure S1 in the supplemental material.

Results — After unblinding, we observed 560 events
in SR1a and 245 in SR1b within the ROI, of which 14
and 13, respectively, lie in the previously blinded region
(with two additional events in SR1b, which were already
unblinded in [36]). The distribution of all events in (cS1,
cS2) is shown in Figure 2, the corresponding plot for SR0
is Figure 3 in [3]. Table I shows the best-fit expectation
values for all SRs. We performed independent GOF tests
on SR1a and SR1b data. The tests were defined before
unblinding with p-value thresholds of 2.5% to reject the
best-fit model. An unbinned Anderson-Darling (AD) test

• SR1b: SR1a後に蒸留によりKr/Arを除去

- 85Kr・37Ar・トリチウムなどの電子反跳BGが増加

- トリチウムらしきBGは除去できていない
→ 解析ではトリチウムのβ崩壊の分布を用い、Normalization freeでFit

• SR1a: SR0の後、蒸留前のキセノンガスを誤って導入



WIMP探索結果 7

• No excess observed in a blind analysis. 

• Limit improved from SR0 by a factor of 1.8.

• Best limit: 1.7 × 10-47 cm2 for WIMP mass of 30 GeV



8Bニュートリノのコヒーレント散乱の探索結果 8

• 太陽中心部の核融合に由来したニュートリノ(8B): WIMPと同様に原子核中の核子とコヒーレントに散乱(CEvNS)

• 質量6 GeV, 散乱断面積4×10-45cm2のWIMP信号に類似したスペクトル

→「太陽ニュートリノのCEvNSを期待通り検出できた」という事実は暗黒物質直接探索おいて重要な意味を持つ

• 重い暗黒物質探索では大気ニュートリノが効くがまだこれは見えていない: 発見感度はフラックスの精度に強く依存

→ 統計を得ることでニュートリノと暗黒物質の信号をスペクトル情報を基に分離し詳細に決定することが可能となる



8Bニュートリノのコヒーレント散乱の探索結果 9

• ついに 8B太陽ニュートリノによるcoherent elastic scatteringが XENONとPandaX-4T実験で測定

• 有意度: 2.73 σ @ XENONnT

• CEvNSを通じた初の天体物理学的測定となった



日本グループの貢献が大きなNeutron Veto Detector 10

•SR0 + SR1: 純水で運転
•SR2: 0.02%のGd濃度で運転

H: 2.2 MeV

Gd: ~8 MeV
H + Gd

H

純水

0.02 % Gd

- 中性子捕獲時間: 163 → 76 μsecへ

- 中性子捕獲由来のガンマ線信号量増加

→中性子タグ効率: 53 → 77% (中性子BG数を1/2へ低減)

2025.03.19 日本物理学会2025年春季大会 2/13

XENONnT 
Neutron 
Veto 
concept

超高純度Gdは

SK-Gdの協力により入手

反射材は日本提案ePTFE
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XENONnT実験のこれから



Neutron Veto Detectorの理解と性能向上

Neutron Veto Optical Property

2025.03.19 日本物理学会2025年春季大会 6/13

✓ Time constant of the light detection (after reflections 
on the ePTFE panels) is decreasing along with 
increase of the Gd concentration.  
→ nVeto optical property is changing 

✓ Slight decrease (few%, preliminary)  
in the tagging efficiency 

✓ Possible cause

• decrease in reflectivity of ePTFE panels

• worse transparency of water


Two independent way to monitor such change are  
already prepared by Japan group


• UV-Vis spectrophotometer for water transparency

• Laser Reflectivity Monitor 

for ePTFE reflectivity and water transparency

ICP-MS measurement shows existence of  
metal impurities in ppb level 
→ light absorption by impurities in water 
　 are investigated

⽇本グループが導⼊した2つの光学特性変化分析ツールを活⽤

レーザーによる時定数測定：

⽔の光透過率＋反射材の反射率

分光光度計による⽔の光透過率の測定：

サンプル⽔の光透過率UV-Vis spectroscopy

2025.03.19 日本物理学会2025年春季大会 7/13

Spectrophotometer: Shimadzu UV-2600i Measurement room Sample cell

30 cm

PMT

light path

• Identical setups both in Kamioka and LNGS

• Measure the transmittance for each wavelength

reference light quartz 
window

UV-Vis spectroscopy

2025.03.19 日本物理学会2025年春季大会 7/13

Spectrophotometer: Shimadzu UV-2600i Measurement room Sample cell

30 cm

PMT

light path

• Identical setups both in Kamioka and LNGS

• Measure the transmittance for each wavelength

reference light quartz 
window

サンプル⽔の光透過率の減少はレーザーによる時定数の変化を

説明できないため、⽇本グループは反射率が下がったと結論

SR2でGd 0.02%導⼊後、チェレンコフ光の収量が徐々に減少

è光学特性の変化だと考えられる

（中性⼦タギング効率の減少は数%程度）

49

• Injector Heads
– Laser heads: soak test OK (Shingo）, leak test OK.
– Mounter: mockup (SUS304). Discussion @ Bologna -> use polyethylene to make it lighter
being manufactured -> I will hand to Gabriella @ Decenber CM

– Mounting to the polyethylene frame

mounter (holding 4 heads)

laser head
(ICF 34 based ) quartz window

two heads up

two heads down

60 degrees

position candidate

mounting image

nVeto内に光インジェクタ設置

12

AmBe calib



電極と電子・原子核反跳の分離能力 13

•(何らかの理由で)カソードワイヤーが断線して、
下部にあるPMT保護ワイヤーとショート

•電極: 直径200 - 300 μmのSUSワイヤー

•放電が起きず安定して動作可能な電圧が2.7 kV 

→ ドリフト電場 = 23 V/cm (目標: 100 ‒ 200 V/cm)
Bottom

Cathode

Gate

Anode

Top

•電子・原子核反跳の分離能力は電場強度に強く依存

•XENONnTは蒸留によりLZと比べラドンの総量は少ないが、
LZの分離能力が10倍ほど高く、WIMP探索のBGとの観点で
XENONnTは遅れを取っている。

→ 電極のアップグレードが不可欠！
→ 現在までにGd水の排水とキセノンの回収を終了

XENONnT

LZarXiv:2211.10726



WIMPの発見感度向上に向けて 14

Now JCAP11(2020)031

• Gd濃度を0.2%へ増強し、中性子タグ効率を87%へ改善

→中性子BG数をSR0 + SR1に比べてもさらに1/4へ削減
• 統計を10倍近く貯め、感度を10倍程度向上

• Minimal DMモデルは十分に探索可能

• ウィーノDMは1 TeVまで探索可能• 電極をアップグレードし、電子反跳・原子核反跳分離能力を10倍近く改善

→電子反跳BG数を1/10へ削減
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pp solar neutrino (ER)

keV散乱エネルギー領域での初観測

小林が解析チームのリーダー

ラドン・クリプトンBGの精密評価が鍵

•10 kpc先の超新星爆発由来の信号:
~45 事象 in ~ 6 s (BG~18事象 )

•SK・カムランドと矛盾ないか検証

Supernova neutrino (CEvNS)

液体キセノン検出器で開拓するニュートリノの物理

8B solar neutrino (CEvNS)

現在までに取得したSR2のデータと
合わせて、より高い感度での解析が
進行中


