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XLZD DARK MATTER REACH: DETECTION
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Exposure of 1000 t y: 1-,2- and 3-sigma (yellow, orange, red) CIs

EW multiplet, S. Bottaro et al., 
EPJ-C  82, 2022 , Single 
complex EW n-plet with non-
zero hypercharge added to SM  

XLZD collaboration 
arXiv: 2410.17137
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LAURA BAUDIS, UZH: DIRECT DARK MATTER DETECTION IN THE MILKY WAY - WHERE ARE WE, WHERE ARE WE GOING?

Figure 6: Projections of the XENONnT sensitivity and discovery power in the search for spin-
independent WIMP-nucleon couplings. (Left) Median 90% CL exclusion limit (black solid line) for
a 20 t y exposure, with the 1� (green) and 2� (yellow) bands. The current strongest exclusion limit,
obtained with XENON1T [3], is shown in blue. The gray dashed-dotted line represents the discovery
limit of an idealized LXe-based experiment with CE⌫NS as unique background source and a 1000 t y
exposure [70]. The improvement of the discovery potential with increasing exposure below that line
would be significantly slowed down by the atmospheric neutrino background. (Right) Sensitivity as
a function of exposure, for the search of a 50GeV/c2 WIMP in the assumed 4 t fiducial mass. The
dashed (dotted) black lines in both panels indicate the smallest cross-sections at which the experiment
would have a 50% chance of observing an excess with significance greater than 3� (5�). A two-sided
profile construction is used to compute the confidence intervals.

atmospheric neutrinos and DSN (44%), due to the impact of the neutron-X population. A fraction of
71% of the CE⌫NS PDF from solar neutrinos falls inside the reference signal region, even though it is
confined to very small cS1 and cS2b signals. Numbers in this portion of the observable space can only
give an indication of performance, but are useful for comparison with other detectors. The sensitivity
study presented below does not use any ER discrimination cut or specific signal region selection, but
it is based on the profile likelihood analysis in the full (cS1, cS2b) observable ROI.

The neutron and CE⌫NS background rates are primarily constrained by ancillary measurements,
as discussed in section 4.3, and likelihood terms are included to account for the relative uncertainties
reported in table 4. On the other hand, even a short first run of XENONnT will constrain the ER
rate better than the 10% prediction uncertainty, therefore we do not include a related term in the
likelihood. Systematic uncertainties on the detector response to NRs primarily impact the search for
low-mass WIMPs. However, such uncertainties were sub-dominant in the XENON1T WIMP search
results and we therefore neglect them in this work.

5.2 Statistical model
The likelihood-based statistical modeling of the experiment uses an extended unbinned likelihood, L,
with PDFs in x = (cS1, cS2b):

L(�DM,✓) =Pois(N | µtot(�DM,✓)) ·
NY

i=1
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P
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Gaus(µ̂k| µk, ⇠k) , (5.2)
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XENONnT (現在)

~2030

現状
•10トン級の液体キセノンを用いた実験(XENONnT/LZ/PandaX)が2021年より稼働 

•約O(1)トン・年の統計を用いた探索結果: 10-48 cm2の感度に到達 

•XENONnTは今年度電極アップグレードを実施(電子反跳背景事象を1/10へ) 

•中性子Veto検出器中の硫酸Gd濃度も10倍へ(0.05 → 0.5 %) 

•2020年代末までに感度を約10倍改善 

→ Minimal DMモデルなど、有力な模型を棄却

将来
•60~80トンの液体キセノンを用いたXLZD実験が2030年代中頃開始を目標に推進中 

•最大1000トン・年の統計を貯め、ウィーノやヒグシーノなど電弱相互作用する暗黒物質の 

兆候を捉える 

•実現にはラドン・中性子など放射性物質由来の背景事象をXENONnTの1/10への低減が必要 

→暗黒物質のみならず、世界最高感度でのニュートリノを伴わない二重ベータ崩壊や 

　太陽ニュートリノ・超新星ニュートリノの低エネルギー領域で測定を目指す

JCAP, 11 031 (2020)


Eur. Phys. J. C 85, 1192 (2025)
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Figure 5. Sensitivity of XLZD to the e↵ective Majorana neutrino mass as a function
of the lightest neutrino mass for the 80 t configuration in the optimistic scenario with
10 years of data. The two metrics considered in this work are shown: 3� discovery
potential (yellow band) and 90% CL exclusion (green band). The width of the bands
is caused by the uncertainty in the nuclear matrix element models (see main text,
also for the expected sensitivity using the most recent nuclear matrix elements). The
current best experimental limits from KamLAND-Zen, also from 0⌫�� decay in 136Xe
and assuming the same range of NMEs, are shown in grey [5]. The allowed regions
(±3�) for the e↵ective Majorana neutrino mass in the inverted (IO) and normal (NO)
neutrino mass ordering scenarios are also shown [64,65].

the parameter values of gA = 1.27, G0⌫ from Ref. [50] and a M0⌫
136Xe 2 [1.11, 4.77] range

which covers the predictions from the most commonly used phenomenological models

for direct comparison with other experiments [66–78]. In particular, the minimum value

assumes the deformed-QRPA [66] model and the maximum the NREDF [78] model.

Figure 5 shows the allowed hm��i parameter space as a function of the lightest neutrino

mass for the inverted and the normal neutrino mass ordering scenarios, along with the

XLZD 90% CL and 3� hm��i sensitivities for the 80 t configuration in the optimistic

scenario after 10 years of data, represented by the yellow (4.8–20.5 meV) and green band

(7.3–31.3 meV), respectively. XLZD will exclude the inverted neutrino mass ordering—

except for the deformed-QRPA model—and probe a significant fraction of the normal

ordering scenario. Similarly, if the neutrino masses follow the inverted ordering, XLZD

will confirm that hypothesis at the 3� level for most of the considered NMEs.

Recent developments in nuclear models include a quenching e↵ect in gA (required

for agreement with experimental data) [79] and the addition of a previously neglected
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Solar ν-electron scattering

• Main challenge: reduce 222Rn (214Pb 
β-decay) background to x 10 below 
the pp rate (0.1 µBq/kg)

23

XLZD preliminary

using pp neutrinos

DARWIN collaboration, EPJ-C 80 12 (2020)

 222Rn goal 
(current value 
in XENONnT 
~0.8 µBq/kg)

600 t y exposure, 1 and 4 energy bins

Laura Baudis, UZH: XLZD, a next-generation liquid  xenon observatory sin2θW   
   
 電
子
ニ
ュ
ー
ト
リ
ノ
生
存
確
率
   
   
   
 

現状
•10トン級の液体キセノンを用いた実験(XENONnT/LZ/PandaX)が2021年より稼働 

•約O(1)トン・年の統計を用いた探索結果: 10-48 cm2の感度に到達 

•XENONnTは今年度電極アップグレードを実施(電子反跳背景事象を1/10へ) 

•中性子Veto検出器中の硫酸Gd濃度も10倍へ(0.05 → 0.5 %) 

•2020年代末までに感度を約10倍改善 

→ Minimal DMモデルなど、有力な模型を棄却

将来
•60~80トンの液体キセノンを用いたXLZD実験が2030年代中頃開始を目標に推進中 

•最大1000トン・年の統計を貯め、ウィーノやヒグシーノなど電弱相互作用する暗黒物質の 

兆候を捉える 

•実現にはラドン・中性子など放射性物質由来の背景事象をXENONnTの1/10への低減が必要 

→暗黒物質のみならず、世界最高感度でのニュートリノを伴わない二重ベータ崩壊や 

　太陽ニュートリノ・超新星ニュートリノの低エネルギー領域で測定を目指す

. Phys. G: Nucl. Part. Phys., 52 045102 (2025)

Eur. Phys. J. C 80, 1133 (2020).
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XLZD実験では、放射性物質由来の背景事象を天体起源のニュートリノ以下へ低減することを目標
/ G3 

ER Background

(1) Kr destillation to 50 ppq natKr / Xe
Eur. Phys. J.C. (2017) 77:275

85Kr: 0.1 ppt  natKr/Xe

136 Xe - 2νββ

pp + 7Be ν (RRPA)

0.1 µBq by 222Rn/kg LXe

1.0 µBq by 222Rn/kg LXe
(XENONnT goal)

50 ppq  natKr/Xe

ER background must become subdominant by ν - e- scattering

To Do: - evaluate Radon removal techniques
• Adsorption on charcoal (LZ)

• Cryogenic Distillation (XENONnT) 

- identify potential new backgrounds 
• 37Ar , 3H 

• new physics = new background

à Experience & Expertise from both G2 detectors needed

26. April 2021 WIMP (>10GeV) science in G3
- Fabian Kuger - 12

materials

Figure 3: Energy spectra of the ER and NR backgrounds in the 4 t fiducial volume of the XENONnT
detector. Unshaded areas correspond to the WIMP search energy ROI: (1, 13) and (4, 50) keV for ERs
and NRs, respectively. (Left) The largest ER background is due to the 1 µBq/kg activity concentration
of 222Rn (orange line). Additional backgrounds arise from solar neutrinos (green), double-beta decay
of 136Xe (blue), 85Kr (red) due to a 0.1 ppt concentration of natKr, double-electron capture in 124Xe
(olive), and detector components (purple). A Gaussian smearing of the 124Xe spectrum, based on the
XENON1T energy resolution [48], is shown in dotted lines. The total ER spectrum (solid black line)
is used to produce the final ER background model presented in section 5. (Right) The NR background
contributions come from radiogenic neutrons (red) and CE⌫NS of solar neutrinos (orange), specifically
8B (dashed) and hep (dotted), atmospheric (dashed blue) and diffuse supernova neutrinos (dotted
blue). The neutron spectrum accounts for the NV tagging efficiency.

Radon

Due to its 3.8 d half-life, the emanation of 222Rn from detector materials results in a distribution
of 222Rn and its decay products within the whole LXe volume. The most significant background
contribution is from the decay of 214Pb into the ground state of 214Bi, which occurs via a beta-decay
with Q-value of 1.02MeV. The branching ratio (BR) for this channel, from the imported ENSDF, is
10.9%. The shape of the beta spectrum at low energy reflects the calculation in ref. [49]. We neglect
the contribution from 214Bi beta-decay, as it can be identified by its short time separation from the
subsequent 214Po alpha decay. In this study, we assume the XENONnT target 222Rn concentration of
1 µBq/kg. This design goal is based on the 4.5 µBq/kg level reached in XENON1T [20], ongoing radon
emanation measurements of new detector components (xenon recirculation pumps, radon distillation
column, TPC, inner cryostat, cables), and the estimated performance of the online radon distillation
column. The expected background rate due to 222Rn is the largest contribution to the total rate in
the energy ROI (see table 3) and amounts to 4.6 (keV t y)�1. We assign a 10% systematic uncertainty
to this prediction, driven by the uncertainty in the BR of the 214Pb beta-decay [27, 50].

The radon isotope 220Rn can similarly emanate from materials as part of the 232Th decay chain.
The beta-emitting 212Pb, product of this isotope, can contribute to background events at low energies.
In XENON1T, we measured a 220Rn concentration relative to 222Rn of ⇠ 0.3%. Assuming this relative
concentration, the corresponding rate of 212Pb events is about 1% of that expected from 214Pb. We
therefore neglect the 220Rn contribution in this work.
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Figure 3: Energy spectra of the ER and NR backgrounds in the 4 t fiducial volume of the XENONnT
detector. Unshaded areas correspond to the WIMP search energy ROI: (1, 13) and (4, 50) keV for ERs
and NRs, respectively. (Left) The largest ER background is due to the 1 µBq/kg activity concentration
of 222Rn (orange line). Additional backgrounds arise from solar neutrinos (green), double-beta decay
of 136Xe (blue), 85Kr (red) due to a 0.1 ppt concentration of natKr, double-electron capture in 124Xe
(olive), and detector components (purple). A Gaussian smearing of the 124Xe spectrum, based on the
XENON1T energy resolution [48], is shown in dotted lines. The total ER spectrum (solid black line)
is used to produce the final ER background model presented in section 5. (Right) The NR background
contributions come from radiogenic neutrons (red) and CE⌫NS of solar neutrinos (orange), specifically
8B (dashed) and hep (dotted), atmospheric (dashed blue) and diffuse supernova neutrinos (dotted
blue). The neutron spectrum accounts for the NV tagging efficiency.
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contribution is from the decay of 214Pb into the ground state of 214Bi, which occurs via a beta-decay
with Q-value of 1.02MeV. The branching ratio (BR) for this channel, from the imported ENSDF, is
10.9%. The shape of the beta spectrum at low energy reflects the calculation in ref. [49]. We neglect
the contribution from 214Bi beta-decay, as it can be identified by its short time separation from the
subsequent 214Po alpha decay. In this study, we assume the XENONnT target 222Rn concentration of
1 µBq/kg. This design goal is based on the 4.5 µBq/kg level reached in XENON1T [20], ongoing radon
emanation measurements of new detector components (xenon recirculation pumps, radon distillation
column, TPC, inner cryostat, cables), and the estimated performance of the online radon distillation
column. The expected background rate due to 222Rn is the largest contribution to the total rate in
the energy ROI (see table 3) and amounts to 4.6 (keV t y)�1. We assign a 10% systematic uncertainty
to this prediction, driven by the uncertainty in the BR of the 214Pb beta-decay [27, 50].

The radon isotope 220Rn can similarly emanate from materials as part of the 232Th decay chain.
The beta-emitting 212Pb, product of this isotope, can contribute to background events at low energies.
In XENON1T, we measured a 220Rn concentration relative to 222Rn of ⇠ 0.3%. Assuming this relative
concentration, the corresponding rate of 212Pb events is about 1% of that expected from 214Pb. We
therefore neglect the 220Rn contribution in this work.
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XLZD実験実現に向けた背景事象の低減

名古屋大を中心にこれら背景事象を低減する極低放射能検出器の開発を進めてきた
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トリチウム除去・定量 

ラドン・トリチウム除去 

中性子除去 

極低放射能技術開発@名大

- 水素透過膜を用いたキセノン中極微量水素・トリチウム定量法を確立

- キセノンを格納する真空チャンバーなど、検出器表面からの湧き出しが原因 

- 石英製真空容器で検出器中心部を密閉し混入を防ぐ方法(密閉型液体キセノン検出器)
を提案し、ガスキセノン中でのラドン排除を実証 

- 光電子増倍管(PMT)や光反射材(PTFE)に含まれるウラン・トリウムの核分裂や(α, n)反応が原因 

- 新たな低放射能光検出器(“ハイブリッド光センサー” )を提案し、 
浜松ホトニクス社と共同開発で開発。現在、性能評価を推進中 

- 筑波大学の坂口先生と共同で、フッ素樹脂(PTFE)光反射材中の 
極微量ウラン・トリウム測定法を開拓中



7密閉型液体キセノン検出器: ラドン・トリチウム排除

•

•キセノンを格納する真空チャンバーなど、検出器表面からのアウトガスが原因

密閉型液体キセノン検出器: ラドン・トリチウム排除

•石英製の真空容器 & -100℃の低温での使用は世界初の試み

•ガスキセノン中でのラドン排除を実証(<1/100以下)
•名大内に専用の評価システム(冷凍機・真空・ガス純化・制御・安全装置)を確立 

•今後

•放射性不純物が極めて少ない合成石英で検出器中心部を密閉し、混入を防ぐ 
「密閉型液体キセノン検出器」を提案 PTEP 113H02 (2020)

•液体キセノン中でラドン排除 ( < 1/100)を実証(現在進行中)

•構造設計・シール材・トルク管理など石英加工を専門とする会社と共同研究

arXiv:2511.03250)
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9極微量水素定量法の開発

•XENONnTでは、XENON1Tで見えたトリチウムと思われる事象の削減に成功 
•しかし、トリチウム事象の定量評価が未だ不能 
•密閉型Xe検出器によりラドンを低減した場合、XLZD実験ではトリチウムが 
主要な背景事象になる可能性も 
 
→ 暗黒物質の確かな発見にはトリチウム事象の定量評価が不可欠

トリチウム事象の定量評価のための極微量水素定量法の開発

既に測定済み 現在測定法を開拓中

•キセノンガス中の極微量水素濃度を測定する手法を開発: 目標精度 O(1-10) ppt 
•パラジウム合金を用いた水素分離膜を使用 
→ キセノンガス中から選択的に極微量水素のみを取り出し、残留ガス質量分析計 
　 (RGA)を用いて水素分圧を測定 
•~50 pptの極微量水素の測定に成功。今後、水素アウトガスを低減し、より低濃度の
測定を目指す

Xe

水素分離膜

Phys. Rev. Lett., 129, 161805 (2022)
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11極低放射能光センサーの開発: 中性子の排除

•

中性子の削減
•光検出器(光電子増倍管PMT)に含まれるウラン・トリウムの核分裂や
(α, n)反応により生成

•

ハイブリッド光検出器
•光電管・半導体光検出器をハイブリッドに用いた真空紫外光検出器 

- 光を光電子に変換する光電面 
- 光電子の集束電極 
- 半導体光検出器: 光電子の検出・増幅 

•ダイノードや陽極がなく、わずかな部品で実現 
- PMTより優れたエネルギー分解能と時間分解能(～1ナノ秒) 
- 安価かつ極低放射能な検出器 

　　 →既存のPMTに取って代わる将来の光検出器となる可能性 

•浜松ホトニクスと共同で世界初の検出器を開発中

開発したプロトタイプ 
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0 kV 

0.5 kV 
1.0 kV 
2.0 kV 
3.0 kV

Co
un

ts
/b

in

光量 [ADC*nsec]

ハイブリッド光検出器

•

ハイブリッド光検出器

•光電子検出方法の最適化 
-光電子集束電極を最適化し、3 kV以上の電圧印加が可能に 
- 3 kVでの長時間運転で大きなリーク電流・ノイズなども無し

-ただし、暗黒物質との反応で生成される光の波長は約 175 nm 
-低温(-100℃)・真空中で検出効率の測定システムを構築 
-検出面の位置依存性の性能評価も可能

•LEDを用いた1光子に対する性能評価 
-印加電圧の上昇に伴い、観測光量が増加 
→ 光電子集束効率が印加電圧に強く依存  
- PMTと比べて良い1光子分解能

•光検出効率の測定 
- UV光(LED)に対する相対光検出効率を評価 
- 2.5 kVでプラトーへ到達

光
検
出
効
率

 [A
U

]

印加電圧 [V]



13極低放射能光センサーの開発: 中性子の排除
ハイブリッド光検出器

•

ハイブリッド光検出器

•光電子検出方法の最適化 
-光電子集束電極を最適化し、3 kV以上の電圧印加が可能に 
- 3 kVでの長時間運転で大きなリーク電流・ノイズなども無し

-ただし、暗黒物質との反応で生成される光の波長は約 175 nm 
-低温(-100℃)・真空中で検出効率の測定システムを構築 
-検出面の位置依存性の性能評価も可能

•LEDを用いた1光子に対する性能評価 
-印加電圧の上昇に伴い、観測光量が増加 
→ 光電子集束効率が印加電圧に強く依存  
- PMTと比べて良い1光子分解能

•光検出効率の測定 
- UV光(LED)に対する相対光検出効率を評価 
- 2.5 kVでプラトーへ到達



14まとめ

•XLZD実験: XENONnT, LZ & DARWIN実験からなる新たなコラボレーション (~500人)で2030年台中頃に開始予定 

•キセノンガスの入手状況に応じて段階的にスケールアップ(例: 40→60 or 80トン) 

•G3Cメンバーのうち、XENONnT関係者はXLZD実験に加わり計画を推進中 

•名古屋グループは、新型光検出器・密閉型検出器を用いたラドン排除・トリチウムBG定量法のR&Dを進めている 

•特に、心臓部である光センサーの開発・調達・性能評価は日本が責任を担う 

•ウィーノ･ヒグシーノなど、電弱相互作用する暗黒物質に対して決定的な一打を与える 

•ニュートリノを伴わない二重ベータ崩壊や低エネルギーニュートリノ探索においても世界最高感度を狙う

日本グループは、これまで培った技術(キセノン純化・光検出器・密閉容器など)を持ち込み、中心的役割を担う
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Back Up 

15



16XLZDが開拓する物理
暗黒物質(WIMP)暗黒光子・アクシオン

原子核稀崩壊

　宇宙線

太陽ニュートリノ

超新星爆発

•ニュートリノを伴わない
二重ベータ崩壊

•

→消えた反物質の謎の解明

大気ニュートリノの 
コヒーレント散乱の
低エネルギー検出 

 ( < 100 MeV)

•ウィーノなど電弱相互作用
するWIMPの発見

•アクシオン・暗黒光子の発見

•太陽中の核融合に由来
した低エネルギー
ニュートリノの測定

•ニュートリノのフレーバー
に依らない観測

液体キセノン検出器

•キセノン原子核の二重電子捕獲
→人類が観測した崩壊事象の
中で最も半減期が長い崩壊

→超対称性理論など背後に潜む物理の検証
→強いCP問題解決の有力証拠

(原子核コヒーレント散乱)
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arXiv:2511.03250

arXiv:2511.03250

密閉型液体キセノン検出器: ラドン・トリチウム排除

•

•キセノンを格納する真空チャンバーなど、検出器表面からのアウトガスが原因

密閉型液体キセノン検出器: ラドン・トリチウム排除

•石英製の真空容器 & -100℃の低温での使用は世界初の試み

•ガスキセノン中でのラドン排除を実証(<1/100以下)
•名大内に専用の評価システム(冷凍機・真空・ガス純化・制御・安全装置)を確立 

•今後

•放射性不純物が極めて少ない合成石英で検出器中心部を密閉し、混入を防ぐ 
「密閉型液体キセノン検出器」を提案 PTEP 113H02 (2020)

•液体キセノン中でラドン排除 ( < 1/100)を実証(現在進行中)

•構造設計・シール材・トルク管理など石英加工を専門とする会社と共同研究

arXiv:2511.03250
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太陽ニュートリノ
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FIG. 5: The detection significance is given as a function of
the SN distance for a 27 M� progenitor with LS220 EoS.
The SN signal has been integrated over [0, 7] s. The di↵erent
bands refer to XENON1T (red), XENONnT and LZ (blue),
and DARWIN (green). The band width reflects uncertainties
from our estimates for the background rate, discussed in sec-
tion IV. The vertical dotted lines mark the centre and edge
of the Milky Way as well as the Large and Small Magellanic
Clouds (LMC and SMC, respectively). For this SN progeni-
tor, XENONnT/LZ could make at least a 5� discovery of the
neutrinos from a SN explosion anywhere in the Milky Way.
DARWIN extends the sensitivity beyond the SMC.

the first 7 seconds after the core bounce. We calcu-
late the detection significance following the likelihood-
based test for the discovery of a positive signal described
in [101]. Our null hypothesis is that the observed events
are only due to the background processes described in
section IV, while our alternative hypothesis is that the
observed events are due to both the background processes
and from SN neutrino scattering. A detection signifi-
cance of 5� means that we reject the background-only
hypothesis at this significance, which we therefore regard
as a 5� discovery of the SN neutrino signal. The bands in
Fig. 5 show the detection significance for a background
rate spanning the range (1.4�2.3)⇥10�2 events/tonne/s,
our assumption for the background rate discussed in sec-
tion IV, based on the measured rates in XENON10 and
XENON100.

Figure 5 shows the detection significance for the 27M�
LS220 EoS progenitor, which gives the highest event rate
among the four progenitors that we consider. However,
from this figure and Table I, it is straightforward to cal-
culate the detection significance for the other progeni-
tors. The expected number of events simply scales with
the inverse square of the SN distance, which implies that
the distance d2|n� for an n� detection of an alternative

SN progenitor is related to the distance d27,LS220|n� for
an n� detection of the 27 M� LS220 EoS progenitor
by d2|n� = d27,LS220|n�

p
events2/events27,LS220. Here

‘events’ is simply the number of events calculated from
the S2th = 60 PE row in Table I (which gives the number
of events per tonne and thus must be multiplied by the
detector size). With this formula, we estimate that the
SN burst from the 11 M�, Shen EoS progenitor can be
detected at 5� significance at 16 kpc, 26 kpc and 44 kpc
from Earth for XENON1T, XENONnT/LZ and DAR-
WIN, respectively.

B. Distinguishing between supernova progenitors

Besides spotting a SN burst, we are also interested in
investigating whether dual-phase xenon detectors could
help us to constrain the SN progenitor physics and the
neutrino properties. Given the sensitivity of xenon de-
tectors to SN neutrinos and the expected insignificant
background, detection should allow the progenitor mass
to be discerned. With the neutrino flux from only four
progenitor models, we cannot perform a detailed study
of the precision with which the progenitor mass could
be reconstructed. However, we can make some general
statements on the performance of the di↵erent xenon ex-
periments.
For a SN at 10 kpc, the expected numbers of events in

XENON1T, XENONnT/LZ and DARWIN for the 27M�
LS220 EoS progenitor are 35, 123 and 704, respectively,
which are 3.8�, 7.1� and 16.9� higher than the 11 M�
LS220 EoS progenitor, where the expectations are 19, 66
and 376 events. This demonstrates that when the SN
distance is well known, DARWIN will be able to discern
between these progenitor masses with a high degree of
certainty, while even XENON1T’s ability will be reason-
ably good.

C. Reconstructing the supernova neutrino light
curve

We now discuss the reconstruction of the SN neutrino
light curve from a Galactic SN burst. Figure 6 shows the
neutrino event rate for the most optimistic of the four
SN progenitors (27 M� with LS220 EoS) as a function
of the time after the core bounce. The rate has been
obtained for a SN at 10 kpc from Earth by adopting an
S2-only analysis with a benchmark threshold of 60 PE
for XENON1T, XENONnT/LZ and DARWIN. In this
analysis, we neglect the small background rate.
The left panel of Fig. 6 shows the light curve dur-

ing the full time evolution of the SN burst with 500 ms
bins. For a Galactic SN, a detector the size of DARWIN
clearly shows the characteristic behaviour of the Kelvin-
Helmholtz cooling phase where the event rate slowly de-
creases between 1 to 7 s, following the same neutrino lu-
minosity trend (cf. Figs. 1 and 2). This behaviour is

統
計
的
有
意
度
 [σ
]

超新星までの距離 [kpc]

XLZD (60 t)
XENONnT (8.6 t)
XENON1T (2 t)

超新星ニュートリノ

Solar ν-electron scattering

• Main challenge: reduce 222Rn (214Pb 
β-decay) background to x 10 below 
the pp rate (0.1 µBq/kg)

23

XLZD preliminary

using pp neutrinos

DARWIN collaboration, EPJ-C 80 12 (2020)

 222Rn goal 
(current value 
in XENONnT 
~0.8 µBq/kg)

600 t y exposure, 1 and 4 energy bins

Laura Baudis, UZH: XLZD, a next-generation liquid  xenon observatory sin2θW   
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•陽子・陽子(pp)反応ニュートリノ: 核融合の主過程

•標準太陽モデルや標準理論の低エネルギーでの検証

•keVエネルギーでのニュートリノ・電子散乱の検出
はXLZDのみ可能

•名古屋グループが中心となり、現在この解析を
XENONnTで推進中

•原子核コヒーレント散乱によるフレーバーに依らない観測

•XENONnTで、8B太陽ニュートリノの原子核コヒーレント
散乱をすでに観測

→超新星爆発のメカニズムの解明にも貢献

Phys. Rev. Lett., 133 191002 (2024)

•重力崩壊型超新星からのニュートリノバースト

•イベント数: 1000 - 10000事象@10 kpc (3.3 万光年) 

•全フレーバーの総エネルギーと冷却タイムスケールの時間
発展を直接測定
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Q. Confronting the Neutrino Fog

As the size and sensitivity of direct detection exper-
iments improves, the detectable signal of dark matter
will become so small that it will reach a level similar to
the strength of the coherent elastic neutrino-nucleus scat-
tering signal of astrophysical neutrinos [149, 159, 425].
While there is a substantial science case for the detection
of astrophysical neutrinos in their own right (section V),
for dark matter searches they are a critical background.

When searching for a signal that is mimicked by a
background, discovery is only possible when an excess
in events is larger than the expected statistical fluctu-
ations and systematic uncertainties of that background.
For the neutrino background, the systematic uncertain-
ties on the flux normalizations dominate, which range
from 1%–50%. Many of the particle models discussed
here will eventually be limited in some way by the neu-
trino background, in both the electronic [426, 427] and
nuclear recoil channels [149, 428–431]. This background
is often referred to as the “neutrino floor”, or more accu-
rately, the “neutrino fog”, as it represents a gradual wors-
ening of sensitivity and a dependence on the systematics
of the neutrino flux. Various definitions of this neutrino
fog have been put forward [432]. Just like any generic
limit on dark matter, the shape of a neutrino fog is de-
pendent on nuclear [433], astrophysical [157] and particle
model [243, 429, 430] inputs for the dark matter signal.
Given non-standard neutrino-nucleus interactions, these
could be further modified [434, 435] and even raised by
several orders of magnitude [436].

Unlike many other backgrounds, neutrinos cannot be
shielded, so they must be dealt with statistically, or by
searching for some discriminating features. Techniques
that have been discussed in the past include exploiting
the di↵ering annual modulation signatures [437], or the
complementarity between di↵erent target nuclei [438].
However, only direction-dependence provides enough of a
discriminant to fully subtract the background [439–443],
but measuring this in any large-scale experiment is ex-
tremely challenging.

Fortunately for the next-generation xenon experiment,
extending the dark matter physics reach below the neu-
trino fog will be facilitated by complementary measure-
ments made by neutrino experiments. Taking the exam-
ple of standard WIMP-nucleon cross sections, the most
important backgrounds will be 8B solar neutrinos for
WIMP masses below ⇠10GeV/c2, and atmospheric neu-
trinos above that. The 8B flux is measured at the 2%
level from Solar neutrino data [444]. The atmospheric
flux on the other hand, is di�cult to measure and to
theoretically predict at the relevant sub-100 MeV en-
ergies, so it still has a ⇠20% uncertainty (section VC
and [150]). Any reduction in these uncertainties will,
in e↵ect, “lower” the neutrino fog. Indeed, gradual im-
provements in neutrino flux measurements are expected
independent of the experiment under discussion here. For
example, experiments like SNO+ [445], JUNO [446] and
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FIG. 14. Spin-independent discovery limits at m� = 100 GeV
as a function of the expected number of atmospheric CE⌫NS
events N , and the fractional uncertainty on the atmospheric
neutrino flux, ��Atm/�Atm from Ref. [157]. Three scaling
regimes as a function of N are shown with dashed lines: 1)
“background-free” � ⇠ N�1, 2) Poissonian � ⇠ N�1/2, and
3) Saturation � ⇠

p
(1 + ��2N)/N . The bottom panels in

each case show the logarithmic scaling exponent defined as:
nDL ⌘ d ln�DL/d lnN . This figure shows the importance of
the neutrino flux systematic uncertainty in extending the dark
matter physics reach below the neutrino fog.

DUNE [447, 448] will be either operating or under con-
struction over a similar timescale to the next-generation
xenon experiment.

In Figure 14 we show how the minimum discover-
able spin-independent cross section for a 100GeV WIMP
evolves with increasing exposure in a xenon experiment.
The brief plateau in the discovery limit is the impact
of the atmospheric neutrino background. However, in
the limit of high statistics, the number of observed back-
ground events will eventually be large enough to account
for the finite uncertainty. At this point, the discovery
limit breaks past the neutrino fog and smaller cross sec-
tions can be accessed. Comparing the di↵erent lines, we
see clearly the importance of the systematic uncertainty.
A future improvement down to ⇠4% would be enough to
extend the reach of a 1000 tonne-year xenon experiment
almost an order of magnitude into the neutrino fog at

•重い暗黒物質の発見感度は最終的には大気ニュートリノのフラックスの精度で決まる: 現在20% 

•20 → 2 %に低減できれば、ニュートリノフォグは感度は10倍向上: SK/HKでの測定が鍵 

•感度は打ち止めではなく、統計が貯まればまた緩やかに改善していく (壁ではなく霧である理由)

J. Phys. G: Nucl. Part. Phys. 50 013001 (2023)

1000トン・年

•

大気ニュートリノのフラックスの精度向上


