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XMASSを振り返る: 2000年での提案
• XMASSは、スーパーカミオカンデの物理を補完するために、
低エネルギーpp, 7Beニュートリノの観測、暗黒物質探索等を
標榜し研究を開始。

• 当時のWIMPに対する制限は弱く、WIMPを発見し、そのバッ
クグラウンドの下にpp太陽ニュートリノの観測をすることを目
指した。0nbb, 同位体分離によるスピン依存・非依存の区別。

ar
X

iv
:h

ep
-p

h/
00

08
29

6v
1 

 2
9 

A
ug

 2
00

0

Low Energy Solar Neutrino Detection by using Liquid Xenon
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Kamioka, Gifu 506-1205, Japan

(Talk presented at LowNu workshop, June-15-2000, Sudbury, Canada)

Abstract

Possibility to use ultra pure liquid Xenon as a low energy solar neutrino
detector by means of ν+e scatterings is evaluated. A possible detector with
10 tons of fiducial volume will give ∼14 events for pp-neutrinos and ∼6 events

for 7Be neutrinos with the energy threshold at 50 keV. The detector can be
built with known and established technologies. High density of the liquid- Xe
would provide self-shields against the incoming backgrounds originating from

the container and outer environments. Internal backgrounds can be reduced
by distillation and other techniques. Purification of the liquid Xe can be

done continuously throughout the experiment. The spallation backgrounds
are estimated to be small though an experimental determination is neccessary.
The liquid-Xe detector can also provide a significantly better sensitivity for

the double beta decay and a dark matter search. However the 2ν double
beta decay of 136Xe would be most background. It could be overcome if the
2ν lifetime is longer than 1022yr. However, an isotope separation of 136Xe is

inevitable for a shorter lifetime.
The isotope separations would, intoroduce a new opportunity to defini-

tively identify dark matter. The interesting feature in addition to the solar
neutrino measurements will also be discussed.
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If the lifetime of the double beta decay is longer(say 100 times of 8× 1021 yr), then the
solar neutrino signal may extracted and the double beta decay would not be a problem. It is
necessary to determine the lifetime of the 2ν ββ-decay. The current experimental lower limit
is 0.5×1021yr. Of course the 10 ton Xenon (0.87 tons of 136Xe) has a potential sensitivity for
0ν double beta decay. If the lifetime of the double beta decay is shorter, then the isotope
separation of 136Xe is inevitable. The isotope separation will be essential and improve the
situation significantly, which will be discussed in the next section IV.

IV. ISOTOPE SEPARATION AND DETECTION OF SOLAR NEUTRINOS,
DOUBLE BETA DECAY AND DARK MATTER.

The isotope separation (enrichment or depletion) would be essential for this experiment,
since it is very difficult to anticipate the lifetime of the 2ν double beta decay to be 100 times
longer than the current theoretical estimate of 2∼8×1021yr.

But, once we accept the necessity of the isotope separation, then we will obtain other
possible and interesting applications than the solar neutrino detection: One should note
that it will open up an new possiblity of a positive identification of the dark matter detec-
tion. The isotope distribution of Xenon is, 124Xe(0.096%), 126Xe(0.089%), 128Xe(1.919%),
129Xe(26.4%), 130Xe(4.07%), 131Xe(21.18%), 132Xe(26.89%), 134Xe(10.44%), 136Xe(8.87%). If
we are able to split between 131 and 132, we can separate Xe into two sub-sets which consist
of mostly odd nucleus (129(26.4%) and 131(21.2%)) and mostly even nucleus (132(26.9%),
134(10.44%) and 136(8.87%)). Of course it is not possible to make a clear separation, but
anyway we are able to measure the dark matter interaction separately with the mostly-odd
nuclei and with the mosly-even nuclei to extract the information of spin independent and
spin dependent interactions. Futhermore, for example, by exchanging the detector contain-
ers of two sub-sets, we can set the background environment to be common for the two sub
samples which is very important.

Therfore the experiment can be configured dynamical way: the solar neutrinos detec-
tion can be done by odd enriched sample and the double beta decay experiment can be
done by even enriched sample and dark matter can be measured in both samples. The
isotope separation really gives a new experimental approach and opportunities for a variety
of physics.

In addition to the increased physics opportunities, the purity of liquid Xenon can be
significantly improved by the isotopr separation.

V. CONCLUSIONS

The 10ton liquid Xenon solar neutrino detector by which we expect to detect ∼14pp and
∼6 7Be neutrinos per day can be built by known technologies. The impurity level of the
liquid Xe should be reduced down to 10−16g/g, 10−15g/g and 10−11g/g for U/Th, 85Kr and
42Ar, respectively. Alpha decay may further be identified and be separated from the electron
events. The required purity level can be accomplished by bubbling, distillation, filtering,
and so on. The detector is shielded by the outer 30cm layer of Xe against the incoming
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XMASS: 技術的ブレークスルー
• 当時液体キセノンは魅力的な標的ではなかった。
–市販のキセノンには放射性85Krが含まれていた。
– ~1 Bq/kg à 2004年にはXMASSが蒸留法で <10 µBq/kgを実現

• 水チェレンコフ検出器によるアクティブシールド
– Super-Kの経験により、鉛や銅のパッシブシールドを卒業し、水チェレンコフシ
ールドを確立。これは高速中性子の低減にも有利であった。

• 低BGPMTなど、稀事象探索へ向けた大型低バックグラウンド液体キ
セノン検出を確立：グローバルスタンダードの確立を果たした
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XMASS-Iの特徴
• １相型検出器
• 有効体積カットによる低BG化

– 大きな光電子数収量
~ 14.7 p.e./keV ó Super-K ~6 hits/MeV
– 観測された光電子パターンによる事象
位置再構成

– 全質量832 kg, 20cm有効体積内97 kg
– WIMP探索の目標 ~ 2x10-45cm2.

• e/g事象探索も可能
– eとgも弁別可能

• 大型化による有利さ
• 有効体積の効率高い
• 光透過率は10m以上：大型化可能
• 時間情報の活用 4

80cm

Self shielding for g injection (XMASS-I)



XMASS-Iの歴史と物理
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2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Const-
ruction

Data taking
(completed)

Commis-
sioning

data taking

Detector
refurbish

ment

Dec. May Nov.

• 軽いWIMPs
• 太陽アクシオン
• WIMP-129Xe 非弾性散乱
• ボゾン的 super-WIMPs
• 124Xe 2n二重電子捕獲

• 季節変動1年 & 2.7年データ
• 太陽カルツァクラインアクシオン
• 124Xe 2n二重電子捕獲 II
• 有効体積内でのWIMPs探索
• 暗黒光子・アクシオン類暗黒物質
• WIMP-129Xe 非弾性散乱 II
• 季節変動によるSub-GeV WIMP探索
• 太陽nによる非標準相互作用の探索
• 重力波事象に相関するバースト探索
• 136Xeの0n4b崩壊

Mar.

Data
analysis

30本の論文
1 提案
11 技術論文
17 物理成果
+1最終結果を投稿暗黒物質

天体素粒子
原子核物理



XMASSの物理ハイライト
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Fig. 4. Limits on gaee . The thick solid line shows the limit obtained in this study.
The other solid lines are limits obtained by laboratory experiments: Ge [25],
Si(Li), 169Tm, reactors, o-Ps, and beam-dump experiments (see [26] and references
therein). The dash-dotted lines show astrophysical limits from red giant stars [4]
and the solar neutrino flux [37]. The dashed lines are theoretical predictions for the
DFSZ (cos2 β = 1) and KSVZ (E/N = 8/3) models. This study gives a stronger con-
straint by a factor of two over previous direct experimental limits for axion mass
!1 keV, and the best constraint absolute between 10 and 40 keV.

obtained by the procedure above. Fig. 4 shows the summary of the
bounds of gaee . For small axion masses, a gaee value of 5.4 × 10−11

is obtained. This is the best direct experimental limit to date and
is close to that derived from astrophysical considerations based on
measured solar neutrino fluxes: gaee = 2.8 × 10−11 [37]. For axion
masses >10 keV the energetics in the Sun are no longer sufficient
to effectively produce such axions. A systematic uncertainty in-
herent to our method of comparing bin contents arises from the
specific choice of binning. This and systematic uncertainties for
energy scale including energy threshold, Cherenkov cut efficiency,
and energy resolution are evaluated to be 2%, 1%, 2%, and 1%, re-
spectively. The total systematic error, 3%, is obtained by summing
these contributions in quadrature, and the limit in Fig. 4 (90% C.L.)
takes this error into account.

The calculated limit depends on the interaction processes con-
sidered in our detector as well as the processes considered for
solar axion production in the Sun. Processes such as the inverse
Primakoff effect and nuclear absorption on the detection side, and
the Primakoff effect and nuclear deexcitation on the production
side can be neglected because the constraints on ggγ γ and gaN N
are tight. A possible additional contribution caused by gaee on the
detection side is the inverse Compton effect. This can be neglected
because of its small cross section [38]. On the production side,
there are other known contributions such as electron–electron
bremsstrahlung [39] and the axio-recombination effect [40]. How-
ever, the expected fluxes for these processes are only known in
the limit of massless axions. For this reason and in order to di-
rectly compare our results with the most relevant previously pub-
lished ones we restrict the production processes we consider to the
electron–nuclei bremsstrahlung and the Compton effect. As omit-
ting production mechanisms lowers the flux estimate, all the limits
thus derived will have to be considered conservative.

The nature of the events surviving the analysis cuts is also of
interest. According to our study on these events, most of them
originate on the inner surface of the detector [41]. These events
are attributed to radioactive contamination in the aluminum seal

of the PMT entrance windows, 14C decays in the GORE-TEX® sheets
between the PMTs and the copper support structure, and light
leaking from gaps in between the triangular elements of this sup-
port structure.

5. Conclusion

In summary, solar axions produced through axion–electron cou-
pling were searched for in XMASS, a large liquid-xenon detector.
The energy threshold is low (0.3 keV) because of our excep-
tional photoelectron yield, which is the largest among current low-
background detectors. As our observed spectrum does not show
any indications of axion signals, we derive constraints on the gaee
coupling. Our limit on gaee for axions with mass much smaller
than 1 keV is 5.4 × 10−11. The bounds on the axion masses for the
DFSZ and KSVZ axion models are 1.9 and 250 eV, respectively. For
axion masses between 10 and 40 keV, our new limits are the most
stringent that are currently available.
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Fig. 4. Best fit NPEcor distributions. The upper scale is translated into the corre-
sponding γ -ray energies. The black dots represent the data. The stacked histograms 
show the BG MC for RIs in/on the detector components (green), RIs in the liquid 
xenon (red), and xenon isotopes activated by neutrons (light blue). The dark hatched 
blue area shows the estimated contribution from dead PMTs. The magenta part of 
the histogram shows the best fit HP signal for a HP mass of mH P = 85 keV/c2.
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where Ri
obs, R

i
BGtot , and Ri

H P are the event rate in the i-th bin for 
data, BG MC, and HP MC, respectively, and the δRi

obs , δRi
BGtot , and 

δRi
H P are their respective statistical errors. R BGtot is the sum of the 

different BG MC event rates, i.e.:

R BGtot =
∑

j:RI types

p j R j-th BG, (7)

where the summation is taken for all the RIs of the three BG cate-
gories described in Sec. 3.3. The R j-th BG is the expected event rate 
from the j-th RI and p j is its scale parameter whose initial value 
is unity. The χ2

sys is a penalty term to handle systematic uncertain-
ties. It is defined as:

χ2
sys =

j $=14C,39 Ar∑

j:RI types

(
1 − p j

δp j

)2

+
5∑

m=1

(
%Cm

δCm

)2

, (8)

where the δp j are the 1σ uncertainties of the BG estimates de-
scribed in Sec. 3.3. The first summation on the right side constrains 
the parameters p j around ±1σ from unity during the fit. Because 
the amounts of 14C and 39Ar in xenon are obtained directly from 
the fit to the data, these RIs are not included in this summation 
while they are included in the summation in Eq. (7). The second 
summation is a penalty term related to the five special MC correc-
tions C1–C5 described in Sec. 3.4. The m-th correction factor Cm

listed in Table 1 is modified by %Cm in the fit, and its uncertainty 
δCm constrains this modification. R j-th BG and R H P are functions of 
the %Cm , the model function type fmodel described in Sec. 3.4, and 
a global energy scale εE :

R j-th BG = R j-th BG (εE ,%C1, ...,%C5; fmodel) , (9)

R H P = R H P (mH P , g Ae;εE ,%C1, ...,%C5; fmodel) . (10)

The χ2
f it was minimized separately for every 2.5 keV/c2 step in 

HP mass between 40 and 120 keV/c2 and for each step of α′/α in 

Fig. 5. Constraints on g Ae of the ALPs (top) and α′/α of the HP (bottom). The red 
line shows the 90%CL constraint presented in this paper. The black line shows our 
previous result [5]. The blue, magenta, green, and orange lines are limits reported by 
the XENON100 [18], the Majorana Demonstrator [19], the LUX [20], and the PandaX-
II [21]. The dotted, dashed, and dash-dotted lines in light blue color are constraints 
from indirect searches derived from red giant stars (RG), diffuse γ -ray flux, and 
horizontal branch stars (HB), respectively [6].

the α′/α > 0 region, by fitting the p j , %Cm , εE , and fmodel . The 
optimization of these parameters except for fmodel was done using 
ROOT TMinuit [16]. As for fmodel , each fmodel was tested separately, 
and the one giving the smallest χ2

f it was chosen for each mass 
and each α′/α. This method corresponds to handling the model 
function shape as one of the fitting parameters [17]. The sensitivity 
obtained with this method is conservative compared to sticking 
with one model. We thus obtained the χ2

f it profile as a function 
of α′/α for each mass. The minimum of the profile is the most 
probable α′/α parameter for that mass.

4. Result

The best fit result for HP with mH P = 85 keV/c2 is shown 
in Fig. 4, where the minimum χ2

f it /NDF = 131/122 with α′/α =
1.1 × 10−26. No significant signal was found at any HP mass. The 
difference between the minimum χ2

f it and the χ2
f it with no sig-

nal was at most 1.62. We thus set the 90% confidence level (CL) 
constraint on α′/α from the relation:

∫ a90
0 exp

(
−χ2

f it/2
)

da
∫ ∞

0 exp
(
−χ2

f it/2
)

da
= 0.9, (11)

where a and a90 denote α′/α and its constraint, respectively. The 
constraint for each mass is shown in Fig. 5. Compared to our pre-
vious work, the constraints improved by a factor of 10–50. The 
constraints from other direct and indirect searches are also shown 
in the figure. Our result gives the most stringent limit in the mass 
range from 40 to 120 keV/c2. The indirect limits for HP around 
90 keV/c2 are α′/α < O (10−24), relatively weak compared to the 
higher and lower mass regions (α′/α < O (10−27) for mH P ≥ 200

hypothesis using the dummy samples. The result excludes
the 3σ DAMA/LIBRA allowed region as interpreted in [4].

B. Model-independent analysis

For the model-independent analysis, the χ2 is expressed
as
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i

Ebins X

j

tbins ! ðRdata
i;j − Rex

i;jÞ2

σðstatÞ2i;j þ σðsysÞ2i;j

"
þ α2; ð7Þ

with the expected event rate written as

Rex
i;j¼

Z
tjþ1

2Δtj

tj−1
2Δtj

!
ϵsi;jA

s
i cos2π

ðt−ϕÞ
T

þϵbi;jðαÞðBb
i tþCb

i Þ
"
dt;

ð8Þ

where the free parameters Cb
i and A

s
i were the unmodulated

event rate and the modulation amplitude without absolute
efficiency correction, respectively. In the fitting procedure,
the 1.0–20 keVee energy range was used and the modula-
tion period T was fixed to one year (¼ 365.24 days) and
the phase ϕ to 152.5 days (∼2nd of June) when the Earth’s
velocity relative to the dark matter distribution is expected
to be maximal. The observed count rate after cuts as a
function of time in the energy region between 1.0 and
3.0 keVee is shown in Fig. 7. For an easy visualization, the
data points were corrected for relative efficiency based on
the best-fit parameters instead of the fitting function;
therefore, the fitted line in Fig. 7 is simply a cosine plus
a one-dimensional polynomial function.

Weobtained the best-fit parameters in the energybetween1
and 20 keVee for the modulation hypothesis with χ21=ndf ¼
2308=2279 and α ¼ −0.47% 0.15. The result for a null
hypothesis by fixing As

i ¼ 0 was χ20=ndf ¼ 2357=2317 and
α ¼ −0.61% 0.34. Figure8 shows thebest-fit amplitudes as a
function of energy after correcting for efficiency by using the
curve in Fig. 4 (bottom). The %1σ and %2σ bands in Fig. 8
represent expected amplitude coverage derived through the
same dummy sample procedure as above. The hypothesis test
was also done with these dummy samples using their χ2

difference, χ20 − χ21, to evaluate ap-value. This test gave thep-
value of 0.11 (1.6σ).
As a cross-check, we also carried this test out for run 1

and run 2 independently in the energy region between 1 to
6 keVee which is almost the same as in our previous work
[15]. Run 1 gave a slightly higher p-value of 0.043 (2σ) in
this analysis than in our previous one, which had a p-value
of 0.014. Run 2 showed less than 1σ significance. The size
of the systematic error on the amplitude was reduced from
56% in run 1 to 22% of total error in run 2 for the
1–1.5 keVee energy bin due to the stability of the PE yield
as shown in Fig. 2. To be able to test any model of dark
matter, we evaluated the constraints on the positive and
negative amplitude separately in Fig. 8. The upper limits on
the amplitudes in each energy bin were calculated by
considering only regions of positive or negative amplitude.
They were calculated by integrating Gaussian distributions
based on the mean and sigma of data [¼ GðaÞ] from zero.
The positive or negative upper limits are satisfied with 0.9
for

R aup
0 GðaÞda=

R∞
0 GðaÞda or

R
0
aup

GðaÞda=
R
0
−∞GðaÞda,

where a and aup are the amplitude and its 90% C.L. upper
limit, respectively. Thismethod obtained a positive (negative)
upper limit of 0.96ð−1.5Þ×10−2 events=day=kg=keVee

FIG. 7. Observed count rate as a function of time in the
1.0–3.0 keVee energy range after correcting relative efficiency
(see text). The black error bars show the statistical uncertainty of
the count rate. The solid curves represent the best fit result for a
model-independent analysis before correcting for total efficiency.

FIG. 8. Modulation amplitude as a function of energy for the
model-independent analyses using the pull method (solid circle).
Solid lines represent the 90% positive (negative) upper limits on
the amplitude. The %1σ and %2σ bands represent the expected
amplitude region (see detail in the text). The signal efficiency was
corrected by using the curve in Fig. 4 (bottom). The DAMA/
LIBRA result (square) is also shown [3].
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Figure 9 shows a comparison of the experimental 90% CL exclusion limits on the 124Xe 2ν2K
half-life overlaid with the theoretical calculations [21,28–32] for comparison. The present result
gives a lower limit stronger by a factor of 4.5 over our previous result, and gives the most stringent
experimental constraint reported to date. For the theoretical predictions, the reported 2νECEC half-
lives are converted to 2ν2K half-lives, divided by the branching ratio for the two electrons being
captured from the K-shell, P2K = 0.767 [55]. The lower and upper edges of the bands correspond
to gA = 1.26 and gA = 1, respectively.

Note that the predicted half-lives will be longer if quenching of gA is larger. These experimental
results rule out part of the relevant range of the reported half-life predictions, and future experiments
with multi-ton LXe targets will have improved sensitivity to further explore this parameter space.

8. Conclusion
We have conducted an improved search for 2ν2K on 124Xe and 126Xe using 800.0 days of data from
XMASS-I. For this search, a novel method to discriminate γ -ray/X-ray or 2ν2K signals from β-ray
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XMASSは大型暗黒物質探索用検出器を用いて
多数の物理目標を開拓した実績を持つ



XMASS-I全データセットによる最新（最終）結果

• XMASSは1相型検出器としてユニーク。1590.9日もの暴露データ。
1. 有効質量97kgによるWIMP探索
2. 全質量832kg内の季節変動による探索、特にミグダル効果、制動輻
射効果を活用
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Various WIMP dark matter searches using the full data set of XMASS-I, a single-phase liquid
xenon detector, are reported in this paper. Stable XMASS-I data taking accumulated a total live
time of 1590.9 days between November 20, 2013 and February 1, 2019 with an analysis threshold
of 1.0 keVee. In the latter half of data taking a lower analysis threshold of 0.5 keVee was also
available through a new low threshold trigger. Searching for a WIMP signal in the detector’s 97 kg
fiducial volume yielded a limit on the WIMP-nucleon scattering cross section of 1.4⇥ 10�44 cm2

for a 60GeV/c2 WIMP at the 90% confidence level. We also searched for WIMP induced annual
modulation signatures in the detector’s whole target volume, containing 832 kg of liquid xenon.
For nuclear recoils of a 8GeV/c2 WIMP this analysis yielded a 90% CL cross section limit of
2.3⇥ 10�42 cm2. At a WIMP mass of 0.5GeV/c2 the Migdal e↵ect and Bremsstrahlung signatures
were evaluated and lead to 90% CL cross section limits of 1.4⇥ 10�35 cm2 and 1.1⇥ 10�33 cm2

respectively.

I. INTRODUCTION

Cosmological and astrophysical observations require
the existence of dark matter (DM), and hypothetical
DM particles provide a compelling explanation for the
observed phenomena [1, 2]. However, the properties of
these hypothetical DM particles are unknown, and none
of the particles in our standard model of particle physics
is a valid candidate.

One well-motivated DM particle candidate that might
be detectable in direct detection experiments is the
weakly interacting massive particle (WIMP) [3]. As
WIMPs are postulated to share some weak force other
than gravity with normal matter, this force would me-
diate interactions with materials that could be used as

⇤ xmass.publications19@km.icrr.u-tokyo.ac.jp

targets in a detector. These interactions could result in
the detectable recoil of individual target nuclei from such
WIMP interactions [4]. Many experiments are looking for
various WIMP interaction signatures [5–10].

The XMASS-I was one of these experiments, and the
primary goal of this XMASS-I experiment was to de-
tect directly a DM particle interacting with normal mat-
ter [11]. The XMASS collaboration previously published
WIMP search results [12–19] from its unique large vol-
ume, single-phase design for liquid xenon (LXe) detector
using only scintillation signals in its 832 kg liquid xenon
target mass. Beyond this primary goal, versatility has
also allowed detectors like XMASS-I to address a much
wider range of physics topics, making it possible for the
XMASS collaboration to publish results on dark photons,
axions, and axion-like particles [20–22], double electron
capture [23, 24], neutrinos [25, 26], and coincidences with
gravitational waves [27].

This paper is based on data from a full XMASS-I ex-
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dR

dERdvDM
'

X

EF
ec

1

2

⇢DM

mDM

1

µ2
N

�̃N (qA)

⇥ |ZFI(qe)|2 ⇥
f̃(vDM )

vDM
, (11)

where

�̃N (qA) =
1

16⇡

|FA(q2A)|2|M(q2A)|2

(mA +mDM )2
, (12)

with ⇢DM denoting the local DM density and f̃(vDM )
the DM particle velocity distribution integrated over all
directions.

The energy spectrum for Migdal emission from an ini-
tial orbit (n,l) then becomes

dR

dERdEedvDM
' dR0

dERdvDM
⇥ 1

2⇡

X

n,l

d

dEe
pcqe(nl ! Ee),

(13)

with

dR0

dERdvDM
' 1

2

⇢DM

mDM

1

µ2
N

�̃N (qA)⇥
f̃(vDM )

vDM
, (14)

if pcqe is the ionization probability. When calculating the
expected signal in the XMASS detector the energy de-
pendent scintillation light yield is calculated separately
for electron emission from the inner shell and the subse-
quent de-excitation emission.
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FIG. 20. Limits on the spin-independent elastic WIMP-
nucleon cross section as a function of WIMP mass. The solid
red line shows the XMASS 90% CL exclusion from the an-
nual modulation analysis. The solid black line shows the 2018
XMASS result [17]. The ±1� and ±2� bands represent the
expected 90% exclusion regions. Limits, as well as allowed
regions from other searches based on event counting, are also
shown [5, 7, 43–45, 51].
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FIG. 21. Expected energy spectra from Migdal e↵ect and
bremsstrahlung caused by 0.4GeV/c2 WIMPs (magenta for
Migdal and cyan for bremsstrahlung) and 1.0GeV/c2 WIMPs
(red for Migdal, blue for Bremasstrahlung) with a cross sec-
tion of 10�35 cm2. The dotted line shows the respective spec-
tra in June and December, while the solid one represents the
annual average spectrum. No detector e↵ects are considered
yet in these spectra.

The annual modulation of the bremsstrahlung signal is
evaluated in the same way as in [18]. The corresponding
di↵erential event rate is:

dR

d!
= NT

⇢DM

mDM

Z

v�vmin

d3vvfv(v + vE)
d�

d!
, (15)

where NT is the number of target nuclei per unit mass
in the detector, vE is the velocity of the Earth relative
to the galactic rest frame, and fv(v) is the DM velocity
distribution in the galactic frame. The minimum velocity
was vmin =

p
2!/µN [40]. We used the same parameters

as in our prior multi-GeV analysis in Sec. VIA 3.
Figure 21 shows the expected Migdal and

bremsstrahlung spectra for 0.4GeV/c2 DM interactions
in June and December corresponding to the maximum
and minimum relative velocity vE , respectively, as well
as the average spectrum. The resulting expected annual
modulation amplitude was about 30% of the average
event rate at 1 keV before considering detector e↵ects
such as energy non-linearity and resolution.
Since in this energy region the signal from NR alone is

negligibly small compared to that from the Migdal e↵ect
and bremsstrahlung, a NR contribution was not consid-
ered in these analyses.

2. Results and discussion

For the sub-GeV DM analysis almost the same fitting
procedure as discussed in Sec. VIA 3 was applied. Di↵er-
ences stem from the fundamental ER nature of these sig-
nals. The expected signal rates were estimated for both

季節変動
(原子核反跳)

16

Migdal e↵ect and bremsstrahlung, with the uncertainties
in the relevant scintillation decay constants and scintilla-
tion e�ciency for ER signals properly considered. These
uncertainties introduce correlations between energy bins
in the signal spectrum. For the scintillation decay time
constants, two components, referred to as the fast and
the slow component, were used, based on our XMASS-I
�-ray calibrations [52]. These were 2.2 ns and 27.8+1.5

�1.0 ns,
respectively, with the fast component’s fractional contri-
bution at 0.145+0.022

�0.020.
Signal spectra were calculated for DM masses from

0.32 to 1GeV/c2 for bremsstrahlung and from 0.35 to
4GeV/c2 for Migdal mediated signals. The lower lim-
its of these mass ranges were determined by the require-
ment to deposit more than 1 keVee in the detector. Below
that energy, the expected number of events which deposit
more than 1 keVee decrease sharply. The higher limit
of 1GeV/c2 for bremsstrahlung is same as used in [18],
and is based on the same assumptions as made for the
signal calculation in [49]. The upper limit of 4GeV/c2

seems reasonable as beyond this energy the sensitivity of
the conventional NR analysis becomes much higher than
that of the bremsstrahlung and Migdal analyses.

The best fit cross section from our data was
(�2.8+1.5

�2.0) ⇥ 10�35 cm2 at 0.5GeV/c2 for the Migdal
analysis with a �2/ndf of 4739/4670, and the pull pa-
rameter ↵ becoming 0.67. The result of the DM searches
via Migdal and bremsstrahlung e↵ects in the sub-GeV
WIMP mass region is shown in Fig. 22. The expected
sensitivity for the null-amplitude case was again calcu-
lated using toy MC samples. The 90% CL sensitivity for
DM at 0.5GeV/c2 was (2.7+1.3

�0.9)⇥ 10�35 cm2 (the range
containing 68% of the toy MC samples), and our upper
limit was 1.38 ⇥10�35 cm2 with a p-value of 0.09.

C. Model-independent analysis

For the model-independent analysis, our �2 was de-
fined, as shown below.

�2 =
EbinsX

i

tbinsX

j

 
(Rdata

i,j �Rex
i,j)

2

�(stat)2i,j + �(sys)2i,j

!
+ ↵2, (16)

with the expected event rate being

Rex
i,j =

Z tj+ 1
2�tj

tj� 1
2�tj

✓
✏si,jA

s
i cos 2⇡

(t� �)

T

+✏bi,j(↵)(B
b
i t+ Cb

i )
�
dt, (17)

where Cb
i and As

i are free parameters for the unmodu-
lated event rate and the modulation amplitude without
absolute e�ciency correction, respectively. In the fit-
ting procedure, the energy range 1–20 keVee was used,
the modulation period T was fixed to one year (=
365.24 days), and the phase � was fixed to 152.5 days
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FIG. 22. Summary of the search results. The red solid line
is the result of the Migdal analysis for 0.35-4GeV/c2 WIMP
mass, the red dotted line is the result of the bremsstrahlung
analysis for 0.32-1GeV/c2. Limits from other experiments
obtained via Migdal and Bremsstrahlung e↵ect are also shown
for comparison [6, 53–55].

(⇠2nd of June), the time when the Earth’s velocity rela-
tive to the DM distribution is expected to be maximal.
The best-fit in the energy region between 1 and

20 keVee for our modulation hypothesis, with the fixed
phase and period as detailed above, yielded �2

1/ndf =
4693/4635 with ↵ = 0.74 ± 0.04. The result for the null
hypothesis (fixing As

i = 0) was �2
0/ndf = 4741/4673 with

↵ = 0.74± 0.08. Figure 23 shows the best-fit amplitudes
as a function of energy after correcting for e�ciency us-
ing the curve showed at bottom right in the same figure.
The ±1� and ±2� bands in Fig. 23 represent our ex-
pected amplitude coverage derived again from the same
dummy sample procedure as in the analyses above. A
hypothesis test was also done with these dummy sam-
ples, using their �2 di↵erence �2

0��2
1 to obtain a p-value

of 0.14 (1.5�) for this best-fit result.
Not to limit the models that can be checked against

our data we evaluated the constraints on the positive
and negative amplitudes separately in Fig. 23. The up-
per limits on the amplitudes in each energy bin were
calculated considering separately the regions of posi-

季節変動
(制動放射、
ミグダル効果)
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FIG. 23. Modulation amplitude as a function of energy for
the model-independent analysis using the pull method (black
cross). Solid lines represent the 90% positive (negative) upper
limits on the amplitude. The ±1� and ±2� bands represent
the expected amplitude fluctuation ranges for a null result (for
details, see text). The small figure at bottom right shows the
signal e�ciency used in the model-independent analysis, the
overall e�ciency for a uniformly distributed electron signal af-
ter applying all selection criteria. The latest DAMA/LIBRA
result (square) is shown for reference [56].

tive or negative amplitudes by integrating Gaussian dis-
tributions based on the mean and sigma of the data
(=G(a)) from zero. The positive or negative upper lim-
its were derived with 0.9 for

R aup

0 G(a)da/
R1
0 G(a)da orR 0

aup
G(a)da/

R 0
�1 G(a)da, where a and aup are the am-

plitude and its 90% CL upper limit, respectively. This
method obtained a positive (negative) upper limit of
0.62 (�2.1)⇥10�2 events/day/kg/keVee between 1.0 and
1.5 keVee with the limits becoming stricter at higher
energy. The energy resolution (�/E) at 1.0(5.0) keVee

was estimated to be 36% (19%), comparing our gamma
ray calibration data to our MC simulation. A mod-
ulation amplitude of ⇠ 2 ⇥ 10�2 events/day/kg/keVee

was obtained by DAMA/LIBRA between 1.0 and 3.5
keVee [56].

VII. CONCLUSIONS

XMASS-I was a unique single-phase LXe detector,
which took data almost continuously over 5 full years.
Over this long period of stable observation it accumu-
lated 1590.9 live days of data with an analysis threshold
of 1 keVee. A subset of 768.8 days therein allows for an
even lower analysis threshold of 0.5 keVee.

Extending the FV search with a target mass of 97 kg
to the full 1590.9 days allowed us to improve our earlier
world-best single phase LXe limit on spin-independent
high mass WIMP interactions by a factor of 1.6 down to
1.4⇥ 10�44 cm2 for a 60GeV/c2 WIMP at the 90% CL.
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FIG. 24. Limits obtained from the various analyses presented
in this paper. Solid lines are the new results, using the full
XMASS-I data sets, presented in this paper, in particular the
fiducial volume analysis, the muliti-GeV modulation analysis
via NR and the sub-GeV modulation analysis via Migdal ef-
fect and bremsstrahlung. Dotted lines show our earlier results
published in [16–18]

.

Updated searches for an annual modulation signature
expected for true galactic DM halo particle interactions
in terrestrial detectors, now also extended to the full
XMASS-I data set and using XMASS-I’s full active tar-
get mass of 832 kg, improved on our own old limits for
NR by a factor of 1.3 to reach 2.3⇥ 10�42 cm2 for a
8GeV/c2 WIMP. Also updated was our bremsstrahlung
result, which for a 0.5GeV/c2 WIMP now reached a
cross section limit of 1.1⇥ 10�33 cm2, an improvement
of a factor 1.5. The newly added analysis exploiting the
Migdal e↵ect for low mass WIMP searches closed the
WIMP mass gap that previously existed in our anal-
yses between the lower WIMP mass end of the NR
modulation analysis and the upper WIMP mass end of
our bremsstrahlung based modulation analysis, reaching
down to 1.4⇥ 10�35 cm2 for 0.5GeV/c2 WIMPs.

Altogether, as summarized in Fig. 24, XMASS-I
WIMP searches cover the whole mass range from 0.32
to 104 GeV/c2 with our cross section limits in a single

広いWIMP質量範囲
(0.4 GeV-10 TeV) 
を単一実験で
カバーできた

XMASS-Iからの制限のまとめ
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FIG. 23. Modulation amplitude as a function of energy for
the model-independent analysis using the pull method (black
cross). Solid lines represent the 90% positive (negative) upper
limits on the amplitude. The ±1� and ±2� bands represent
the expected amplitude fluctuation ranges for a null result (for
details, see text). The small figure at bottom right shows the
signal e�ciency used in the model-independent analysis, the
overall e�ciency for a uniformly distributed electron signal af-
ter applying all selection criteria. The latest DAMA/LIBRA
result (square) is shown for reference [56].

tive or negative amplitudes by integrating Gaussian dis-
tributions based on the mean and sigma of the data
(=G(a)) from zero. The positive or negative upper lim-
its were derived with 0.9 for

R aup

0 G(a)da/
R1
0 G(a)da orR 0

aup
G(a)da/

R 0
�1 G(a)da, where a and aup are the am-

plitude and its 90% CL upper limit, respectively. This
method obtained a positive (negative) upper limit of
0.62 (�2.1)⇥10�2 events/day/kg/keVee between 1.0 and
1.5 keVee with the limits becoming stricter at higher
energy. The energy resolution (�/E) at 1.0(5.0) keVee

was estimated to be 36% (19%), comparing our gamma
ray calibration data to our MC simulation. A mod-
ulation amplitude of ⇠ 2 ⇥ 10�2 events/day/kg/keVee

was obtained by DAMA/LIBRA between 1.0 and 3.5
keVee [56].

VII. CONCLUSIONS

XMASS-I was a unique single-phase LXe detector,
which took data almost continuously over 5 full years.
Over this long period of stable observation it accumu-
lated 1590.9 live days of data with an analysis threshold
of 1 keVee. A subset of 768.8 days therein allows for an
even lower analysis threshold of 0.5 keVee.

Extending the FV search with a target mass of 97 kg
to the full 1590.9 days allowed us to improve our earlier
world-best single phase LXe limit on spin-independent
high mass WIMP interactions by a factor of 1.6 down to
1.4⇥ 10�44 cm2 for a 60GeV/c2 WIMP at the 90% CL.
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Updated searches for an annual modulation signature
expected for true galactic DM halo particle interactions
in terrestrial detectors, now also extended to the full
XMASS-I data set and using XMASS-I’s full active tar-
get mass of 832 kg, improved on our own old limits for
NR by a factor of 1.3 to reach 2.3⇥ 10�42 cm2 for a
8GeV/c2 WIMP. Also updated was our bremsstrahlung
result, which for a 0.5GeV/c2 WIMP now reached a
cross section limit of 1.1⇥ 10�33 cm2, an improvement
of a factor 1.5. The newly added analysis exploiting the
Migdal e↵ect for low mass WIMP searches closed the
WIMP mass gap that previously existed in our anal-
yses between the lower WIMP mass end of the NR
modulation analysis and the upper WIMP mass end of
our bremsstrahlung based modulation analysis, reaching
down to 1.4⇥ 10�35 cm2 for 0.5GeV/c2 WIMPs.

Altogether, as summarized in Fig. 24, XMASS-I
WIMP searches cover the whole mass range from 0.32
to 104 GeV/c2 with our cross section limits in a single
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the total at the limiting cross-section. The red dotted
line in this figure corresponds to the signal contribution
at that 90% CL upper limit for 60GeV/c2 WIMPs.
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FIG. 13. Data spectra with the statistical error shown in
filled dots, and the BG estimate shown in a thick line with
the 1� error from the best fit shown as a shaded band with
an energy region between 2 keVee and 30 keVee (top). The
WIMP MC expectation for 60GeV/c2 is also shown in a dot-
ted line with energy region between 2 keVee and 15 keVee. The
bottom shows the signal e�ciency after applying same event
selections.

Such fits of the respective simulated detector response
to a WIMP interaction plus the dead PMT corrected
BG-MC were done for all simulated WIMP masses, and
the resulting 90% CL upper limits for di↵erent WIMP
masses are plotted in Fig. 14. Our lowest limit is
1.4⇥ 10�44 cm2, attained at a WIMP mass of 60GeV/c2

from the fit shown in Fig. 13. This is the most stringent
limit among results from single-phase LXe detectors.

VI. ANNUAL MODULATION WIMP SEARCH

The velocity of the earth relative to the galactic DM
halo changes as the Earth moves around the sun. This is
because the Earth’s velocity in its orbit around the Sun
e↵ectively adds to or subtracts from the Sun’s velocity
through a stationary halo. This causes a corresponding
change in the expected DM signal rate of terrestrial de-
tectors, with this relative velocity modulation a↵ecting
signal rates at a few percent levels [46]. Searches using
this tell-tale signal rate modulation were already con-
ducted with parts of the XMASS-I data for NRs from
multi-GeV WIMPs [14, 17], as well as for the sub-GeV
mass region where bremsstrahlung is expected to boost
the signal [18]. Here we updated these results using our
final five-year data set and full three years of low thresh-
old data, as shown in Table II. A new search exploiting
the Migdal e↵ect [47] in the sub-GeV WIMP mass region
was added to this paper.
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FIG. 14. The spin-independent WIMP-nucleon cross section
limit as a function of the WIMP mass at the 90% CL for
this work is shown as a solid thick line. Limits [5, 7–10, 12,
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experimental results are also shown.

TABLE II. Annual modulation data sets and their thresholds

threshold date PE keVee keVnr

low Dec.8.2015 - Feb.1.2019 2.3 0.5 2.3

normal Nov.20.2013 - Feb.1.2019 6.0 1.0 4.8

For these analyses, data were binned in live time inter-
vals of roughly 15 live days per bin, resulting in 125 bins
for the normal and 67 bins for the low threshold data.
Both normal and low-threshold triggered events ranging
in energy from 0.5 to 20 keVee (2.3 to 99.6 keVnr) were
used for the NR analysis. The energy range for both the
bremsstrahlung and Migdal analyses was 1 to 20 keVee,
using only normal threshold data. The 1 keVee energy
threshold was set as the uncertainty in the scintillation
e�ciency for electrons and gamma rays increases consid-
erably below that energy. Though the response below 1
keVee was implemented in the XMASS MC, the signal
below 1 keVee was not considered.
All modulation analyses including NR analysis were

done with keVee unit.

A. Analysis and results of multi-GeV WIMPs

The spin-independent NR signal in the energy range
from 0.5 to 20 keVee (2.3 to 99.6 keVnr) was used to study
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the 1� error from the best fit shown as a shaded band with
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WIMP MC expectation for 60GeV/c2 is also shown in a dot-
ted line with energy region between 2 keVee and 15 keVee. The
bottom shows the signal e�ciency after applying same event
selections.

Such fits of the respective simulated detector response
to a WIMP interaction plus the dead PMT corrected
BG-MC were done for all simulated WIMP masses, and
the resulting 90% CL upper limits for di↵erent WIMP
masses are plotted in Fig. 14. Our lowest limit is
1.4⇥ 10�44 cm2, attained at a WIMP mass of 60GeV/c2

from the fit shown in Fig. 13. This is the most stringent
limit among results from single-phase LXe detectors.
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The velocity of the earth relative to the galactic DM
halo changes as the Earth moves around the sun. This is
because the Earth’s velocity in its orbit around the Sun
e↵ectively adds to or subtracts from the Sun’s velocity
through a stationary halo. This causes a corresponding
change in the expected DM signal rate of terrestrial de-
tectors, with this relative velocity modulation a↵ecting
signal rates at a few percent levels [46]. Searches using
this tell-tale signal rate modulation were already con-
ducted with parts of the XMASS-I data for NRs from
multi-GeV WIMPs [14, 17], as well as for the sub-GeV
mass region where bremsstrahlung is expected to boost
the signal [18]. Here we updated these results using our
final five-year data set and full three years of low thresh-
old data, as shown in Table II. A new search exploiting
the Migdal e↵ect [47] in the sub-GeV WIMP mass region
was added to this paper.
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16, 17, 41, 42] as well as allowed regions [43–45] from other
experimental results are also shown.

TABLE II. Annual modulation data sets and their thresholds

threshold date PE keVee keVnr

low Dec.8.2015 - Feb.1.2019 2.3 0.5 2.3

normal Nov.20.2013 - Feb.1.2019 6.0 1.0 4.8

For these analyses, data were binned in live time inter-
vals of roughly 15 live days per bin, resulting in 125 bins
for the normal and 67 bins for the low threshold data.
Both normal and low-threshold triggered events ranging
in energy from 0.5 to 20 keVee (2.3 to 99.6 keVnr) were
used for the NR analysis. The energy range for both the
bremsstrahlung and Migdal analyses was 1 to 20 keVee,
using only normal threshold data. The 1 keVee energy
threshold was set as the uncertainty in the scintillation
e�ciency for electrons and gamma rays increases consid-
erably below that energy. Though the response below 1
keVee was implemented in the XMASS MC, the signal
below 1 keVee was not considered.
All modulation analyses including NR analysis were

done with keVee unit.

A. Analysis and results of multi-GeV WIMPs

The spin-independent NR signal in the energy range
from 0.5 to 20 keVee (2.3 to 99.6 keVnr) was used to study

BGは期待の10倍だった

97kg有効質量でのWIMP探索
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岡の地下実験室 Cにおいて、XMASS-I等をテストベンチとして、最先端の暗黒物質実験の開

発研究に活用するとともに、それをサポートする拠点の形成、などを想定している。 

 

委員会の評価 

XMASS実験が現在の 1 相式をそのまま延長する形で XMASS-1.5を実現しても、世界の研究

に追いつけないことは委員の共通の認識となった。研究グループが研究計画の変更を提案

するのは妥当である。また、海外で進展中の G2実験、具体的には XENONnTへの参加は、有

力な計画である。委員会としては、研究グループがこの方向での可能性を速やかに調査し、

実現に向けて努力するとともに、研究者コミュニティでの理解を得る努力を続けることを

勧める。 

 

なお、本計画の推進に当たっては以下の点を十分に検討することが望まれる。 

 

１． 科学的合理性 

提案の概要は、１）現 XMASS を今後 2 年程で運転を終了し、次期計画と位置付けていた

XMASS1.5を取り下げる、２）海外の G2 実験に参加する、の二つからなる。現 XMASS 実験を

停止して XMASS1.5を取り下げる点に関しては、海外で進行中の他の実験との競争力の点か

ら妥当な判断である。今後、海外の G2実験に参加することは最先端の物理を引き出す有力

な方針と認められる。一方では G2 に続く G3 も計画中であることから、G2 での経験と神岡

でのアクティビティを G3へ繋げる配慮が望まれる。 

 

２．海外への発展 

XMASS実験の目的は暗黒物質の探索で、サイエンスの目的から海外でより大規模な研究を

目指すことは自然な発展と言える。現在の XMASS 実験のリソースをベースとして参加する

ことで海外での G2 実験に大きな寄与ができると考えられる。一方で、XMASS 実験は、低バ

ックグランド技術を基礎とする神岡宇宙素粒子実験施設での研究と位置付けられて、実験

と研究員の経費は宇宙線研究所が支えており、XMASS実験を引き継げたとしても、海外での

研究活動に制限がかかる可能性がある。例えば、XMASS実験で雇用された研究員は神岡での

勤務を前提としているため、研究員の勤務地の問題が発生する。G2 実験への参加要件を明

確にした上で、神岡施設のプロジェクトとの整合性を保ちつつ、研究の推進に有効な研究グ

ループを構成することが望まれる。 

 

３．リソースの所属 

XMASS実験のリソースは宇宙線研究所の経費で購入されたものの他に、科研費等の外部資

金で購入されたものが含まれている。研究グループが海外に研究を展開するとの了解が得

られた場合でも、特に外部資金で購入されたリソースの使途についてはその研究代表者の

意向を考慮する必要がある。 
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４．神岡での共同利用実験として 

XMASS実験は、神岡宇宙素粒子実験施設の実験室 Cで推進される共同研究と位置付けられ

てきた。提案では実験室 C は G3 実験に向けた R&D を進める場所とされるが、海外の G2 実

験に参加しても、分担部分の研究を進めるための実質的な研究の場所として使用されるこ

とが望ましい。 

 

委員会は、上記の問題を解きながら、コミュニティでの議論を継続しつつ将来の G3実験

に繋がる計画に仕上げることを要望する。 
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液体キセノンを用いた暗黒物質直接探索実験の新たな展開の提案 

計画の概要 

 

XMASS 実験の今後の進め方に関して現研究代表者から新たな提案があった。委員会は、提

案者に 2度のヒアリングを行い、その上で委員相互の意見交換をもとに、現状と今後の研究

計画を以下の様に理解した。 

 

XMASS 実験は、宇宙暗黒物質の有力候補である WIMPを世界最高の感度で探索することで、

その発見を目指している。同時に低エネルギー太陽ニュートリノの観測や、ニュートリノの

出ない二重β崩壊の発見も目標としている。液体キセノンを用いる 1 相式実験のパイオニ

アとして XMASS-I の建設と実験を進め、技術面で多くの開発を行うと共に、物理学上の新

たな知見を与える等、重要な成果を挙げてきた。一方では WIMP探索に関しては更なる高感

度化が必要であった。これに基づき次世代の検出器として WIMP と核子の散乱断面積に対す

る感度が約 10-47cm2 の XMASS-1.5（6 トンの液体キセノンを使用予定）の提案を行ってき

た。しかし XMASS-1.5 は建設に至らず、他方世界では第 2 世代（G2）と呼ばれる XENONnT 

実験や LZ 実験（2相式検出器でそれぞれ約 10 トンの液体キセノンを使用）が探索感度で

約 10-48cm2 と、それを 1桁超える感度を実現しようとしている。これらは 2019 年や 2020 

年を目標に実験開始予定で、超対称性モデルの広いパラメーター領域を探索できる。さらに

第 3 世代（G3）と呼ばれる将来の実験も計画中である。このタイプの検出器においては、太

陽・大気ニュートリノのバックグラウンドで制限される究極の感度が達成される。そこでは

高い粒子識別能力が必須になっている。1相式の XMASS実験は大型化が容易という強みを拠

り所にして来たが、粒子識別能力が乏しいので、現状のままではこの感度に到達できない。

粒子識別能力の高い 2 相式が大型化の問題を解決するにつれて 2 相式の優位性が明確にな

り、XMASS実験の次世代の方向性を再検討する時期に来た。 

 

今後標的のサイズが決定的な要素となって、世界で一つしか作れないような大型検出器

が必要となり、いずれ 1つの国際共同実験が発展しそれに統合されることが想定される。こ

のような状況に鑑み、XMASS 実験グループからは、従来の XMASS-1.5の実現を目指すという

方針を転換し、海外の G2 実験に参加する研究グループを形成するとともに、将来の G3 実

験を実現する研究開発を進める提案がなされた。G2実験としては LZ と XENONnT の 2つが

あるが、研究グループは XENONnT に参加の前提で相談を進めている。どちらも散乱断面積

10-48cm2 程度までの探索を行う計画で、目標はほぼ同じであるが、XENONnT のベースとなる

XENON1T は LZ のベースとなる LUXを超える結果をすでに出しており、一歩進んでいる。さ

らに XENONnT 実験はこれから検出器デザインを最終決定するので、XMASS 実験の知識と経

験を含むリソースで大きな寄与が可能である。具体的な寄与としては、(1)液体キセノンの

純化技術の研究開発、(2)低バックグラウンド技術、(3)現地に滞在して研究を進める人的寄

与、(4)保有している光電子増倍管の活用、(5)最大 1.9 トンのキセノンガスの貸与、(6)神



お礼と今後

• XMASS実験発足の2000年以来、共同利用を通じて
長いサポートを頂いて来ました。

• 宇宙線コミュニティーには、暗黒物質直接探索の意
義を認めていただき、XMASS及び将来へ向けた活動
への理解を頂いたことにも感謝いたします。

• 今後暗黒物質の正体の解明へ向けて研究を進めて
まいります。
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