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暗黒物質観測の歴史

•1933             F. Zwicky
                          かみの毛座銀河団の質量をビリアルの定理から見積も観測と大きな食い違い
　　　　　　　(400倍！）を指摘　ー＞質量欠損（暗黒物質）
•1970年後半　Vera Cooper Rubin 渦巻き銀河の回転速度
                        観測より大きな質量が存在しないと銀河の運動が説明できない。
•1989-現在     宇宙マイクロ波背景放射による観測　

•(人工衛星:COBE, WMAP, Planck)

Vera Cooper Rubin
F. Zwicky

ESA/Planck

www.nasa.gov
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暗黒物質の証拠

D. Clowe et al.. 2006

M. Blanton and the SDSS

SDSS

弾丸銀河の衝突

大規模構造
暗黒物質のおかげで星や銀河が形成
その正体は？
標準理論の粒子では説明できない。
新粒子の存在？
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暗黒物質探索のアプローチ
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暗黒物質探索のアプローチ
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大きなエネルギーを
つくって無理やりつくる

衛星をつかって
痕跡を探すなど

地下実験室で
とらえる

散乱 対消滅 生成
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Direct Detection Principle
WIMPs elastically scatter off nuclei in targets, producing 
nuclear recoils.

Erecoil ~ <100 keV

Dark Matter	
（WIMP）

Deposit Energy

χ + N → χ + N 

energy

ra
te heavy

light data

For example,  assuming 

Mw = 100 GeV/c2  , MT  = 100 GeV/c2 , r = 1 

WIMP velocity: v~  220 km/sec 

                                             
              = 30 keV

ER =
1
2
MW �2c2

WIMP nuclei
θ

θ
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R0: Event rate 

観測される頻度
Measuring the deposited energy due to 
elastic scattered nuclei by WIMP. 

Expected spectrum:

Maxwellian distribution for DM velocity 
is assumed. 
V :velocity onto target,  
VE: Earth’s motion around the Sun

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v

F: Form Factor 
(depends on atomic 
nuclei）

motion dynamics

σ0 = A2 µ
2

T

µ2
p
σχ−p σ0 =

(λ2
N,Z

J(J+1))Nuclear

(λ2
p,Z

J(J+1))proton

µ2
T

µ2
p
σχ−p

Spin independent Spin dependent

検出器
暗黒物質や 
地球の運動力学

暗黒物質の密度や断面積
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ν+N-> ν+N

直接探索の現状と将来
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暗黒物質直接探索証拠にむけて

暗黒物質の 
• 信号を数える。 

• 季節変動を見る　(DAMA/LIBRA)　　　　　　　　数％ 

• ターゲット（核種）による違いを見る。　　　　数倍　　　　　　　 
スピンに依存しない場合(coherent)　σ ∝ A2 

(複数の実験またはターゲットの入れ替え。） 

• 到来方向を見る　(NEWAGE, DMTPC,NITなど)　数倍ー１０倍　　　　　　　　
（白鳥座の方向に対して検出頻度の非対称性） 将

来
（
チ
ャ
レ
ン
ジ
）
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暗黒物質の検出原理

太陽系

銀河中心

円盤
ハロー暗黒物質

R0: イベントレート 
断面積やlocal DM 
density など

dR

dER
= R0F 2(ER)

E0r

k0

k

1
2πv0

∫
vmax

vmin

1
v
f(v,vE)d3

v

F: Form Factor 
(ターゲット原子核によって 
異なる）

運動力学　
地球の公転速度や
暗黒物質の速度分布

V :velocity onto target,  
VE: Earth’s motion around the Sun

季節変動



Masaki Yamashita

ities and proper motions in the Galactic center. Squares are
based on kinematics of OH/IR stars (Lindqvist et al. 1992).
The point at 3.5 kpc is based on the Zhao (1996a, 1996b)
model of the bar. Because the model was compared with the
data on stellar kinematics (inner rotation curve and radial
velocity dispersion), it gives a constraint on the total mass:
4! 1010 M", with an uncertainty of about 20%. For the
next data point at 8.5 kpc we simply assume that the circular
velocity is 220# 20 km s$1, which covers the whole range of
reasonable values. We then estimate the mass as
M ¼ v2r=G. The last observational point is the constraint

from the motions of satellite galaxies discussed in x 3. The
central data points were not used either in our fitting or in
the analysis of the bulge (Zhao 1996b). Nevertheless, they
come fairly close to the extrapolation of our model into the
very center of our Galaxy. The theoretical curves for our
favored models A1 and B1 are very close to each other,
which is not surprising because they fit the same data and
have the same global darkmatter content. The largest devia-
tion of the models from the data is for the mass inside 100
pc, where the observational estimate is twice larger than the
prediction of the models. Even at this point the disagree-
ment is not alarming because the observational data are
likely more uncertain than the formal error.

What is remarkable about Figure 3 is that it spans more
than 5 orders of magnitude in radius and mass. It is encour-
aging that, without fine-tuning, our models are consistent
with observations of the dynamical mass of the MW over
this huge range.

Finding an acceptable model for M31 was relatively easy
because there are much less data. In particular, we do not
have kinematic constraints for the disk, which would be
equivalent to constraints at the solar position in our Galaxy.
Our model seems to reproduce reasonably well the dynami-
cal mass of M31 from 100 pc to &100 kpc. Our model does
not produce the very large wiggles exhibited by the observed
rotation curve. The wiggles at 5 and 9 kpc are likely due to
noncircular motions induced by the bar and, thus, as dis-
cussed before, cannot be reproduced by any axisymmetric
model. The bulge of M31 is almost twice as massive as the
bulge of our Galaxy. It is also slightly (30%) more compact.
The disk of M31 is also more massive, but it is more
extended. As a result, in the central 5 kpc of the M31 the

Fig. 2.—Rotation curve for our favorite models A1 (no exchange of
angular momentum) and B1 (with the exchange). Note that the dark matter
dominates only in the outer part of theMilkyWay. Symbols show observa-
tional data from H imeasurements of Knapp et al. (1985; circles) and Kerr
et al. (1986; triangles).

Fig. 3.—Mass distribution of the MW galaxy for model A1 ( full curve)
and model B1 (dashed curve). The large dots with error bars are observatio-
nal constraints. From small to large radii the constraints are based on the
following: stellar radial velocities and proper motions in the Galactic cen-
ter; radial velocities of OH/IR stars; modeling of the bar using DIRBE and
stellar velocities; rotational velocity at the solar radius; and dynamics of
satellites.

606 KLYPIN, ZHAO, & SOMERVILLE Vol. 573

NASA/JPL-Caltech/R. Hurt (SSC/Caltech)

We are here!

disk

bulge

halo
8kpc
Sun

KLYPIN et al. APJ 2002

暗黒物質信号の季節変動

3.7 Annual modulation
The annual modulation of the WIMP rate on a target detector is induced by the Earth’s
motion around the Sun[47]. The expected nuclear recoil energy spectrum depends on the
WIMP velocity distribution and on the Earth’s velocity in the galactic frame, vr(t). It
varies along the year due to the expression,

vE(t) =Vsun+Vearth cosγ cosω(t− t0), (3.39)

where Vsun = 232 km/s is the Sun’s velocity with respect to the halo, Vearth = 30 km/s is
the Earth’s orbital velocity around the Sun on a plane with inclination γ = 60◦ respect to
the galactic one, ω = 2π/T with T = 1 year and t0 � 2nd June. Fig.3.5 illustrates the
motion of the Earth relative to the Galactic coordinates. The annual modulation signature
is the one of the most strong evidence of WIMPs, but the total event variation is only ∼ 3
%, a large mass detector is needed for statistics.

Fig.3.6 shows the expected spectrum in Jun 2nd, Dec 4th and their rate difference. In
this calculation, the following value were used.

• Cross section to WIMP for SI case is 1.0×10−5pb.

• WIMP mass is 50 GeV.

• VE in Jun 2nd is 247 km/s.

• VE in Dec 4th is 217 km/s.

Dec. 4th

Earth
Jun. 2ndSun

232 km/s60 oo

Figure 3.5: The motion of the Earth relative to the Galactic coordinates.
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8

examined in a future paper. In this model, typical parameters of the Maxwellian distribution
for our location in the Milky Way are σSHM = 270 km/s and vesc = 650 km/s, the latter being
the speed necessary to escape the Milky Way (WIMPs with speeds in excess of this would
have escaped the galaxy, hence the truncation of the distribution in Eqn. (15)). Unlike the
Galactic disk (along with the Sun), the halo has essentially no rotation; the motion of the
Sun relative to this stationary halo is

v⊙,SHM = vLSR + v⊙,pec , (24)

where vLSR = (0, 220, 0) km/s is the motion of the Local Standard of Rest and v⊙,pec =
(10, 13, 7) km/s is the Sun’s peculiar velocity. The Earth’s speed relative to the halo, vobs(t),
is maximized around June 1. The local dark matter density ρ0 is taken to be the estimated
average density in the local neighborhood, 0.3 GeV/cm3.

C. Annual Modulation

It is well known that the count rate in WIMP detectors will experience an annual modu-
lation as a result of the motion of the Earth around the Sun described above [4, 5]. In some
cases, but not all, the count rate (Eqn. (1)) has an approximate time dependence

dR

dE
(E, t) ≈ S0(E) + Sm(E) cos ω(t − tc), (25)

where tc is the time of year at which vobs(t) is at its maximum. S0(E) is the average
differential recoil rate over a year and Sm(E) is referred to as the modulation amplitude
(which may, in fact, be negative). The above equation is a reasonable approximation for the
SHM we are considering in this paper, but is not valid for all halo models, particularly at
some recoil energies for dark matter streams; see Ref. [53] for a discussion. For the SHM,

Sm(E) =
1

2

[
dR

dE
(E, June 1) −

dR

dE
(E, Dec 1)

]
. (26)

Experiments such as DAMA will often give the average amplitude over some interval,

Sm =
1

E2 − E1

∫ E2

E1

dE Sm(E). (27)

D. Parameter Space

Many of the parameters that factor into the expected recoil rates for a scattering detector
are unknown, including the WIMP mass, four WIMP-nucleon couplings (SI and SD cou-
plings to each of protons and neutrons), the local WIMP density, and the WIMP velocity
distribution in the halo. In this paper, we shall fix the halo model to the SHM and the local
density to 0.3 GeV/cm3. In addition, we shall take fp = fn (equal SI couplings) so that
there are only three independent scattering couplings; the SI coupling will be given in terms
of the SI scattering cross-section off the proton, σp,SI. The parameter space we examine will
then consist of the four parameters m, σp,SI, ap, and an.
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暗黒物質直接検出
χ + N → χ + N 

例えばEth= 3keV 
recoil 
10GeVでは約
20%rateが異なる。
#100GeVでは約4%

20

0 10keVr
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季節変動観測による展開
●Standard Halo Model
- 重力的に安定
- 等温球体
- maxwellian分布

Purcell et al. 2011, Sept. 15 issue of Nature (Vol. 477, No. 7364, pp. 301-303; DOI:10.1038/nature10417) 
 

The Sagittarius impact as an architect of spirality and outer rings in the Milky Way 5 
 

 
 
Figure 1 -  Visualizations of evolved disk endstates in the simulation suite.  a, Edge- and face-on surface density 
depictions for each infall model as well as an isolated Galaxy model subject only to secular evolution.  The solar 
location is marked in yellow and the present location of the Sgr remnant is marked in pink.  The primary Milky 
Way analog was initialized via self-consistent multi-component distribution functions9 and proved fairly robust to 
secular instabilities, as shown in the left image after ~2.7 Gyr of isolated evolution.  b, Global rendering of the 
Light Sgr endstate disk and tidal debris.  The primary galaxy included a Navarro-Frenk-White (NFW) dark halo19 
with scale radius rs = 14.4 kpc and virial mass Mvir = 1012 M⊙; the disk had a mass of 3.59 × 1010 M⊙, an 
exponential scale length of 2.84 kpc and a vertical sech2 scale height of 0.43 kpc; the central bulge had a mass of 
9.52 × 109 M⊙ and an n = 1.28 Sérsic profile with a 0.56 kpc effective radius.  The Light Sgr (Heavy Sgr) 
progenitor with effective virial mass Mvir = 1010.5 M⊙ (1011 M⊙) was initialized with an NFW dark halo of scale 
length 4.9 kpc (6.5 kpc) self-consistently with a separate stellar component20 motivated by an analysis of the 
observed Sgr debris and core6: a King profile21 with core radius 1.5 kpc, tidal radius 4.0 kpc, and central velocity 
dispersion equal to 23 (30) km s-1.  Following previous work on the Sgr interaction22, our satellites started 80 kpc 
from the Galactic Center in the plane of the Milky Way, traveling vertically at 80 km s-1 toward the North Galactic 
Pole.  We account for the mass loss that would have occurred between virial-radius infall and this “initial” location 
by truncating the Sgr progenitor NFW mass profile at the instantaneous Jacobi tidal radius, rt = 23.2 kpc (30.6 kpc), 
leaving a total bound mass that is factor of ~3 smaller than their effective virial mass from abundance matching.   
All simulations used the parallel N-body tree code ChaNGa with a gravitational softening length of one parsec, and 
followed the evolution of 30 million particles with masses in the range 1.1 - 1.9 x 104 M⊙.  
 

 
 
 
 

Purcell et al. 2011 nature

太陽系

銀河中心

円盤 ハロー

●銀河の合流による局所的な構造
- cold streams
- debris flow ...

射手座矮小銀河
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with scale radius rs = 14.4 kpc and virial mass Mvir = 1012 M⊙; the disk had a mass of 3.59 × 1010 M⊙, an 
exponential scale length of 2.84 kpc and a vertical sech2 scale height of 0.43 kpc; the central bulge had a mass of 
9.52 × 109 M⊙ and an n = 1.28 Sérsic profile with a 0.56 kpc effective radius.  The Light Sgr (Heavy Sgr) 
progenitor with effective virial mass Mvir = 1010.5 M⊙ (1011 M⊙) was initialized with an NFW dark halo of scale 
length 4.9 kpc (6.5 kpc) self-consistently with a separate stellar component20 motivated by an analysis of the 
observed Sgr debris and core6: a King profile21 with core radius 1.5 kpc, tidal radius 4.0 kpc, and central velocity 
dispersion equal to 23 (30) km s-1.  Following previous work on the Sgr interaction22, our satellites started 80 kpc 
from the Galactic Center in the plane of the Milky Way, traveling vertically at 80 km s-1 toward the North Galactic 
Pole.  We account for the mass loss that would have occurred between virial-radius infall and this “initial” location 
by truncating the Sgr progenitor NFW mass profile at the instantaneous Jacobi tidal radius, rt = 23.2 kpc (30.6 kpc), 
leaving a total bound mass that is factor of ~3 smaller than their effective virial mass from abundance matching.   
All simulations used the parallel N-body tree code ChaNGa with a gravitational softening length of one parsec, and 
followed the evolution of 30 million particles with masses in the range 1.1 - 1.9 x 104 M⊙.  
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SHM Debris Flow Stream

FIG. 3: A comparison of the shapes of the total rate shown at two periods of the year, correspond-
ing to the times of year at which the rate is minimized and maximized, as well as the modulation
amplitude, for three di↵erent halo components: SHM (left), debris flow (middle), stream (right).
The normalization between panels is arbitrary.

expansion of Eqn. (28), but the former are the standard notation in the literature when only
the constant and first cosine term of the Fourier expansion are used.

In the remainder of this section, we examine the modulation for the SHM and substruc-
ture components. Figure 3 summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed dark matter velocity distribution.
In reality, the local dark matter is likely comprised of both a virialized and unvirialized
component, meaning that a signal at a direct detection experiment may be due to several
di↵erent dark matter components. In this case, a modulation of the form given by Eqn. (29)
with a fixed phase t

0

may not be a good approximation; the shape of the modulation for
the total rate may no longer be sinusoidal in shape and/or the phase may vary with v

min

.
Furthermore, there are cases when Eqn. (29) is a bad approximation even for a single halo
component; an example will be shown below for a stream. We close this section with a
discussion of what can be learned about the local halo in these more complicated scenarios.

A. Smooth Background Halo: Isothermal (Standard) Halo Model

We now apply our general discussion of the modulation rate to the example of a simple
isothermal sphere [57]. As discussed in the previous section, the SHM is almost certainly
not an accurate model for the dark matter velocity distribution in the Milky Way. However,

速度分布の違い

夏ー冬のエネルギースペクトラムが異なる

さらにmaximum の時期が異なる

射手座矮小銀河

arXiv:1209.3339

季節変動観測による展開
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location is marked in yellow and the present location of the Sgr remnant is marked in pink.  The primary Milky 
Way analog was initialized via self-consistent multi-component distribution functions9 and proved fairly robust to 
secular instabilities, as shown in the left image after ~2.7 Gyr of isolated evolution.  b, Global rendering of the 
Light Sgr endstate disk and tidal debris.  The primary galaxy included a Navarro-Frenk-White (NFW) dark halo19 
with scale radius rs = 14.4 kpc and virial mass Mvir = 1012 M⊙; the disk had a mass of 3.59 × 1010 M⊙, an 
exponential scale length of 2.84 kpc and a vertical sech2 scale height of 0.43 kpc; the central bulge had a mass of 
9.52 × 109 M⊙ and an n = 1.28 Sérsic profile with a 0.56 kpc effective radius.  The Light Sgr (Heavy Sgr) 
progenitor with effective virial mass Mvir = 1010.5 M⊙ (1011 M⊙) was initialized with an NFW dark halo of scale 
length 4.9 kpc (6.5 kpc) self-consistently with a separate stellar component20 motivated by an analysis of the 
observed Sgr debris and core6: a King profile21 with core radius 1.5 kpc, tidal radius 4.0 kpc, and central velocity 
dispersion equal to 23 (30) km s-1.  Following previous work on the Sgr interaction22, our satellites started 80 kpc 
from the Galactic Center in the plane of the Milky Way, traveling vertically at 80 km s-1 toward the North Galactic 
Pole.  We account for the mass loss that would have occurred between virial-radius infall and this “initial” location 
by truncating the Sgr progenitor NFW mass profile at the instantaneous Jacobi tidal radius, rt = 23.2 kpc (30.6 kpc), 
leaving a total bound mass that is factor of ~3 smaller than their effective virial mass from abundance matching.   
All simulations used the parallel N-body tree code ChaNGa with a gravitational softening length of one parsec, and 
followed the evolution of 30 million particles with masses in the range 1.1 - 1.9 x 104 M⊙.  
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SHM Debris Flow Stream

FIG. 3: A comparison of the shapes of the total rate shown at two periods of the year, correspond-
ing to the times of year at which the rate is minimized and maximized, as well as the modulation
amplitude, for three di↵erent halo components: SHM (left), debris flow (middle), stream (right).
The normalization between panels is arbitrary.

expansion of Eqn. (28), but the former are the standard notation in the literature when only
the constant and first cosine term of the Fourier expansion are used.

In the remainder of this section, we examine the modulation for the SHM and substruc-
ture components. Figure 3 summarizes the conclusions we reach. Note that the expected
modulation amplitude depends sensitively on the assumed dark matter velocity distribution.
In reality, the local dark matter is likely comprised of both a virialized and unvirialized
component, meaning that a signal at a direct detection experiment may be due to several
di↵erent dark matter components. In this case, a modulation of the form given by Eqn. (29)
with a fixed phase t

0

may not be a good approximation; the shape of the modulation for
the total rate may no longer be sinusoidal in shape and/or the phase may vary with v

min

.
Furthermore, there are cases when Eqn. (29) is a bad approximation even for a single halo
component; an example will be shown below for a stream. We close this section with a
discussion of what can be learned about the local halo in these more complicated scenarios.

A. Smooth Background Halo: Isothermal (Standard) Halo Model

We now apply our general discussion of the modulation rate to the example of a simple
isothermal sphere [57]. As discussed in the previous section, the SHM is almost certainly
not an accurate model for the dark matter velocity distribution in the Milky Way. However,

速度分布の違い
季節変動をとらえることで
=> バックグランドでは考えにくい変動
　-> 暗黒物質の強い証拠
=>銀河結合の歴史の標本
　->太陽系近傍のhaloの理解
へつながる可能性

夏ー冬のエネルギースペクトラムが異なる

さらにmaximum の時期が異なる

射手座矮小銀河

arXiv:1209.3339

暗黒物質の速度分布が分かると



Masaki Yamashita

XMASS実験



Masaki Yamashita

XMASS Experiment

Xenon MASSive detector for Solar neutrino  (pp/7Be) 

Xenon neutrino MASS detector  (double beta decay) 

Xenon detector for Weakly Interacting MASSive Particles　(DM)

Multi purpose low-background experiment with LXe.

XMASS	I	
（FV:100kg、Total 1ton）

XMASS	II	
（FV:10ton、24Ton）

Dark Matter

Solar Neutrino 
Dark Matter 

DBB
2007: Project was funded. 
2013〜: Data taking 

XMASS	1.5	
（FV:1ton、Total 5ton）

3inch dome shape PMT

Dark Matter
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super Kamiokande

Kamioka mine
Gifu, Hida city, Ikenoyama 

Kamland

•1000m	under	a	mountain	=												
2700m	water	equiv.	

•360m	above	the	sea	
•Horizontal	access	
•Experiment	
•Super-K		
•KamLAND	(Tohoku	U.)	
•KAGURA	for	interferometer		
•NEWAGE
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無酸素銅の断熱真空容器
-100度の液体キセノンシン
チレータで満たされる。
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Water Tank Xenon Buffer Tank

Distillation Tower

Experimental Hall

LXe Tank

water purification system

Rn: ~ 1mBq/m3

5ton/hour

entrance (clean room)
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Water Shield

- φ10m x 10m ultra pure water shield with 20 
inch x 70 PMTs for muon veto

10 m
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XMASS Detector

- 642 ultra low background 2 inch PMTs 
- Largest detector: 832 kg of LXe for 

sensitive volume.

RI in PMT

Activity per 
1PMT(mBq/PMT)

238U-chain 0.70+/-0.28

232Th-chain 1.51+/-0.31

40K <5.1

60Co 2.92+/-0.16

R10789
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energy calibration

Gate 
valve~5

m

•-Inner calibration is for energy calibration. 
3. Sources 

57Co 

241Am 

5 5 

energy [keV] Intensity [Hz] Dia. [mm] Outer material 

(1) Fe-55 5.9 350 5 brass 

(2) Cd-109 22, 25, 88 800 5 brass 

(3) Am-241 59.5 485 0.17 SUS 

(4) Co-57  122 68 (KRISS side) 0.21 SUS 2012/12/21 26 

Theses sources were made by KRISS 

13 
20 

30 30 

0.
21

m
m
φ 

fo
r 57

C
o 

so
ur

ce

OFHC copper rod and source

gate valve

source exchange

OFHC copper rod

stepping motor

Flange for

moved
along z−axis

guide pipe

Calibration system
on the tank top

ID

Figure 5: Calibration system on top of the tank. Source placed on the edge of the copper

rod is inserted into the ID and can be moved along the z axis.

Table 7: Calibration sources and energies. The 8 keV (*1) in the 109Cd and 59.3 keV (*2)

in the 57Co source are Kα X-rays from the copper and tungsten, respectively, used for

source housing.

Isotopes Energy [keV] Shape

55Fe 5.9 cylinder

109Cd 8(*1), 22, 58, 88 cylinder

241Am 17.8, 59.5 thin cylinder

57Co 59.3(*2), 122 thin cylinder

137Cs 662 cylinder

21
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Figure 9: Energy spectra reconstructed using the 57Co source at z = 0 cm (upper) and ver-

tex distributions reconstructed using the same source at z = −40, −30, ..., 40 cm (lower).
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バックグラウンド

XMASS

Added	to	D.C.Malling	thesis	(2014)	Fig.1.5

XMASS

有効体積カット
(w/ eff.)

有効体積カットなし

WIMP 100GeV
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XMASS実験による観測

Low Mass

light mass WIMP

3.7 Annual modulation
The annual modulation of the WIMP rate on a target detector is induced by the Earth’s
motion around the Sun[47]. The expected nuclear recoil energy spectrum depends on the
WIMP velocity distribution and on the Earth’s velocity in the galactic frame, vr(t). It
varies along the year due to the expression,

vE(t) =Vsun+Vearth cosγ cosω(t− t0), (3.39)

where Vsun = 232 km/s is the Sun’s velocity with respect to the halo, Vearth = 30 km/s is
the Earth’s orbital velocity around the Sun on a plane with inclination γ = 60◦ respect to
the galactic one, ω = 2π/T with T = 1 year and t0 � 2nd June. Fig.3.5 illustrates the
motion of the Earth relative to the Galactic coordinates. The annual modulation signature
is the one of the most strong evidence of WIMPs, but the total event variation is only ∼ 3
%, a large mass detector is needed for statistics.

Fig.3.6 shows the expected spectrum in Jun 2nd, Dec 4th and their rate difference. In
this calculation, the following value were used.

• Cross section to WIMP for SI case is 1.0×10−5pb.

• WIMP mass is 50 GeV.

• VE in Jun 2nd is 247 km/s.

• VE in Dec 4th is 217 km/s.

Dec. 4th

Earth
Jun. 2ndSun

232 km/s60 oo

Figure 3.5: The motion of the Earth relative to the Galactic coordinates.
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季節変動
(様々な暗黒物質候補）

super-WIMPs(ALPs)

Solar axion

K. Abe et al. / Physics Letters B 719 (2013) 78–82 81

Fig. 6. WIMP signal acceptance efficiency after data reduction for the analysis.

select these events a time-of-flight correction is made to the tim-
ing distribution of each event assuming the event vertex is on
the surface of the PMT closest to the charge-weighted center of
gravity of the event. After this correction the timing distribution
of Cherenkov-like events is found to be narrower than that for
scintillation-like events. Events with more than 60% of their PMT
hits occurring within the first 20 ns of the event window are re-
moved as Cherenkov-like. The ratio of the number of PMT hits
within the first 20 ns relative to the total number of hits in the
event window for all events (head-to-total ratio) is shown in Fig. 4.
Each step of the data reduction is shown in Fig. 5.

The expected WIMP acceptance efficiency of these cuts was
estimated with the detector simulation. In the simulation WIMP
recoil energy spectra were generated for each WIMP mass and MC
events were distributed uniformly throughout the detector volume
using a liquid scintillation decay constant of 25 ns [16]. Fig. 6
shows the resulting signal acceptance efficiency at energies be-
low 1 keVee. The size of the error bars comes primarily from the
systematic uncertainty in the xenon scintillation decay constant,
25 ± 1 ns, which is estimated based on the difference between the
XMASS model [16] and the NEST model [17] based on [18]. A sys-
tematic error on the selection efficiency is determined based on
the error resulting from a linear fit to the points in the figure. At
the 0.3 keVee analysis threshold this error is 6.1%.

4. Results and discussion

Fig. 7 shows simulated WIMPs energy spectra overlaid on the
observed spectrum after the data reduction was applied. WIMPs
are assumed to be distributed in an isothermal halo with vo =
220 km/s, a galactic escape velocity of vesc = 650 km/s, and an
average density of 0.3 GeV/cm3. In order to set a conservative
upper bound on the spin-independent WIMP-nucleon cross sec-
tion, the cross section is adjusted until the expected event rate
in XMASS does not exceed the observed one in any energy bin
above 0.3 keVee. Implementing the systematic errors discussed in
the text above, the resulting 90% confidence level (C.L.) limit de-
rived from this procedure is shown in Fig. 8. The impact of the
uncertainty from Leff is large in this analysis, so its effect on the
limit is shown separately in the figure.

After careful study of the events surviving the analysis cuts,
their origins are not completely understood. Contamination of 14C
in the GORE-TEX® sheets between the PMTs and the support struc-
ture may explain a fraction of the events. Light leaks through this
material are also suspect. Nonetheless, the possible existence of a
WIMP signal hidden under these and other backgrounds cannot
be excluded. Although no discrimination has been made between

Fig. 7. Simulated WIMP energy spectra in the XMASS detector assuming the maxi-
mum cross section that provides a signal rate no larger than the observation in any
bin above 0.3 keVee.

Fig. 8. Spin-independent elastic WIMP-nucleon cross section as a function of WIMP
mass. All systematic uncertainties except that from Leff are taken into account in
the XMASS 90% C.L. limit line. The effect of the Leff uncertainty on the limit is
shown in the band. Limits from other experiments and favored regions are also
shown [4–9].

nuclear-recoil and electronic events, and many events remain in
the analysis sample, the present result excludes part of the param-
eter space favored by other measurements [4–6] when those data
are interpreted as a signal for light mass WIMPs. Finally, we are
working on modifications to the inner surface of XMASS, especially
around the PMTs, to improve the detector performance.
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Table 1. Signal efficiencies with their systematic errors for deriving the limit
shown in Figs. 4 and 7. The row starting from (a) is based on Ref. [29], and the
one starting from (b) on Ref. [33].

WIMP mass (GeV) 20 50 100 300 1000 3000 5000

(a) signal efficiency (%) 23±7
6 29±4

5 26±2
4 19±1

3 16±1
3 15±1

3 15±1
3

(b) signal efficiency (%) 24±7
6 30±2

5 29±2
4 26±2

5 25±2
5 25±2

5 25±2
5

used in Ref. [29], it can be seen in Fig. 1 that the shape of this distribution for a 50 GeV WIMP
does not change much with the use of the more modern form factors. These cut values and the signal
window optimized for the 50 GeV WIMPs were also used to obtain the limits for the other WIMP
masses. Our signal efficiency is defined as the ratio between the number of simulated events remain-
ing after all cuts in the 36–48 keV signal region and the number of simulated events generated within
the fiducial volume (radius less than 15 cm, containing 41 kg of LXe). As shown in Table 1, sig-
nal efficiency ranges from 29% for 50 GeV WIMPs to 15% for 5 TeV WIMPs for the nuclear form
factors given in Ref. [29].

5. Results and discussion

As clearly visible in Fig. 3, the cuts discussed in the previous section almost eliminate all background
in and around the signal window. After all cuts, 5 events remain in our 36–48 keV signal region. The
main contribution to the remaining background in this energy region stems from the 222Rn daughter
214Pb. From our simulation we estimate this background alone to contribute 2.0 ± 0.6 events. As
other background contributions are smaller but less certain, we do not subtract background when
calculating our limits. Our detector’s low background allows us to directly use the event count in
the signal region to extract our limit on the inelastic scattering cross section of WIMPs on 129Xe
nuclei. Using Eq. 6 and taking into account the nuclear form factor and our signal efficiency we
derive a 90% C.L. upper limit for this cross section, which in Fig. 4 is compared to the result from
Refs. [12,13]. The gray band reflects our systematic uncertainties. The systematic uncertainty on
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10

) 
[p

b]
Ias σ

A
sy

m
pt

ot
ic

 c
ro

ss
 s

ec
tio

n 
(

1

10

210

10 32

Fig. 4. The black solid line is our 90% C.L. upper limit on the asymptotic cross section σ as
I for inelastic scat-

tering on 129Xe using the same form factors as DAMA. The gray band covers its variation with our systematic
uncertainty. The dotted line is the limit obtained by the DAMA group [12,13]. It was derived after statisti-
cally subtracting background. Our low background allows us to derive this limit without such background
subtraction.
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energy threshold that ranges from nonexistent in XMASS

(j ~Ej ¼ 0) to negligible in XENON100 (j ~Ej ¼ 530 V=cm)

to considerable in ZEPLIN-III (j ~Ej ¼ 3400 V=cm). In
order to do so, we use an empirical parametrization of
the field quenching inspired by the Thomas-Imel
electron-ion recombination model [37], which was applied
to LXe’s 83mKr response in Ref. [13] as

qðj ~EjÞ ¼ a1a2j ~Ej ln
!
1þ 1

a2j ~Ej

"
þ 1; (14)

where a1 and a2 are free parameters, with a1 describing
the overall strength of the field quenching and a2
describing the field dependence of this quenching. In
Ref. [13], it was found that the energy dependence of
a2 is much less significant than that of a1. Therefore, we
use here a2 ¼ ð8:3% 1:7Þ & 10'4 cm=V, which is the
average of the values for 9.4 keV and 32.1 keV reported
in Ref. [13]. The value of a1 is chosen so that the

qðj ~EjÞ function is consistent with our qð450Þ value,

which is taken from the average of data collected at
4.25(, 5.25(, and 8.5( (indicated by the red circle in
Fig. 10). Combining the uncertainties in a2 and qð450Þ
produces the bands shown in Fig. 10, which is taken to
represent the energy-averaged field quenching below
)10 keV.
Also needed in the determination of the electronic-

recoil energy threshold, Ethr, is a model of fCoðEerÞ.
For this, a range of models are taken that fit our Re

data and for which a 1! span is indicated by the gray
band in Fig. 7. The uncertainties on these three parame-
ters [a2, qð450Þ, and fCoðEerÞ] are convolved to produce
likelihood curves for the resulting Ethr of the four experi-
ments considered here. The results are shown in Table II.
It is clear that all four experiments, even in the presence
of the sharply falling Re observed here, have sensitivity
to all or part of the 2–5 keV range favored by the DAMA
results.

VI. SUMMARY

The work presented here details a study of LXe’s scin-
tillation response to electronic recoils as low as 1.5 keV.
The proportionality between deposited energy and scintil-
lation signal, or light yield, is observed to drop with
decreasing energy beginning at)10 keV to a level roughly
40% of its value at higher energies. With the application of
a static electric field of 450 V=cm, we observe a reduction
of the scintillation signal of roughly 75% relative to the
value at zero field and see no significant energy depen-
dence on this value between 1.5 keV and 7.8 keV. With
these values, we are able to extrapolate the electronic-
recoil energy thresholds of the ZEPLIN-III [49],
XENON10 [3], XENON100 [50], and XMASS [7] experi-
ments. These experiments report scintillation thresholds of
2.6, 4.4, 3.0, and 4.0 PE, which, when applied with the
results presented here, give energy thresholds of 2.8, 2.5,
2.3, and 1.1 keV, respectively. We additionally investigate a
discrepancy between the LY from the 9.4 keV emission of
83mKr (which has in the past been considered for use as a
standard calibration source) and other observed LY values
nearby in energy. We observe a time dependence of this

FIG. 10 (color online). The 1! and 2! bands of the scintilla-

tion field quenching below )10 keV, qðj ~EjÞ, used in the deter-
mination of Ethr. Also indicated are the fields used by the four
dark-matter experiments considered in the text. The red circle
indicates the measured qð450Þ, averaged from data obtained at
4.25(, 5.25(, and 8.5(.

TABLE II. Four recent dark-matter searches using LXe: the second science run of ZEPLIN-III
[49], results of XENON10 [3], the recent 225 live days reported from XENON100 [50], and the

results of XMASS [7]. Shown are the applied electric fields used by each (j ~Ej), their quoted
scintillation thresholds (S1thr), their

57Co light yield (LYCo), and their electronic-recoil energy
thresholds using this work (Ethr).

Experiment j ~Ej (V=cm) S1thr (PE) LYCoð PEkeVÞ Ethr (keV)

ZEPLIN-III 3400 2.6 1.3 2:8þ0:5
'0:5

XENON10 730 4.4 3.0 2:5þ0:4
'0:3

XENON100 530 3.0 2.3 2:3þ0:4
'0:3

XMASS 0 4.0 14.7 1:1þ0:4
'0:2

L. BAUDIS et al. PHYSICAL REVIEW D 87, 115015 (2013)

115015-12

XMASS検出器の特徴

L. Baudis et al. PhysRevD.87.115015
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to LXe’s 83mKr response in Ref. [13] as
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þ 1; (14)

where a1 and a2 are free parameters, with a1 describing
the overall strength of the field quenching and a2
describing the field dependence of this quenching. In
Ref. [13], it was found that the energy dependence of
a2 is much less significant than that of a1. Therefore, we
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average of the values for 9.4 keV and 32.1 keV reported
in Ref. [13]. The value of a1 is chosen so that the
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produces the bands shown in Fig. 10, which is taken to
represent the energy-averaged field quenching below
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Also needed in the determination of the electronic-

recoil energy threshold, Ethr, is a model of fCoðEerÞ.
For this, a range of models are taken that fit our Re

data and for which a 1! span is indicated by the gray
band in Fig. 7. The uncertainties on these three parame-
ters [a2, qð450Þ, and fCoðEerÞ] are convolved to produce
likelihood curves for the resulting Ethr of the four experi-
ments considered here. The results are shown in Table II.
It is clear that all four experiments, even in the presence
of the sharply falling Re observed here, have sensitivity
to all or part of the 2–5 keV range favored by the DAMA
results.

VI. SUMMARY

The work presented here details a study of LXe’s scin-
tillation response to electronic recoils as low as 1.5 keV.
The proportionality between deposited energy and scintil-
lation signal, or light yield, is observed to drop with
decreasing energy beginning at)10 keV to a level roughly
40% of its value at higher energies. With the application of
a static electric field of 450 V=cm, we observe a reduction
of the scintillation signal of roughly 75% relative to the
value at zero field and see no significant energy depen-
dence on this value between 1.5 keV and 7.8 keV. With
these values, we are able to extrapolate the electronic-
recoil energy thresholds of the ZEPLIN-III [49],
XENON10 [3], XENON100 [50], and XMASS [7] experi-
ments. These experiments report scintillation thresholds of
2.6, 4.4, 3.0, and 4.0 PE, which, when applied with the
results presented here, give energy thresholds of 2.8, 2.5,
2.3, and 1.1 keV, respectively. We additionally investigate a
discrepancy between the LY from the 9.4 keV emission of
83mKr (which has in the past been considered for use as a
standard calibration source) and other observed LY values
nearby in energy. We observe a time dependence of this

FIG. 10 (color online). The 1! and 2! bands of the scintilla-

tion field quenching below )10 keV, qðj ~EjÞ, used in the deter-
mination of Ethr. Also indicated are the fields used by the four
dark-matter experiments considered in the text. The red circle
indicates the measured qð450Þ, averaged from data obtained at
4.25(, 5.25(, and 8.5(.

TABLE II. Four recent dark-matter searches using LXe: the second science run of ZEPLIN-III
[49], results of XENON10 [3], the recent 225 live days reported from XENON100 [50], and the

results of XMASS [7]. Shown are the applied electric fields used by each (j ~Ej), their quoted
scintillation thresholds (S1thr), their

57Co light yield (LYCo), and their electronic-recoil energy
thresholds using this work (Ethr).

Experiment j ~Ej (V=cm) S1thr (PE) LYCoð PEkeVÞ Ethr (keV)

ZEPLIN-III 3400 2.6 1.3 2:8þ0:5
'0:5

XENON10 730 4.4 3.0 2:5þ0:4
'0:3

XENON100 530 3.0 2.3 2:3þ0:4
'0:3

XMASS 0 4.0 14.7 1:1þ0:4
'0:2

L. BAUDIS et al. PHYSICAL REVIEW D 87, 115015 (2013)

115015-12
電場

電
場
に
よ
る
消
光

ー例えば電子反跳ではDAMA/LIBRAのEth=2keV
をカバーできているのはXMASSのみ。
   -4 π　photocavarage, 電場による消光がない。
ーTarget 質量ではXMASSが一番大きい。

XMASS:832kg

DAMA 250kg

XENON100 62kg
LUX 250kg

Target Mass
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1. XMASS検出器は暗黒物質直接探索検出器として質
量が一番大きく、発光量も最も大きい。
　高統計を必要とする季節変動解析を有利に進めるこ
とができる。(数ー数十%の変動）

 2. どうしてDAMA実験は主張し続けているのか？
　反跳核だけでなく電子反跳を含めたある意味model 
independentな方法。粒子弁別をせずあらゆる物理に
対応（DM, Mirror DM, Axion …)

3. 季節変動を用いた方法では十分な統計精度で追認さ
れていない。(CoGent 2.2 σ, KIMS (CsI)などが探索）

 4. XMASSでの大質量および、エネルギー閾値の低い
特徴を活かし十分な感度をもって探索を進める。

1year

XMASS実験による季節変動探索

現在のところLHCでSUSY
も見つかっていない
いろんな可能性を網羅すべき
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データ取得状況
-2013年11月から2015年3月までのデータ( 359.2日のlive time)
-2013年12月中性子キャリブレーション
-2014年 3月中性子キャリブレーション
-2015年 3月までデータ
-ほぼ毎週 57Co線源による内部　　　　　　
-毎週 60Co線源による外部からの較正 

2013/11/20  - 2015/03/29

live time

359.2 days

DAMA/LIBRA 1.33ton・year
(14 サイクル）
                  vs
XMASS 0.82 ton・year
(1.4サイクル）

現在も順調にデータを
取得している。
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液体キセノンの安定性

temperature

stability <0.1℃

-100

-99

-101

pressure

stability <0.001MPa

・検出器の温度は水タンク外にあるKEK・Iwatani 
で開発されたパルス管冷凍機(PTR, PC150, 
~180W@160K)で維持される。(PID制御）
・検出機は現在2年以上連続運転。(2台のPTR交
互に使用）

Calibration 

Cable 

Outer 

Water tank

xeno

getter PTR
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解析
• 粒子弁別をせずあらゆる物理に対応 

（DM, ALPs, Mirror DM, Luminous DM ...)

log
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Yangのトークにあったように
122keVの光量変化はシンチ
レーション光の吸収長で説明で
きることが示された。（不純物）

吸収長の変化

吸収長

光電子量

発光量

検出器の位置依存性やエネ
ルギースペクトルによって検
出効率が変化
この効果に系統誤差を解析
に考慮に入れる。
（最も大き系統誤差）

相
対
的
検
出
効
率
変
化
量 1.05

0.96

1.05

0.96
吸収長[m]5 11

吸収長による系統誤差
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解析方法

method1: Pull method
系統誤差をpenalty term αを導入して取り扱う。

method2: Covariance Matrix
系統誤差をcovariance matrixを用いて評価する。 

Rdata:      observed data
Rex: expected rate
Nbins:Ebins x tbins

吸収長による系統誤差を取り入れるために2つの
独立した解析を行った。

systematic error 1 σ
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季節変動解析
modulationにおける振幅を得るため解析：
1.16ヶ月にわたるデータを40 time bins x 45 Energy binsに分ける。
（1 periodは約10日、Energy bin 幅は0.1 keV57Co)
2.すべてのEnergy/time binに対して同時にFitを行った。
3. Model IndependentとModel Dependentの両方に対して解析
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6月 12月

rate

地球の公転によりフラックスが変わる

Model Independent case.

Model Dependent case (WIMP case).

WIMP-核子断面積
振幅(WIMPのspectrum)

振幅
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Day from 2014.Jan.1
0 100 200 300 400 500

]
C

o
57

R
at

e 
[e

ve
nt

s/
da

y/
kg

/k
eV

1.15

1.2

1.25

1.3

1.35

1.4

Co570.5-1.0 keV

Model independent time variation  
(pull term)

stat error
systematic error

date from 2014.1.1

t0 = 152.5 day (Jun. 2nd)
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(1.1- 1.3 keVee)

phase と periodを固定し、2D fit. 振幅は各エネルギー
ごとにfree parameter。
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This result constrains the available parameter space of
WIMP dark matter models. We compute upper limits on
the WIMP-nucleon scattering cross section using Yellin’s
optimum interval method [27]. We assume a WIMP mass
density of 0:3 GeV=c2=cm3, a most probable WIMP

velocity with respect to the Galaxy of 220 km=s, a mean
circular velocity of Earth with respect to the Galactic
center of 232 km=s, a Galactic escape velocity of
544 km=s [28], and the Helm form factor [29]. The effect
of an annual modulation of the 10 GeV=c2 WIMP rate
found by integrating over the specific data-taking periods
for this analysis with the above assumptions introduces a
<2% shift downward in the cross sections of our results
and is thus neglected. Figure 4 shows the derived upper
limits on the spin-independent WIMP-nucleon scattering
cross section at the 90% C.L. from this analysis and a
selection of other recent results. The present data set an
upper limit of 2:4! 10"41 cm2 for a WIMP of mass
10 GeV=c2. We are completing the calibration of the
nuclear-recoil energy scale using the Si-neutron elastic
scattering resonant feature in the 252Cf exposures. This
study indicates that our reconstructed energy may be
10% lower than the true recoil energy, which would
weaken the upper limit slightly. Below 20 GeV=c2, the
change is well approximated by shifting the limits parallel
to the mass axis by#7%, making the limits weaker at low
masses. In addition, neutron calibration multiple-scattering
effects improve the response to WIMPs, thus shifting the
upper limit down to a lower cross-section axis and making
the limits stronger by #5%.
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FIG. 4 (color online). Experimental upper limits (90% confi-
dence level) for the WIMP-nucleon spin-independent cross
section as a function of WIMP mass. We show the limit obtained
from the exposure analyzed in this work alone (blue dotted line),
and combined with the CDMS II Si data set reported in
Refs. [21,25] (blue solid line). Also shown are limits from the
CDMS II Ge standard [17] and low-threshold [20] analysis
(dark and light dashed red), EDELWEISS low-threshold [30]
(long-dashed orange), XENON10 S2 only [31] (dash-dotted
green), and XENON100 [32] (long-dash-dotted green). The
filled regions identify possible signal regions associated with
data from CoGeNT [33] (dashed yellow, 90% C.L.), DAMA/
LIBRA [10,34] (dotted tan, 99.7% C.L.), and CRESST [12,35]
(dash-dotted pink, 95.45% C.L.) experiments. The 68% and
90% C.L. solid contours for a possible signal from these data
alone are shown in light blue. The blue dot shows the maximum
likelihood point at (8:6 GeV=c2, 1:9! 10"41 cm2).

FIG. 2 (color online). Ionization yield versus recoil energy in
all detectors included in this analysis for events passing all signal
criteria except (top) and including (bottom) the phonon timing
criterion. The curved black lines indicate the signal region
(" 1:8! andþ1:2! from the mean nuclear-recoil yield) between
7 and 100 keV recoil energies for detector 3 in tower 4, while the
gray band shows the range of charge thresholds across detectors.
Electron recoils in the detector bulk have yield near unity. The
data are colored (dark to light gray) to indicate recoil energy
ranges of 7–20, 20–30, and 30–100 keV to aid the interpretation
of Fig. 3.

FIG. 3 (color online). Normalized ionization yield (standard
deviations from the nuclear-recoil band centroid) versus normal-
ized phonon timing parameter (normalized such that the median
of the surface-event calibration sample is at "1 and the cut
position is at 0) for events in all detectors from the WIMP-search
data set passing all other selection criteria. The black box
indicates the WIMP-candidate selection region. The data are
colored (dark to light gray) to indicate recoil energy ranges of
7–20, 20–30, and 30–100 keV. The thin red curves on the bottom
and right axes are the histograms of the data, while the thicker
green curves are the histograms of nuclear recoils from 252Cf
calibration data; both are normalized to have the same arbitrary
peak value.
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DAMA/LIBRACRESST

CRESST

LUX Xe100

CDMS-Si

model dependent (WIMP)

原子核反跳ではDAMAの断面積を仮定す
ると十分感度があることがわかる。

t0 = 152.5 day (Jun. 2nd)
ω = 2π/T　(T = 365.24. day) 

7GeV  2x10-40cm2

8GeV  2x10-40cm2

If we normalized this e�ciency at 8 m absorption length, the e�ciency change from 0.9689

to 1.2 in the range of 5 m to 11 m. Uncertainties coming from the position dependency of90

the detector were taken into account as a systematic errors and those were the dominant91

systematic errors in this analysis.92

93

To retrieve the annual modulation amplitude in our data, the method of least squares for94

binned data was used in our analysis. The dataset is divided into time bins with roughly95

10 days of live time and each of them was divided into energy bins with a 0.1 keV57
Co

. Our96

software energy threshold was set to 0.5 keV57
Co

. Two independent analysis were performed97

with di↵erent treatment for systematic uncertainty and both of them fit all energy and time98

bins simultaneously. A method-1 introduced ’pull term’ parameter ↵ and �2 was defined as,99

�2
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where Rdata

i(j) and Rex

i(j) and �(stat are the data, expected event rate and the statistical error100

in the i-th energy and j-th time bin, respectively. Ki,j represents the 1� systematic error101

on the expected event rate. A methode-2 uses a covariance matrix to include e↵ects of102

systematic error and the �2 was defined as103

�2

method2
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NbinsX
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(Rdata
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)�1

ij (R
data

j �Rex

j ) , (2)

where N
bins

is the total number of energy and time bins (= Ebins ⇥ tbins), Robs

i(j) and Rpred

i(j)104

are the data and expected event rate in the i-th (j-th) 2-dimensional bin. V
stat

represents105

the statistical error and V
sys

is the covariance matrix for systematic uncertainties which we106

evaluated using Monte Carlo simulation.107

In order to extract the amplitude in a model independent way, the expected event rate was108

calculated as109

Rex(Ei, tj) = Ci + Ai cos 2⇡(tj � t
0

)/T (3)

where Ci and Ai are unmodulated event rate and modulated amplitude free parameters to110

be determined by the method of least squares in the i-th energy bin. T and t
0

are the period111

and phase of the modulation, respectively.112

For the case of model dependent case, we assumed WIMP dark matter. The expected rate113

was modified as114

Rex

i (Ei, tj) = Ci + ��n ⇥ Ai(m�, Ei) cos 2⇡(tn � t
0

)/T , (4)

5WIMPを仮定
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XMASS 1year
WIMP-nucleon  Cross Section

V0              220.0 km/s
V_esc         650.0 km/s
ρdm           0.3 GeV/cm3

Lewin, Smith (1996)
Leff    -1σ of 
          Aprile  PRL (2011). 

-季節変動により初めてDAMA/LIBRAの領域をほぼカバー
-今後のデータではCoGeNT, CDMS-Siもカバーできると期待される。

(=>本研究会ポスター　小林雅俊）

±1 σ expected
±2 σ expected

XMASS
XENON100(2012)LUX(2014)

XENON10-S2
(2011)

CDMS-Si (2014)CoGeNT ML(2014)

DAMA/LIBRA(2009 Savage)

煙
原子核依存？
DM-ICE（南極） 
KIMs-NaI, 
PICOLON など



Masaki Yamashita

暗黒物質との相互作用

fast neutron
WIMP
(SUSY, KK …)

electronic recoilnuclear recoil

-U/Th/40K etc background



Masaki Yamashita

electronic recoilnuclear recoil

-U/Th/40K etc background
-WIMP-electron
-inelastic scattering (χ+N-> χ+N*)
-Super WIMP (bosonic)
-Axion/Axion like particle 
-Mirror DM
-Luminous DM …The signal is in electronic recoil ?

暗黒物質との相互作用

fast neutron
WIMP
(SUSY, KK …)



Masaki Yamashita, ICRR,  Univ of Tokyo

]
Co57Energy[keV

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

]
Co

57
Am

pl
itu

de
[e

ve
nt

s/
da

y/
kg

/k
eV

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

σ 1±Expected 

σ 2±Expected 

Electron Equivalent Energy [keVee]
1 2 3 4 5 6

Nuclear Recoil Energy [keVnr]
5 10 15 20 25

σ 1±Expected 

σ 2±Expected 

method 1
method 2

]Co57Energy[keV
0 1 2 3 4 5

Ef
fic

ie
nc

y

0.2

0.4

0.6

0.8

covariance		
ndf=1710
χ2(min)=1901.73  p-val=0.028
χ2(no mod.)=1961.84  p-val=0.022
χ2(no mod.)-χ2(min)=60.11  
 p-value=0.169 (1.4σ)

pull	method	
ndf=1709
χ2(min)=1845.0  p-val=0.0199
χ2(no mod.)=1912.3  p-val=0.013
χ2(no mod.)-χ2(min)=67.3
p-value=0.0675 (1.8σ)

Model Independent Analysis
-各エネルギーの 振幅を求めた結果。
-二つの独立した解析は 良く一致して
いる。
-統計、系統誤差から予想される分布
を10,000 dummy sample を作り求め
る。
-この分布から両方の解析で振幅の優
位性はなく、1.8, 1.4 σであった。
- XeやIなど原子による違いを含んだモ
デルを評価していくがamplitudeは
DAMA/LIBRAを排除している。
-2keV以下ではnegativeな振幅が現れ
ている。統計的に優位ではないが、例
えばXeではWIMP ~50 GeV以上でこ
のような振幅を持つ。
今後、系統誤差を減らした観測で明ら
かにして行く。

t0 = 152.5 day (Jun. 2nd)
ω = 2π/T　(T = 365.24. day) 

method1 method2
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summary

• XMASS-I実験による初めての季節変動による観測。 

• 2013/11- 2015/3までの359.2日のlive time 

• 二つの独立な解析が行われた。(pull method, Covariance matrix) 

• model independent 

• 振幅の優位性はそれぞれ1.8σ、1.4σ 

• negativeな振幅は興味深く、系統誤差を減らしてさらなる探索
を行う。 

• model dependent (WIMP search) 

• 季節変動を用いて初めてDAMA/LIBRAの領域をほぼ排除され
た。 

• 今後のデータではCoGeNT, CDMS-Siの領域もすべてカバーされ
ることが期待されている。


