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‣ キセノンを用いた大質量実験がリードしている中，低エネルギー閾値やター
ゲットの軽さを売りにした実験の低質量領域の探索が発展してきている

Introduction
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The pivot:  sub-GeV nuclear recoils
Lower masses still wide open and untested.

Growing interest (including active detector R&D) for three reasons:
       1)  several ‘thresholdino’ observations hinted at few-GeV scale, since ruled out
       2)  theory options have broadened, de-emphasizing the standard WIMP
       3)  neutrino floor looming... what else can we do?
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particle-like DM step one:  What is the maximum KEDM ?

DM particle velocities cut off by (local) escape velocity:   vmax ≃ 540 km/s

KEmax ≃ 1/2  mDM vmax2
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‣ 反跳エネルギーは，Mtarget = MDM の時に最大

軽いDMには軽いターゲット
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Nuclear recoils : (nearly-)classical elastic kinematics

when mDM ≃ mtarget , efficient coupling of KEDM into target

in the GeV mass range, recoil endpoint energies are in the keV range

Good NR threshold:  ~100 eV  (➔ mass of hundreds of MeV)
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4 GeV ~0.8 keV ~6 keV

mDM =
0.1 GeV ~0.5 eV ~17 eV

KEDM at cutoff 
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軽い原子核を使うと...
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Existing plans may get us down to few-hundred MeV masses.

Over the next n years... continue to steadily improve existing technologies, 
                                       while still brainstorming for more revolutionary ideas.

color centers
4eV, 100kg-y

LHe
1meV, 1kg-y

CRESST SuperCDMS
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Prospects for sub-GeV dark matter using nuclear recoils
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ここが空いてる！！



さらに軽いDMにはさらに軽いターゲットを！
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Electron recoils: mtarget ≃ 0.5 keV
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comes with the obvious advantages, as if a super-light nucleus

103 energy boost at mDM = MeV

e-
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‣   
電子が運動量もってるのでお得
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Electron recoils: mtarget ≃ 0.5 keV

‘efficient coupling’    think:    ‘goal is to leave the DM at rest’

                                strategy:  DM hits moving target

and target itself has significant momentum

DM target DM target

11



電子を使えば keV DMまで到達可能らしい
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Electron recoils: mtarget ≃ 0.5 keV

He

Xe
Si

and target itself has significant momentum

punchline:

bound e- efficiently couple
     to a wide range of mDM
 
price:  phasespace suppression

opens up MeV-scale DM
to eV-scale detector thresholds

e-

KEDM at cutoff 
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‣ keV オーダーのDM探索には，milli-eVが見える検出器が必要！！  
　　　　　　　　　　　　　　　　     -> 超伝導検出器 (Egap ~ 1milli-eV)

電子を使えば keV DMまで到達可能らしい
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Next question:  Does the recoil excite something observable?
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excitation Egap
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supercond. 

Egap  lattice 

atomic processes

recoiling target particle must produce excitations to be observable

different excitations, different excitation production thresholds.

[End of kinetic lesson.]
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期待されるスペクトル
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Figure 4. Signal rates per kg·year, for several benchmark points of (mφ,mX ,αX , ge) =
(10 µeV, 10 keV, 5 × 10−14, 3 × 10−9) [solid green], (10 µeV, 100 MeV, 5 × 10−8, 3 × 10−12)
[dashed green], (1 MeV, 10 keV, 0.1, 3 × 10−6) [solid red ], and (100 MeV, 100 MeV, 0.1, 3 × 10−5)
[dashed blue]. We use the Fermi energy of aluminum, EF = 11.7 eV. The green [red and blue]
curves correspond to a particular DM mass along the same-colored curve in the top [bottom] panel
of figure 5.

which reduces in the heavy mediator limit of mφ ≫ mXv, as expected, to the contact

operator form,

σheavy
T ≈ 4πα2

Xm2
X

m4
φ

. (4.3)

For very light mediators in the classical regime, where mXv ≫ mφ, the solution to the clas-

sical equations of motion in repulsive and attractive potentials (see e.g. [59] and references

therein) reduces to

σlight
T ≈ 16π α2

X

v4m2
X

lnβ−1 , β =
2mφαX

mXv2
≪ 1 , (4.4)

in the limit of β ≪ 1, which will always be applicable to our light (but massive) mediator

case. Here we have taken Dirac DM with interactions via a vector or scalar mediator; a

Majorana or real scalar DM particle would have a factor of 4 larger scattering cross-section.

Bullet-cluster constraints [61–63] along with recent simulations which reanalyze the

constraints from halo shapes [64, 65], limit the DM self-interaction cross section to

be roughly

σT
mX

! 1− 10 cm2/g , (4.5)

depending on the relevant velocity; further details can be found e.g. in ref. [66]. The

self-interaction constraints will be most relevant when discussing light mediators, where

the transfer cross section is proportional to 1/v4. In order to be conservative, in later
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‣ 準粒子寿命 >2ms -> 20ms寿命 仮定すると5mm角結晶で O(105) 回衝突 
‣ 臨界温度 Tcの違いを利用して，コレクター(Ti)に準粒子をトラップ

検出原理

27th Jan. 2017　ダークマターの懇談会＠神戸大学梅田インテリジェントラボラトリ　Keishi Hosokawa 10

SuperConductor (Al)

DM
Electron

Cooper pair 
(Egap < 1 meV)

Quasiparticle

Tc=1.75K

Phonons

Collector(Ti)
Tc=0.4K



‣ 準粒子寿命 >2ms -> 20ms寿命 仮定すると5mm角結晶で O(105) 回衝突 
‣ 臨界温度 Tcの違いを利用して，コレクター(Ti)に準粒子をトラップ

検出原理
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‣ 準粒子によって，チタン コレクターの inductance が変化し， 
それに伴う回路の共振周波数（振幅・位相）の変化を読み取る 

‣ 他の検出器の可能性も検討中だが，現時点での有力候補

Lumped Element Kinetic Inductance Detector
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Lumped Element Kinetic Inductance Detector
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Kinetic Inductance Detector
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1.1. LEKID BASIC CONCEPT 5

film making up the inductive section of the resonator altering L
k

and hence altering

!0. This change in !0 is measured by observing the change in amplitude and

phase of a fixed tone microwave probe signal of frequency !0 transmitted past the

resonator along the microwave feedline as the resonant feature shifts. This e↵ect

is demonstrated in 1.2 by the dashed curve.

Figure 1.2: Amplitude and phase response of a LEKID resonator

The change in phase for a given change in frequency is determined by the

slope of the phase curve (d�/d!) which sets the responsivity of the detector. This

response as we shall see later scales with the loaded quality factor of the resonator.

By fabricating many resonant elements of varying resonant frequency it is

Simon Doyle Ph.D thesis(2008)



‣ 多素子化が容易であるため，高い拡張性 
- 2本で100以上の検出器 
- 信号線からの熱流入の低減 

‣ 1cm3の結晶 1000個( Al だと 2.7kg) 
を 2x10 本程度で読み出し可能

拡張性の高さ
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6 CHAPTER 1. INTRODUCTION

possible to multiplex many resonators onto a single feedline [2, 3]. For the MKID

this is achieved by varying the length of each quarter-wave resonator. The same

principle applies to the LEKID but is achieved by varying the value of the capacitor

in each resonator. This idea is demonstrated in figure 1.3.

Figure 1.3: Multiplexed LEKID schematic. Here the resonant frequency of each resonant
element is varied by varying the value of the capacitor. This makes it possible to multiplex
many LEKID devices onto a single feedline

The relevant superconductivity and microwave theory for the operation of a

KID device are quite complex and will be studied in detail throughout the following

chapters.

Simon Doyle Ph.D thesis(2008)

L

Ci
この長さで周波数調整

f =
1p
LC



‣ 特性X線を使えば，O(100) eVまでのキャリブレーションが可能

キャリブレーション
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DAMIC calibration (keVee) 
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Linearity Resolution 

Paolo Privitera @ COSMO 2014



‣ 光電効果による low-E 電子を使って，eV オーダーでのキャリブレーション

キャリブレーション
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MCP再位置キャリブレーション
• ひょろひょろ電子（~数eV）を作るのは困難

⇒UV＋銅（光電効果）を用いる方法を考案

⇒銅：仕事関数～4.7eV
⇒UV 200nmの場合、平均エネルギー：～2eV

銅標的中心を(-2、2)に置いたときのMCP image
ひょろひょろ電子のイメージングに成功⇒今後詳細を詰める

UV源：フラッシュランプ

上野 @ICEPP sympo 2012

http://www.icepp.s.u-tokyo.ac.jp/info/sympo/18/torape/20120222_kazuki_ICEPPsympo.pdf

http://www.icepp.s.u-tokyo.ac.jp/info/sympo/18/torape/20120222_kazuki_ICEPPsympo.pdf


冷凍機が2-3月に納品予定
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冷凍機
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‣ 今年度 
測定の基礎セットアップ確立 
KID 設計 
DAQ 開発  

‣ 夏まで(科研費申請前) 
できる範囲のキャリブレーション 
検出器論文 

‣ 来年度 
すべてのイベントがDMだと思った上限値 
WIMP-Al 原子核反跳だと思って，standard WIMP 探索もがんばる  
バックグランドに対する理解を深める 
国際会議で報告

目標
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