
  極低閾値電離信号を用いた 
質量の小さい宇宙暗黒物質探索 

検出器開発研究

佐藤　和史(東大ICRR) for XMASS collaboration
@「宇宙の歴史をひもとく地下素粒子原子核研究」領域研究会 

22 May, 2017 in 岡山大学



2

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
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暗黒物質の有力候補はWIMPs 
• M = 数十GeV ~ TeV 
• 直接探索実験(XENON, LUX, 

XMASS…)でも加速器実験(LHC)
でも未だ有意な信号はない

→低質量に目を向けると。。。
観測　

• ~10 GeV : DAMA/LIBRA, CDMS-Siの測定結果 
理論

• WIMPの存在できるmass range: 1 MeV ~ 100 TeV 
• < 10 GeV : Asymmetric DM 
• MeV ~ GeV : electron scattering DM

H. Baer et. al. , arXiv:1609.06735v3 (2016)
直接探索実験の感度

”軽い”暗黒物質探索の必要性

☞ 1 MeV ~10 GeVの軽い暗黒物質の探索も視野に入れる



低質量 → 低閾値

3低質量の探索には、”低いエネルギー閾値”が重要！

• 直接探索実験の感度は　
MDM <10GeVで急激に悪化 
• MDM<Mtargetでは運動量移
行が小さいため
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2相式XeTPCによる低閾値の取り組み
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• XENONグループによる先行研究 

• 通常はS1、S2双方の読み出し 
• S2/S1による粒子識別能力 

⇄ S2 onlyの読み出し 
• 1ドリフト電子 ~ 200 S2光子 
• 4 e- threshold

•  = 80 P.E. = 0.7 keVnr

Masaki Yamashita 9
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added complication of possible electron multiplication
near the anode wires. Typical values were 19 pe=e! at
4:6 kV=cm drift field (Case) and 8:4 pe=e! at
2:0 kV=cm (Columbia).

The relative light and charge yields as a function of drift
field for different particles in LXe are summarized in
Fig. 3: 122 keV gamma rays from this work, 56.5 keV
Xe nuclear recoils from [14] and this Letter, and 5.5 and
5.3 MeV alphas from [19] and the Case detector. The
relative charge yield, Q"E#=Q0, is the ratio of charge
collected at a given field, E, to that at infinite field (i.e.,
with no recombination). For gammas and alpha particles,
Q0 $ Ee=We, where Ee is the energy, and We $ 15:6 eV
[20] is the average energy required to produce an electron-
ion pair in LXe. For nuclear recoils, we modify this to
account for the suppression of ionization predicted by
Lindhard [13], so that Q0 $ ErL=We, where L is the
Lindhard factor and Er is the recoil energy.

The energy dependence of the ionization yield (number
of electrons escaping recombination per unit recoil energy)
for nuclear recoils is shown in Fig. 4 for several drift fields.
The uncertainty on the yield is dominated by the systematic
error from the S2 calibration based on 57Co. Uncertainty in
the S1-based nuclear recoil energy scale from previous
measurements [14–18] is not shown.

The important characteristics of the nuclear recoil ion-
ization yield are its field-dependent value relative to other
particles (Fig. 3), and its energy dependence (Fig. 4).
Lindhard theory, which describes the suppression of ion-
ization production relative to electron recoils during the
initial interaction of the recoil nuclei with other atoms, is
independent of field. Lindhard does predict a slight de-
crease in charge yield with decreasing energy, but this is
the opposite of what is observed. The electric field and
energy dependencies of nuclear recoils must therefore be
due to recombination.

Recombination depends on the electric field and the
track’s ionization density and geometry, with stronger
recombination at low fields and in denser tracks. A rough
measure of the ionization density is the electronic stopping
power, plotted in Fig. 5 for alphas, electrons, and Xe
nuclei, as given by ASTAR, ESTAR, and SRIM [21],
respectively. Also shown is a recent calculation by
Hitachi [22] of the total energy lost to electronic excitation
per path length for Xe nuclei, which differs from the
electronic stopping power in that it includes energy lost
via electronic stopping of secondary recoils.

The drop in electronic stopping power at low energy for
nuclear recoils in Fig. 5 should result in a decrease in
recombination, providing an explanation for the prominent

FIG. 4. Energy dependence of nuclear recoil ionization yield in
LXe at different drift fields.
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FIG. 3 (color online). Field dependence of scintillation and
ionization yield in LXe for 122 keV electron recoils (ER),
56.5 keVr nuclear recoils (NR) and alphas.

FIG. 2 (color). Case detector response to 252Cf neutron and 133Ba gamma sources at 1:0 kV=cm drift field.
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Single-electron charge signals in the XENON100 experiment 5
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Figure 3. (left) A typical S2 low-energy spectrum is fitted with a sum of 5 Gaussians,
supposing that the spectrum comprises a sum of one to five electron’s S2 signals,
multiplied by a function (see text) to take into account the detection efficiency. The
fit result in red superimposes the data in black. (right) Stability of the first Gaussian’s
mean value µ1, which defines the secondary scintillation-gain. The mean is given by
the solid line and the one sigma values by the dashed lines. Periods where data are
missing correspond to maintenance periods.

a sum of several Gaussian functions with mean µi and standard deviation σi with the
constraint µi = iµ1 and σi =

√
iσ1, multiplied by an efficiency curve, represented by

the function f(E) = 1/(exp(−(E −A)/B) + 1) with A and B as free parameters. This

fit assumes that the low-energy spectrum comprises a sum of one to a few electrons

S2 signals and that each electron produces an independent S2 peak distributed as a

Gaussian with mean µ1 and standard deviation σ1. The efficiency curve is interpreted

as the efficiency of the S2 peak-finder algorithm, which depends on the S2 peak size.
The position of the first Gaussian (µ1) provides the number of detected photoelectrons

per single electron extracted into the gas gap. This quantity is called secondary-

scintillation gain; its value depends on the physical properties of the xenon gas gap,

such as the electric field, the size of the gap, and the xenon pressure. The value of

∼ 20 PE is compatible with the secondary-scintillation gain that can be inferred from

gamma calibrations by dividing the measured S2 signal by the known energy deposit and
multiplying it by the effective W -value, i.e. the average energy expended per electron

escaping recombination (see Section 4.2).

In order to check the reliability of the fit, we verified that results are constant in

time under the same operational conditions (Figure 3, right). We also checked that the

position of the first Gaussian mean is the same for different calibration sources (60Co,
232Th, 137Cs and 241AmBe) and without any source.

cont.
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FIG. 5. Charge yield (Qy) as a function of energy for nu-
clear recoils (keV). This analysis employs the conservative
nuclear recoil charge yield model of Bezrukov et al. (elec-
tric field independent) [15], given by the green line. It agrees
with the measurement of XENON100 (E = 0.53 kV/cm) [14]
(red triangles). The NEST model (E = 0.73 kV/cm) [16]
(dashed black) and the recent measurement of LUX (E =
0.18 kV/cm) [17] (blue points) predict slightly higher yields.
To account for the mild discrepancies below 3 keV, we use the
model from Bezrukov et al. and conservatively assume Qy=0
below 0.7 keV.

dependent and gives the number of proportional scintil-
lation photoelectrons per electron extracted into the gas
phase. In this science run of XENON100, Y is described
by a normal distribution with µ = (19.7 ± 0.3)PE/e�

and � = (6.9± 0.3)PE/e� [12]. Charge extraction from
the liquid is almost unity at the XENON100 extraction
field [9].

As shown in Fig. 5, there is some remaining uncertainty
in Qy, especially at very low recoil energies, even though
the LUX data demonstrate clearly that Qy is nonzero
above 0.7 keV [17]. In order to not base our WIMP
result on optimistic assumptions, we use the analytical
model of Bezrukov et al. [15], which agrees with the
XENON100 measurement [14], and the NEST model [16]
above ⇠6 keV and is more conservative at lower ener-
gies. We additionally introduce a cuto↵ at 0.7 keV, be-
low which Qy is set to zero, to penalize the result for
the limited knowledge on the charge yield at the lowest
energies. This energy also corresponds to the threshold
at which signals will be above our 80PE threshold.

However, we note that a Monte Carlo model based on
the Bezrukov et al. function without any cuto↵ leads to a
good description of the measured charge spectrum from
241AmBe calibration data (see Fig. 6). The data were
selected based on the same criteria as used in the WIMP
analysis, with the exception of the S2 asymmetry cut,
which is not required due to the significantly higher rate
of the 241AmBe source compared to the gas event rate.
Besides the statistical uncertainty, the spectrum also in-

FIG. 6. S2 spectrum of 241AmBe calibration data compared
to simulations using the Qy from Bezrukov et al. [15] with no
energy cuto↵.

XENON10
CDMS-II

DAMA/LIBRA

CRESST-II

SuperCDMSXENON100LUX

CDMSlite

PICO-2L
XENON100: S2-only

FIG. 7. WIMP exclusion limit on the spin-independent
WIMP-nucleon scattering cross section at 90% confidence
level. Limits from the LUX [21], XENON100 [10], Super-
CDMS [22], CDMSlite [23], XENON10 [8], CRESST-II [24]
and PICO-2L [25] experiments are shown. The claims from
DAMA/LIBRA experimental data [26] and CDMS-II (Si de-
tectors) [7] are also shown. The limit from this analy-
sis is shown with the thick blue line and it improves the
XENON100 result [10] (dashed blue line) for WIMP masses
below ⇠7.4GeV/c2.

cludes a systematic uncertainty of 8%, which is mainly
due to the uncertainties in the S2 amplification [12] and
the cut acceptance. The simulation follows the strategy
described in [14] but ignores the S1 light information.
The same Monte Carlo method is used to model the

expected WIMP energy spectra. The number of elec-
trons released after a nuclear recoil of energy E is given
by a Poisson distribution with mean N = EQy. The
charge loss due to the electron lifetime (⌧e) is modeled

• BGが感度を決めている 
• σ = 10^( -40 ~ -41) cm2 

@ MDM=5GeV 
→ S2 only解析にはBGの低減が重要

reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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[Phys. Rev. D 94, 092001(2016)]
4e- threshold search (XENON100)
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XENONにおける背景事象
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XENON10/100タイプ

Liquid Xe

Gas Xe
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gate
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shield

PTFE

• いくつかのBG源が議論されている

放射線BGより2桁高い!

ガス層での事象
 • anode-shield wire間でガ
ス増幅が起こりS2が発生

• Xe中の不純物(O2,… )

↓ Ethreを下げられない原因

Xe VUVによる光電効果
 • Xeの発光(S1,S2) ~ 7eV 

> 検出器部材の仕事関数
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   新学術（公募）－４ 

研 究 計 画 ・ 方 法  
＜平成２９年度の計画と３０年度の計画に分けて記述してください。＞ 
  
本欄には、研究目的を達成するための具体的な研究計画・方法について、平成２９年度の計画と平成３０年度の計画に分けて、適
宜文献を引用しつつ焦点を絞り、具体的かつ明確に記述してください。ここでは、研究が当初計画どおりに進まない時の対応など、
多方面からの検討状況について記述してください。 
また、連携研究者又は研究協力者が参画する場合には、研究体制の全体像を明らかにするため、必要に応じて、研究代表者の役 
割のほか、連携研究者又は研究協力者（海外共同研究者、科研費への応募資格を有しない企業の研究者、その他技術者や知財専門 
家等の研究支援を行う者、大学院生等（氏名、員数を記入することも可））の役割についても記述してください。 
 なお、研究期間の途中で異動や退職等により研究環境が大きく変わる場合は、研究実施場所の確保や研究実施方法等についても 
記述してください。 

本研究での技術的な目的は単一電子バックグラウンドを減らし極低エ
ネルギー閾値を達成する。このために、 
(1) TPC内材料からの VUV光による光電子発生 
(2) ガス領域での事象 
を解決することにより、比較的小規模であるが世界に先駆けた質量の小
さいWIMP探索に発展させる。Ref[1]に言及されているように(1)の原
因は、PTFE や金属（電極）,不純物に LXe の VUV光が光電効果を起
こすことにあると考えられている（図３左 XENON 実験）。これを解決
するために有感領域内の材料をキセノンVUV約7eVよりも仕事関数の
高いものを選べば良い。表１に TPC内で良く使われる材料とその仕事
関数およびバンドギャップを示す。金属類は総じて利用できないことが
分かる。PTFEは反射材として利用されるがこれも問題がある。一方
VUV光を通す光学窓は当然ながらそのよ
うなことはない。そこで、有感領域を比較
的手に入り易い石英によって囲む。本研究
では最終的に閾値を下げるために上面光
センサーの目の前で起こる S2 のみを利用
するので光収集効率はあまり重要でなく
石英の外側に置く。（図 3） 
 (2)を解決するために本申請書で初めて
提案する Glass based Mesh electrode 
(GMesh)を製作する。ガラス（例えば石英
窓）に格子状に Al/Cr蒸着を行い電極とし
て利用する。（図３右）通常 2相型 TPCで
はワイヤーや金属メッシュが使われるが、これでは、ガス相での事象の電離電子も anode meshま
で届き邪魔になる。そこで、図３右のように、GMesh を用いてガス相からのドリフト電子を防ぐ。
Anode, cathode蒸着部分からの光電子バックグラウンドはS2信号の幅から求めるドリフト距離の
情報を用いて排除することができる。GMeshには他にも利点がある。蒸着をしていることから観
測中に放電などが合った場合でも wireが切れるようなことはない。Mesh, wireは大きくなるとた
わみ・歪みの問題がでてくるが、大型化検出器（〜１ｍ直径）でもこの問題なしに製作が可能であ
る。 
 MPPC を用いた理由は安価に小型の 3D 位置構成 TPC が構築できるからである。このため、純化の
速度も早めることができ、不純物の制御し易い。また、低バックグランド地下実験ではまだ実用さ
れていないが、PMT に比べて物質量が極端に少ないため将来利用できる可能性を秘めている。また、
dark noise の頻度の問題が指摘されるが今回の場合１電離電子に対して 20 光電子程度あるので、
コインシデンスを取ることができ問題にならない。そして、魅力はなんといっても光電子を分解能
よくカウントでき、低エネルギー事象に適合している。 

材料 仕事関数 

アルミ 4.53 [eV] 

SUS 4.66 [eV] 

銅 5.11 [eV] 

PTFE 5.8 [eV] 

(窓材) Band gap  

石英 8-9  [eV] 

MgF2 10.0 [eV] 

CaF 11.8 [eV] 
表１ 材料の仕事関数[2,3] 

 
図３ XENON TPC と GMesh TPCのデザイン 

e-

S2

~7eV photon

e-

光電
効果

• いくつかのBG源が議論されている
ガス層での事象
 • anode-shield wire間でガ
ス増幅が起こりS2が発生

Xe VUVによる光電効果
 • Xeの発光(S1,S2) ~ 7eV 

> 検出器部材の仕事関数

gate
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field
 shaping 

ring

Gas Xe

PMT array

PMT array

anode

cathode

shield

PTFE

• いくつかのBG源が議論されている

-> 対策を施した、S2 Onlyに特化した検出器を作れないか？

ガス層での事象
 • anode-shield wire間でガ
ス増幅が起こりS2が発生

~7eV photon

e-

O2-

↓ Ethreを下げられない原因

放射線BGより2桁高い!

• Xe中の不純物(O2,… )

Xe VUVによる光電効果
 • Xeの発光(S1,S2) ~ 7eV 

> 検出器部材の仕事関数

gate
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Quartz Chamberの発想 - XMASS Rn除去R&D

• 光センサーのケーブルや基
盤からのRn放出は大型Xe
実験での主要BG 
→ quartz chamberで内外
のXeを区切り、ドリフト領
域を、Rnなど不純物のない
環境に

XMASSでは将来計画に向け、多角度からの議論, R&Dが進行中 
• ”Quartzで作った容器”をXe中に入れた2相式が提案されている

��PMT


��PMT


��������
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����
���

��PMT


��PMT
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 quartz chamber
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内径 φ60

• 合成石英 (ESグレード)

最大径 φ96

Rn除去 XMASS R&D用に小型quartz chamberの作成、電極の
デザインなどが進んでいる



 quartz chamber
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内径 φ60

• 合成石英 (ESグレード)

最大径 φ96

Rn除去 XMASS R&D用に小型quartz chamberの作成、電極の
デザインなどが進んでいる

→ この”quartz chamber”を 
 S2 Onlyに特化した検出器 
に発展させる
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Liquid Xe

Gas Xe

Quartz

quartzでドリフト領域を囲むと… ガス層での事象を抑制
• anode-shield間を
quartzで埋める

->余計なガス増幅が起こ
らない

VUVの光電効果を削減
• quartzの仕事関数:8ev 
-> 7eVのXe蛍光では光電
効果は起こらない 
• 通常内側に配置される

PTFEをquartzの外へ
• S2 onlyに特化なら
反射材はいらない

~7eV photon

e-

gate

anode

field 
shaping

 ring

PTFE
cathode
shield

shield

-> 小型試験装置による実証試験

新型検出器開発研究 supported by 新学術
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QMesh

QMesh

Liquid Xe

Gas Xe

4x4 MPPC

PMT

gate

field 
shaping

 ring

PTFE

QMesh  
• 石英板両面にメッシュ
状のNi-Al 電極を蒸着 

• Anode, Cathode, & 
Shield gridの役割 

• wireのたわみ、切断が
ない 

~ 10cm

15mm MEG MPPC
• 小型試験装置でもXY位置を再構成
可能 

Quartz　
Chamber

新型検出器開発研究 supported by 新学術
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QMesh

QMesh

Liquid Xe

Gas Xe

4x4 MPPC

PMT

gate

field 
shaping

 ring
Quartz　

Chamber

PTFE

QMesh  
• 石英板両面にメッシュ
状のNi-Al 電極を蒸着 

• Anode, Cathode, & 
Shield gridの役割 

• wireのたわみ、切断が
ない 
→ 将来の大型化

15mm MEG MPPC
• 小型試験装置でもXY位置を再構成
可能 

• 低物質量 → 将来の低RI化の可能性

新型検出器開発研究 supported by 新学術
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■ VUV-MPPC特性比較

■VUV-MPPC characteristics

Type No. S10943-3186 S10943-4372 S13371-6050CQ-02

Generation VUV2 VUV3 VUV4

Vop (typ.) 66 V 57 V 57 V

Gain 2.0 x 10^6 2.0 x 10^6 2.55 x 10^6
PDE

(λ=175nm, vacuum)
10% 10% 24%

Cross-talk probability 45% 3% 3%

* measurement condition: V = Vop

* Vop : Recommended operating voltage

* PDE : Photon detection efficiency
   (not including afterpulse & cross-talk)

15 mm

• 地下極低バックグランド実験での実用はされていないが、、 
• photon counting -> 低エネルギー事象に適している 
• dark rateが多い ->1e- = 20P.E.のS2 only解析では問題なし 
• 低物質量 -> 将来の低RI化が可能か 

• XMASSのscreening技術、低RI材料データを活用

MEG実験Xeカロリメータ 
で使用実績・経験のあるMPPC
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FIG. 5. Charge yield (Qy) as a function of energy for nu-
clear recoils (keV). This analysis employs the conservative
nuclear recoil charge yield model of Bezrukov et al. (elec-
tric field independent) [15], given by the green line. It agrees
with the measurement of XENON100 (E = 0.53 kV/cm) [14]
(red triangles). The NEST model (E = 0.73 kV/cm) [16]
(dashed black) and the recent measurement of LUX (E =
0.18 kV/cm) [17] (blue points) predict slightly higher yields.
To account for the mild discrepancies below 3 keV, we use the
model from Bezrukov et al. and conservatively assume Qy=0
below 0.7 keV.

dependent and gives the number of proportional scintil-
lation photoelectrons per electron extracted into the gas
phase. In this science run of XENON100, Y is described
by a normal distribution with µ = (19.7 ± 0.3)PE/e�

and � = (6.9± 0.3)PE/e� [12]. Charge extraction from
the liquid is almost unity at the XENON100 extraction
field [9].

As shown in Fig. 5, there is some remaining uncertainty
in Qy, especially at very low recoil energies, even though
the LUX data demonstrate clearly that Qy is nonzero
above 0.7 keV [17]. In order to not base our WIMP
result on optimistic assumptions, we use the analytical
model of Bezrukov et al. [15], which agrees with the
XENON100 measurement [14], and the NEST model [16]
above ⇠6 keV and is more conservative at lower ener-
gies. We additionally introduce a cuto↵ at 0.7 keV, be-
low which Qy is set to zero, to penalize the result for
the limited knowledge on the charge yield at the lowest
energies. This energy also corresponds to the threshold
at which signals will be above our 80PE threshold.

However, we note that a Monte Carlo model based on
the Bezrukov et al. function without any cuto↵ leads to a
good description of the measured charge spectrum from
241AmBe calibration data (see Fig. 6). The data were
selected based on the same criteria as used in the WIMP
analysis, with the exception of the S2 asymmetry cut,
which is not required due to the significantly higher rate
of the 241AmBe source compared to the gas event rate.
Besides the statistical uncertainty, the spectrum also in-

FIG. 6. S2 spectrum of 241AmBe calibration data compared
to simulations using the Qy from Bezrukov et al. [15] with no
energy cuto↵.

XENON10
CDMS-II

DAMA/LIBRA

CRESST-II

SuperCDMSXENON100LUX

CDMSlite

PICO-2L
XENON100: S2-only

FIG. 7. WIMP exclusion limit on the spin-independent
WIMP-nucleon scattering cross section at 90% confidence
level. Limits from the LUX [21], XENON100 [10], Super-
CDMS [22], CDMSlite [23], XENON10 [8], CRESST-II [24]
and PICO-2L [25] experiments are shown. The claims from
DAMA/LIBRA experimental data [26] and CDMS-II (Si de-
tectors) [7] are also shown. The limit from this analy-
sis is shown with the thick blue line and it improves the
XENON100 result [10] (dashed blue line) for WIMP masses
below ⇠7.4GeV/c2.

cludes a systematic uncertainty of 8%, which is mainly
due to the uncertainties in the S2 amplification [12] and
the cut acceptance. The simulation follows the strategy
described in [14] but ignores the S1 light information.
The same Monte Carlo method is used to model the

expected WIMP energy spectra. The number of elec-
trons released after a nuclear recoil of energy E is given
by a Poisson distribution with mean N = EQy. The
charge loss due to the electron lifetime (⌧e) is modeled

将来の展望
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• 今回の公募研究を基に、S2 only解析
に特化した検出器を作成 

• 大型化  
• 比較的軽め (Xe ~100kgサイズ) 

• 検出器サイズより低閾値が重要 
• QMeshによりwireのたわみがない 

• 一様な電場の形成 
• 低放射能化 

• XMASSの極低BG技術・装置 
• 蒸留によるKr除去 
• QuartzによるRn除去R&D

→ 2桁以上の感度改善 
(σ < O(10-43) cm2 @ 5GeV)

主要BGをXENON100レベルの 
放射線BGにできれば…



展望２: S1にも感度を持つ検出器
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QMesh

QMesh

MPPC

Gas Xe

PMT

• 一般的な2相式 
• 側面に反射材(PTFE) 

• S1を光センサーま
で届かせるため 

→ 今回のセットアップで
はS1への感度は落ちる

• 側面にMPPCを配置し、
S1の検出能力向上
→ 高質量、低質量、双方
のDMに感度を持つ検出器



まとめ
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• 低い質量(10-1 ~ 10 GeV)の暗黒物質に注目 
→ 低いE thresholdでの測定が必要 

• Xe2相型検出器でのS2 only解析 
• 1電離電子 ~ 20 P.E → Ethre < 0.7 keVnrが可能 
• 先行実験では放射線BG以外のBGにより感度が制限 

• 一方“Quartz Chamber”によるXMASS Rn除去用R&Dが提案 
 ☞ quartz chamberのS2 only BGへの有用性を実証試験 

+ MPPC、QMesh のR&D 
• 開発した検出器を基に、将来の高感度測定へ 

• XMASSの低RI装置・技術を組み合わせる 
• Xe~100kgサイズで σ < O(10^-43) cm2 @ MDM = 5 GeV


