
136Xeを用いた実験、関連するバックグラウンド

亀井雄斗 
東北大学ニュートリノ科学研究センター 

ミグダル観測検討会＠神戸大 2020年12月09日



ミグダル観測検討会＠神戸大学　亀井雄斗2020/12/09

ミグダル効果と136Xe

2

cf. 中村輝石さんのトーク 
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The possibility of the Migdal effect observation with xenon gas becomes realistic with an

isotope enrichment of the isotopes larger than A=133. More than four orders of reduction

for 129Xe and 131Xe are required considering the original contributions of these isotopes to

the background spectrum. With an additional energy selection between 60 keV and 80 keV,

the Migdal effect can be observed with xenon gas.
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Fig. 6 Simulated total energy spectra of

the intrinsic neutron background events for

the xenon target. Black-filled histogram is

the raw energy spectrum. Blue, red, and

gray ones are those after cut 1, 2, and 3,

respectively. The black-solid line is the energy

spectrum of the Migdal effect.
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Fig. 7 Isotope-breakdown of the intrin-

sic neutron background events for the xenon

target.

4.2. Gamma-ray background

Neutrons interact with materials of the laboratory and the detector and generate gamma-rays

via (n,γ) reactions. The production rates and the energies of gamma-ray backgrounds depend

on the laboratory geometry and detector design. Here, typical gamma-ray backgrounds for a

simplified geometry shown in Fig. 8 are studied. A stainless chamber with a thickness of 5 mm

is implemented enclosing a gas medium with a volume of (36 cm)3. The detection volume is

kept same as the one used in the signal simulation (30 cm)3 while a 3 cm buffer is prepared

for each plane. The neutron source is set at a position 1 m away from the detector center,

same condition as the signal simulation. For the gamma-rays from the laboratory materials,

neutrons from the (p,Li) reaction are generated to directions taking account of the energy

and rate dependence. The energy-angle correlation is show in Fig. 9. The detector is set

at the center of a laboratory with a size of (11.5m)3. An aluminum floor with an effective

thickness of 7.8 mm is constructed 1 m below the detector center.

The MC results are shown in Figs. 10∼13. The selection criteria are same as the ones

used in the intrinsic neutron backgrounds. The gamma-ray backgrounds from the chamber

material for the argon and xenon cases are shown in Fig. 10 and Fig. 11, respectively. The
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Fig. 1 Shcematis mechanism of the reactions related to the Migdal effect.

At the leading order, the probabilities of the Migdal effect are known to be proportional

to the square of the momentum transfer to the Migdal electron qe. Probabilities for a given

qe are calculated by scaling the values shown in Table 2 of Ref. [15] with (qe/511 eV)2 . qe is

calculated as follows,

q2e =
2m2

eENR

mN

, (1)

where me is the electron mass and mN is the target nuclear mass. Table 1 shows the scaling

factors for maximum recoil energies Emax
NR

by an irradiation with 565 keV neutrons. Here

Emax
NR

is known by

Emax
NR =

4mnmN

(mn +mN)2
En. (2)

Here mn is the neutron mass and En is the neutron energy. It is seen that the scaling factor

for argon is one order of magnitude larger than that for xenon because mN is smaller and

ENR is consequently larger for a given energy of neutrons.

Expected event rates calculated for the experimental and physical conditions discussed

so far are shown in the final row of Table 1. Here the event rate for the nuclear recoils

associated with characteristic X-rays from the Migdal effect are shown. The rates (O(102 ∼

103) events/day) themselves without the consideration of any backgrounds are encouraging

ones. In reality, the background rates without any reduction are much larger than these

signal rates. It is one of the important points of this study to discuss a realistic method

to discriminate background events with the event topologies, which will be discussed in

Section 4.

It should be emphasized that our calculation and discussed measurement are only for the

isolated atoms. For the application to the dark matter searches, it is also important to test

the Migdal effect in the liquid medium.

3.2. Signal Simulation

A simple calculation showed an encouraging signal event rate as an ideal case. A more

realistic Geant4 [22] Monte Carlo (MC) simulation study was then performed.

Four particles, listed as (1)∼(4) in the followings, are generated for the MC simulation.
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ミグダル効果観測に 
濃縮136Xeの使用が有効的 

↓ 
136Xeの先行実験についてトーク 

(ミグダル効果と関係なく)

https://arxiv.org/abs/2009.05939
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136Xe 
原子番号54, 質量数136 自然同位体比8.9% 
融点-111.9℃、沸点-108.1℃ 
ニュートリノを伴わない二重ベータ崩壊候補核の一つ

• 三態が利用可能 
• 純化技術が確立している 
• 通常の2νββの崩壊寿命が比較的長い 

• 液体キセノンの高い自己遮蔽力 

• 比較的濃縮が容易 
• 大容量化が容易 

• 大光量シンチレーションも利用可能

低BG化

高感度化
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二重ベータ崩壊(2νββ) 
通常のベータ崩壊がエネルギー準位的に禁止 
標準理論を超えたニュートリノを伴わない崩壊モード(0νββ)の可能性

PRL 117, 082503 (2016)

search 0νββ peak
Q値 2.46MeV

半減期は1018年以上 
(他に130Te, 76Ge, 82Se, 100Moなどが候補核)

ニュートリノがマヨラナ粒子(            )である場合にのみ起きうる⌫ = ⌫

2νββ
(A, Z) → (A, Z+2) + 2e-
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ニュートリノを伴わない二重ベータ崩壊(0νββ)を発見すれば…

(T 0⌫
1/2)

�1 = G0⌫ |M0⌫ |2hm��i2
0νββの半減期 
(測定量)

マヨラナ有効質量
位相空間因子 
(Q, Zから計算)

核行列要素 
(理論計算、不定性大)

are added to the fit as an additional normalized factor of the
likelihood LðDcosmjΣÞ, where Dcosm represents the obser-
vational constraints on Σ from the combination of data
labeled as “TT+lowP+lensing+ext” in Ref. [21]. These new
data disfavor the quasidegenerate region at high values
ofml and compress the distributions ofmββ to lower values.

In this work, we use as reference results those obtained
without imposing cosmological constraints. This choice is
motivated by the fact that cosmological constraints are
model dependent, not only on the ΛCDM model used to
interpret the data, but also on a host of astrophysical models
required to extract limits on Σ from disparate data sets with
complex and inter-related systematic uncertainties [22,48].
In any case, at present the impact of cosmological data
is still limited: the cumulative distributions of mββ, and
ultimately also the experimental discovery probabilities,
change by only tens of percent.
When the fit is performed with Σ fixed to its minimum

allowed value (corresponding to ml ¼ 0), the mββ posterior
distribution is constrained to lie within the horizontal
bands that extend to ml → 0 in Fig. 1. The mββ posterior
distribution is slightly shifted to smaller values for IO, and
the discovery probability of future experiments remains
very high. In NO, mββ is pushed below the reach of future
experiments, and the discovery probabilities become very
small. Using ml in the fit basis with a log-flat scale-
invariant prior would provide the same results as long as the
cutoff on ml, required to have normalizable posterior
distributions, is set low enough to make the result inde-
pendent of the choice of cutoff.

III. EXPERIMENTAL SENSITIVITY

The experimental search for 0νββ decay is a very active
field. There are a number of isotopes that can undergo 0νββ
decay and many detection techniques have been developed
and tested in recent years [49,50]. Examples are high-purity
Ge detectors [51,52], cryogenic bolometers [53,54], loaded
organic liquid scintillators [27], time-projection chambers
[55,56], and tracking chambers [57]. Various larger-scale
experiments with the sensitivity to probe the full IO
parameter space are being mounted or proposed for the
near or far future. This work focuses on those projects
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FIG. 2. Top: marginalized posterior distributions ofmββ for NO
and IO, normalized by the logarithm of mββ. Bottom: comple-
mentary cumulative distribution functions for mββ. The band
shows the deformation of the posterior distribution due to
different assumptions on the NME. The data from cosmology
provide a somewhat stronger constraint on mββ than the current
0νββ decay experiments. The sharp peaks visible in the mββ

distributions are due to a volume effect dominated by Σ and
the Majorana phases. For NO with ml ¼ 0 there is negligible
variation due to the NME.
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FIG. 1. Marginalized posterior distributions for mββ and ml for NO (a) and IO (b). The solid lines show the allowed parameter space
assuming 3σ intervals of the neutrino oscillation observables from NuFIT [12]. The plot is produced assuming QRPA NMEs and the
absence of mechanisms that drive ml or mββ to 0. The probability density is normalized by the logarithm of mββ and ml.
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IH領域  
半減期 1026  ~ 1028  年 
崩壊核量 ~1 ton 原子核(136Xe) 4×1027個

NH領域 
半減期 > 1028 年 
崩壊核量> ton  
 今のニュートリノパラメータからの知見か

ら, 逆階層をカバーする実験は十分に
0νββ崩壊の発見可能性を持っている.

Basian解析による有効質量の確率密度分布

~Ton scaleの実験は
逆階層をカバーする 
ところまで探索可能.

〈mββ〉 >~15 meV, IH>95% , NH~50%

宇宙観測や電子
ニュートリノ質量
探索から制限

0νββ崩壊
探索によ
る制限

現在の実験 様々な実験の将来計画

現在計画されている実験の目標値

Phys. Rev. D 96 (2017) 053001. 
0νββ探索に 
よる制限

マヨラナ有効質量 
- 0νββに寄与するニュートリノの有効質量

hm��i ⌘
��|UL

e1|2m1 + |UL
e2|2m2e

i�2 + |UL
e3|2m3e

i�3 |
��

ニュートリノ質量の階層構造 
標準階層(NH): m1 < m2 << m3 
逆階層(IH)    : m3 << m1 < m2 

絶対質量へのヒント
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ニュートリノを伴わない二重ベータ崩壊(0νββ)を発見すれば… 
ニュートリノがマヨラナ粒子(            )である証拠となる⌫ = ⌫

マヨラナ粒子 
中性フェルミオンのみなり得る。→ニュートリノ 
ディラック質量項＋マヨラナ質量項が許される。→右巻きニュートリノ

Lmass = (⌫cR ⌫R)

✓
mL mD

mD mR

◆✓
⌫L
⌫cL

◆
+ h.c.

シーソー機構による軽いニュートリノ質量の説明 
標準理論に重い右巻きニュートリノを導入 
                         とすることで小さな質量を説明

m2
D

mR

mR

右巻きν

左巻きν

レプトジェネシス－物質優勢宇宙の説明への鍵 
重いニュートリノの崩壊がレプトン数を生成、 
スファレロン過程(B+Lを破り、B-Lを保存)によりバリオン数が生成　

mL = 0, mR � mD
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2011 
9月

2011 
10月

2015 
10月

2019 
1月

2012 
6月

2013 
12月

実験 
開始

Phase-I Phase-IILS純化

KamLAND-Zen400
Xe 320 kg Xe 383 kg KamLAND-Zen800

Xe 745 kg😖

KamLAND Zero-neutrino double beta decay search
0νββ探索実験 
検出器：KamLAND 
→低BG環境を実現した液体シンチレータ検出器 

ターゲット崩壊核：136Xe 
→同位体濃縮Xe (91% 136Xe, 9% 134Xe) 
　～3 wt%  
　バルーンによる容易な拡張、ON-OFF測定

各PMTのチャージ ヒットタイミング

事象再構成

hm��i < 61� 165 meV世界で最も厳しい制限： 将来：KamLAND2-Zen 
Xe ~1 ton & 検出器改良
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Enriched Xenon Observatory
0νββ探索実験 
検出器：TPC(time project chamber)＋ 

APD(Avalanche Photodiodes) 
→2種類の検出器で信号とBGを区別 
　高エネルギー分解能 1.2% σ/E 

ターゲット崩壊核：液体Xe (LXe) 
→同位体濃縮Xe(81% 136Xe)

各PMTのチャージ ヒットタイミング

事象再構成

アメリカ、WIPP

EXO-200 (LXe 175 kg) 
Phase-I : 2011年9月- 2014年2月 
Phase-II: 2016年1月-2018年12月

hm��i < 93� 286meV

T1/2 > 5.0⇥ 1025 yr

PRL 123, 161802 (2019)

→次期計画nEXOへ　～1028 yr

nEXO  Xe～5ton 
濃縮Xe >90% 
高分解能<1.0%
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Figure 1. A sketch showing the NEXT detection technique. Scintillation (S1) and electroluminescent (S2) light are detected by the energy plane,
PMTs (on the left). Ionization electrons drift toward the anode, while traversing the EL region, they emit electroluminescent light that is detected
by the SiPMs in the tracking plane. With the information on the SiPMs and the time of the arrival the electron track is reconstructed in 3D.

the energy of the event with an excellent energy resolution, better than 1% at FWHM (Full Width Half Maximum)
at the Qββ = 2458 keV, and reconstructing the two electron tracks. The detector will be built with ultra radio pure
materials. NEXT collaboration is formed by approximately 80 physicist from institutions and Universities of Spain,
Portugal, Russia, USA and Colombia. The majority of the funding comes from a Spanish Grant (Consolider-Ingenio)
and an Advanced Grant from the European Research Council.

NEXT is a cylindrical TPC 130 cm length and 52.5 cm radius. One of the end-caps acts as the cathode and it is
instrumented with 60 large Photo Multipliers (PMTs) to detect light and measure the energy of the event. The other
end-cap, the anode, has a 10 mm Electroluminescent Region (EL) in front of a plane of Multi-Pixel Photon Counters
(SiPMs), the tracking plane. Each SiPM has 1 mm2 size, they are located in boards, each board holds 8×8 SiPMs in a
x, y grid with 10 mm pitch. In total there are 7 k SiPMs. Interaction of a charge particle in Xenon produces scintillation
and ionization signals. Electrons from ionization drift in the presence of the moderate electric field (0.3-0.5 kV/cm) of
the TPC towards the anode, when they enter the EL region, they convert into photons by electroluminescence. Primary
scintillation (S1) and EL (S2) light are collected by the PMTs of the energy plane, providing the time start-of-event
and the energy respectively. Electrons are reconstructed using the S2 light pattern on the SiPMs and the time of the
arrival. Figure 1 shows the detection technique, that was first introduced in [5] and completed in [6].

The TPC will be installed inside a vessel made of stainless steel 316Ti alloy able of withstand a pressure of 15 bars.
A copper layer on the inside, shields the sensitive volume from radiation. The field cage of the TPC will be made of
high density polyethylene. Three wire meshes, cathode, gate and anode defines the drift and EL regions. PMTs of
the energy plane are of type Hamamatsu R11410-10, specially developed for radio pure, xenon-bases detectors. They
will be sealed into individual pressure cans with sapphire windows. SiPMS are of type Hamamatsu S10362-11-050P.
The tracking plane is coated with a wavelength shifter (TPB) to enhance the light detection efficiency. A gas system
will circulate, purify and pressure Xenon in the detector. A lead castle will shield the full detector for the external flux
of high energy gamma rays that reach the cavern.

Two prototypes has been built in order to determine the energy resolution and to demonstrate the reconstruction of
electron tracks. A first prototype, NEXT-DBDM, was built and operated at Lawrence Berkeley National Laboratory
(USA). A resolution of 0.5 % FWHM extrapolated at Qββ was obtained [7]. It is very close to the intrinsic energy
resolution on Xenon, ∼ 0.3 % FMWH. A second prototype, NEXT-DEMO, was built and operated at the Instituto
de Fı́sica Corpuscular (IFIC), Valencia, Spain. NEXT-DEMO is a 30 cm long TPC that can hold 1 kg of Xe and
was instrumented with an energy and tracking plane. An energy resolution of 1.82 % at FWHM was obtained for
511 keV electrons from 22Na gamma interactions [8], that extrapolated to 0.8 % FWHM resolution at Qββ, better
than the design target resolution! With the information from the tracking plane, electron tracks from 22Na and 137Cs
gamma interactions were reconstructed. The energy deposit from a primary electron has two recognizable regions,
one where the electron is a minimum ionizing particle (mip), and the end point, where the electron deposits a larger
energy (blob). Figure 2 shows the (y, z) proyection of an electron track from a 137Cs gamma interaction reconstructed
in NEXT-DEMO [9]. z is the drift direction. Color indicates different energy deposition. The end of the electron

高圧XeガスTPCを用いた将来計画

9

AXEL 
A Xenon ElectroLuminescence

NEXT-100 
Neutrino Experiment with a Xenon TPC 

100 kg 90% 136Xe

2021年DAQ始動予定

PandaX-III 
Particle and Astrophysical Xenon experiments 

140 kg 90% 136Xe

検出器：TPC(time project chamber) 
→Electro Luminescenceを利用した高エネルギー分解能 

ターゲット崩壊核：気体Xe 高圧10 - 15bar 
トポロジーを利用した低BG化
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136Xeのニュートリノを伴わない二重ベータ崩壊(0νββ)探索実験@神岡

~50 Collaborators

ZOOMでのコラボレーション会議 
@2020年10月



ミグダル観測検討会＠神戸大学　亀井雄斗2020/12/09

KamLAND-Zen検出器

11

岐阜県神岡

地下1000m (2700 m w.e.) 
宇宙線μレートが地上の10-5 (~0.3 Hz)

東北大

水チェレンコフ検出器(OD)
純水 3.2 kton 
225本のPMTを使用 
宇宙線μを検知 
岩盤からの中性子の遮蔽

液体シンチレータ検出器(ID)
1879本のPMTを使用 
(17” PMT 1325本, 20” PMT 554本) 

KamLAND-LS 1 kton 
(PC 20%, N12 80%, PPO 1.36 g/L) 

Xe-LS 30 m3 
(PC 18%, N10 82%, PPO 2.4 g/L) 
Xe 3.1 wt% 

18mφ球形ステンレスタンク

13mφEVOH/ナイロンバルーン

3.8mφナイロンバルーン(25μm)

Kamioka Liquid sintillator Anti-Neutrino Detector

バッファーオイル(光らない)

238U~5.0×10-18 g/g 
232Th~1.3×10-17 g/g
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KamLAND Zero-neutrino double beta decay search
2011 
9月

2011 
10月

2015 
10月

2019 
1月

2012 
6月

2013 
12月

実験 
開始

Phase-I Phase-IILS純化

KamLAND-Zen400
Xe 320 kg Xe 383 kg KamLAND-Zen800

Xe 745 kg😖

hm��i < 61� 165 meV世界で最も厳しい制限：

将来：KamLAND2-Zen 
Xe ~1 ton & 検出器改良

0νββ半減期(Phase-I+II) : T1/2 > 1.07⇥ 1026 yr

Phase-Iでは予想外の110mAgが混入 
LS, Xeの純化で背景事象を削減に成功

2016年、1度zen800に向けて 
インナーバルーンをインストール 
しかし、リーク発覚…再作成を余儀なくされた

are added to the fit as an additional normalized factor of the
likelihood LðDcosmjΣÞ, where Dcosm represents the obser-
vational constraints on Σ from the combination of data
labeled as “TT+lowP+lensing+ext” in Ref. [21]. These new
data disfavor the quasidegenerate region at high values
ofml and compress the distributions ofmββ to lower values.

In this work, we use as reference results those obtained
without imposing cosmological constraints. This choice is
motivated by the fact that cosmological constraints are
model dependent, not only on the ΛCDM model used to
interpret the data, but also on a host of astrophysical models
required to extract limits on Σ from disparate data sets with
complex and inter-related systematic uncertainties [22,48].
In any case, at present the impact of cosmological data
is still limited: the cumulative distributions of mββ, and
ultimately also the experimental discovery probabilities,
change by only tens of percent.
When the fit is performed with Σ fixed to its minimum

allowed value (corresponding to ml ¼ 0), the mββ posterior
distribution is constrained to lie within the horizontal
bands that extend to ml → 0 in Fig. 1. The mββ posterior
distribution is slightly shifted to smaller values for IO, and
the discovery probability of future experiments remains
very high. In NO, mββ is pushed below the reach of future
experiments, and the discovery probabilities become very
small. Using ml in the fit basis with a log-flat scale-
invariant prior would provide the same results as long as the
cutoff on ml, required to have normalizable posterior
distributions, is set low enough to make the result inde-
pendent of the choice of cutoff.

III. EXPERIMENTAL SENSITIVITY

The experimental search for 0νββ decay is a very active
field. There are a number of isotopes that can undergo 0νββ
decay and many detection techniques have been developed
and tested in recent years [49,50]. Examples are high-purity
Ge detectors [51,52], cryogenic bolometers [53,54], loaded
organic liquid scintillators [27], time-projection chambers
[55,56], and tracking chambers [57]. Various larger-scale
experiments with the sensitivity to probe the full IO
parameter space are being mounted or proposed for the
near or far future. This work focuses on those projects
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IH領域  
半減期 1026  ~ 1028  年 
崩壊核量 ~1 ton 原子核(136Xe) 4×1027個

NH領域 
半減期 > 1028 年 
崩壊核量> ton  
 今のニュートリノパラメータからの知見か

ら, 逆階層をカバーする実験は十分に
0νββ崩壊の発見可能性を持っている.

Basian解析による有効質量の確率密度分布

~Ton scaleの実験は
逆階層をカバーする 
ところまで探索可能.

〈mββ〉 >~15 meV, IH>95% , NH~50%

宇宙観測や電子
ニュートリノ質量
探索から制限

0νββ崩壊
探索によ
る制限

現在の実験 様々な実験の将来計画

現在計画されている実験の目標値

Phys. Rev. D 96 (2017) 053001. KamLAND-Zen800 
5年観測で40meVを目指す
KamLAND2-Zen 
5年観測で20meVを目指す

集光ミラー 
HQE PMT 
大発光量LS 
→分解能の改善 
Xe 1ton

Phase-II
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Xe-LS容器(Inner-balloon)の製作
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一般的な手術室はクラス10,000

直径3.8mのInner-balloonを仙台のクラス1のクリーンルームで作成 
25μm厚のナイロンフィルムを熱溶着

洗浄 切り出し 溶着 リークチェック

完成・梱包
搬入 インストール

少し重いLSで膨らませた後、 
Xe-LSを充填[Xe 745±3 kg]
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KamLAND-Zen800での背景事象
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TAUP2019での結果の再解釈

7

Observed events 8
Best-fit total events 10.7

0νββ 2.8
2νββ 5.1

214Bi in LS 0.4
212Bi-212Po pile-up 0.4
Film BG (214Bi) 0.9
Spallation (10C) 0.2
Spallation (137Xe) 0.1

Spallation (short-lived) 0.2
Solar 8B ν 0.4

Summary of observed & best-fit events in ROI
Spectrum R < 157 cm

FLUKAでのXeの原子核破砕事象の見積もりから 
~ 4 eventsほどXeの原子核破砕事象があると 
考えられる. 0νββ崩壊のPositive分を説明できる

+ Xe原子核破砕の不安定核

(2.35 Mev-2.70MeV)

0νββ崩壊ではなくXeの原子核破砕により
できた長寿命の不安定原子核の崩壊だった.0νββ 

136Xe → 136Ba + 2e- 
ROI : 2.35 - 2.7 MeV

背景事象

2νββ 
136Xe → 136Ba + 2e- + 2νe 
エネルギー分解能による浸み込み 
分解能向上以外に除去は不可能

宇宙線μによる原子核破砕生成物 
ミューオンがLS中の原子核を破砕して 
不安定核種を生成し、その崩壊が背景
事象となる。 
12Cの破砕物[10Cなど] 
136Xeの破砕物[88Y, 128Sb, 122Iなど]

バルーンフィルム由来のBG 
インナーバルーンに付着した214Bi

観測対象

TAUP2019
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Inner-balloon由来の背景事象

15

)2 (m2+Y2X
0 1 2 3 4

Z 
(m

)

2−

1−

0

1

2

Bi
 E

ve
nt

 R
at

e 
(E

ve
nt

s/B
in

)
21

4
Si

m
ul

at
ed

 

1

10

210

310

410

510

610

)2(m2+Y2X
0 1 2 3 4 5 6 7

Z(
m

)

3−

2−

1−

0

1

2

3

B
i E

ve
nt

(a
.u

.)
21

4
Si

m
ul

at
ed

 

1

10

210

310

2.35-2.70 MeV

インナーバルーンの214Biの分布とデータ

Zen400 Zen800

インナーバルーンの214BiはKamLAND-Zen400 Phase-IIの ～1/10 
有効体積は3倍以上に増加

バルーンの底にhot spot 
フィルムに付着していたゴミが沈澱したと思われる

内側1.06m以内が高感度 内側1.57m以内が高感度

0νββ候補イベントとMC分布をプロット 
MC分布はdataを再現
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宇宙線ミューオン由来の背景事象

16

宇宙線ミューオンが原子核を破砕し、不安定核種を生成。 
それらの崩壊が背景事象となる。

pn

12C 

10C 

中性子捕獲

Q = 3.7MeV
⌧ = 28 sec

⌧ = 207.5µsec
2.22MeV

ミューオン

dR < 160 cm

γ

12Cの核破砕 136Xeの中性子捕獲による137Xe

136Xeの核破砕

137Xeの崩壊：Q = 4.2MeV, ⌧ = 5.5min短寿命 < 30 s

長寿命 102 - 105 s以上 
様々な核種が生成される、各々の生成量は微量 
だが合計すると無視できない量となる。 
破砕に伴って放出される中性子が多い。

除去手法 
muon直後のveto (150 ms) 
基本的には、デッドタイムフリーなSub-DAQ[MoGURA]を用いた中性子捕獲事象タグ 
シャワーとの相関を使ったlikelihoodによるタグも有効
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12Cの核破砕生成物の除去
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10C生成の例 
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図 5.9 宇宙線ミューオンの dE/dXと 12Bの位置

ら、KamLANDにおいても、宇宙線ミューオン起源の原子核破砕生成物をシャワーの位
置と関係付けることは有効であると考えられる。

5.4 シャワーを用いた尤度関数による事象選別
前節の結果から、シャワーの情報を用いて宇宙線ミューオン起源の原子核破砕生成物を

探し出すことができると考えられる。その手段として、尤度関数 (likelihood function)を
用いる。これまで KamLAND-Zen で行われてきた 10C タグは複数の条件を同時に満た
すイベントを選び出す box cutと呼ばれるものだった。それに対しこの尤度関数を用いる
方法は、あらかじめ知っている関数形から、そのイベントがどれくらい 10Cらしいかを見
積もるものである。box cutと比べると尤度を用いた方が時間的空間的に占める領域が狭
いため、同じ除去効率であっても尤度を用いた方が誤って除去されるランダム事象が少な
い。言い方を変えると、同じデッドタイムでも尤度を用いた方が除去効率は高くなる。

69

12Bイベント

dE/dxlarge

東北大学修論 狩野祐喜 2017

三点(μ-n-崩壊核)同時遅延計測
シャワーを用いたLikelihood法
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核破砕点を特定 

中性子イベントなしで生成物をタグ

時間分布をエネルギー毎にフィットし、レートを算出 : 
除去前のイベントレート in ROI 

8.4 + 0.4 - 0.3 /day/kton 
除去後のイベントレート in ROI 
0.07 + 0.09 - 0.05 /day/kton

log10{Likelihood(dE/dx, dL, dT )} > 1.8を作成



ミグダル観測検討会＠神戸大学　亀井雄斗2020/12/09

136Xeの核破砕生成物の除去
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136Xeの核破砕
長寿命 102 - 105 s以上 
様々な核種が生成される、各々の生成量は微量だが合計すると無視できない量となる。 
破砕に伴って放出される中性子が多い。

この特徴を利用し、Likelihoodを作成

Xe原子核破砕の崩壊と宇宙線ミューオンとの時間差

8
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有効中性子数(ENN)からタグされた事象の   
宇宙線ミューオンからの時間差分布
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中性子を多く含む原子核を
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FLUKAをもとにした有効中性子数(ENN)の分布
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dR, ENNはFLUKAシミュレーションをもとに 
Likelihoodを作成し、タグに用いる。

Xe原子核破砕の崩壊と宇宙線ミューオンとの時間差
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• 136Xeはニュートリノを伴わない二重ベータ崩壊(0νββ)候補核種 
• 様々な実験が進行・計画中 

• KamLAND-Zen 800実験は液体シンチレータ検出器を用いた136Xeの
0νββ探索実験 
• 2019年1月から観測を始め、安定してデータ収集中 
• クリーンなインナーバルーンや宇宙線ミューオンによる原子核破砕生成
物による背景事象の解析的な除去などの結果、低BG化を実現 
• 現在は宇宙線ミューオンによるXe原子核破砕でできる長寿命核種の崩
壊が主なBG 
• 最新結果はもうまもなく！


