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Dark Matter Problem 

ïWe know how much there is,  
but don t know what  it is. 

NASA/WMAP 

Cosmic Microwave Background 



Ҝ One of the favored scenario:  

 The lightest SUSY particle is stable and likely becomes a dark matter 

candidate 

Linear combination of SUSY particles 

Weakly Interacting Massive Particle 

ÅNeutral  

’can not see ... 

ÅNon-baryonic 

’weakly interacting 

ÅCold (non-relativistic)  

’structure formation 

SUSY 

Dark Matter is required to be 

dark matter distribution 

Springel et al. 2005 

c0 = aBB + aWW + aHuHu + aHdHd ~ ~ ~ ~ ~ 



Approaches to Dark Matter 

Detection 
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Direct Detection Principle 

WIMPs elastically scatter off nuclei in targets, 

producing nuclear recoils. 

ÅVsun ~ 220 km/s 
ÅErecoil ~ <100 keV, low energy 
ÅLow event rate, less than 1 WIMP/week 

will collide with an atom in 1kg material  

Dark Matter 
WIMP  

Deposit Energy 

ɢ + N Ÿ ɢ + N  



Expected Energy Spectrum (SI) 

Xe (A=131) is one of  the best target.  

Spin 

independent 

case: 



WIMP Mass Determination by Direct Detection 

A. Green arXiv:0805.1704v2 

10-8 pb, Ge 

3x104 kg day 

~100 WIMPs 

3x103 kg day 

~10 WIMPs 

3x105 kg day 

~1000 WIMPs 

95% solid, 68% dot 
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Techniques for Detector 

Erecoil 

Scintil

lation Ionization 

Phonon CRESST-II 

CDMS-II 

EDELWEISS-II 

ZEPLIN, XENON 

WARP, LUX,ArDM 

XMASS, 

DAMA/LIBRA 
DEAP/CLEAN 

Various Targets: Ge, Xe, Ar, Ne, NaI and so on. 

Two Signals are used to particle identification to distinguish btw 

Nuclear Recoil and gamma or beta. 

CoGeNT 

Tracking  DRIFT, NEWAGE 

Bubble  COUPP, PICASSO 



List of experiments. 
Å Gran Sasso, Italy 
ï XENON, WARP, DAMA, CRESST  

Å Frejus, France 
ï EDELWEISS 

Å Boulby, England 
ï ZEPLIN, DRIFT 

Å SNOLAB, Canada 
ïDEAP/CLEAN, PICASSO 

Å Fermilab, US 
ïCOUPP, CoGeNT 

Å Homestake, US 
ï LUX 

Å SOUDAN, US 
ïCDMS, CoGeNT 

Å Kamioka, Japan 
ï XMASS 

Å Yanyang, Korea 
ï KIMS 

Å CJPL, China 
ï PANDAX 

This is not all, there 

exist many running 

experiment. 



Short explanation for some 

experiments. 

ÅDAMA/LIBRA 

ïNaI, Scintillation 

ÅXENON100  

ïXenon, Scintillation and Ionization. 

ÅCDMS-II 

ïGe, Ionization and Phonon. 



DAMA, positive signal report 
ÅNaI(Tl) target. 
ïDAMA/NaI 1996~2002 ~100kg 

ïDAMA/LIBRA 2003~2008 232.8kg 

ïDAMA/LIBRA 2008/11~  242.5kg 

Å5x5 array of 9.7 kg NaI(Tl) crystals 
viewed by 2 PMTs each. 

ÅHeavy shield:>10 cm of Cu, 15 cm of Pb 
+ Cd foils, 10/40 cm PE/paraffin, ~1 m 
concrete  



DAMA 
ÅAnnual modulation in 2-6 keV single hits: 8.9 ů 

ÅTotal single rate ~1 cts/d/kg/keV 

ÅExpected annual modulation <3~5%. 

ÅPeriod and phase is about right for expected.  

December 

60  

June 

 

R. Bernabei et al. EPJ C 56, 333 (2008), 

arxiv:0804.2741  

EPJ C 67, 39 (2010), arxiv:1002.1028 



Recent positive signals 
Å For long time, DAMA was the only experiment who observed 

positive dark matter signal. 

Å Recently some other groups start to report possible positive signals. 

Å CoGeNT 

ïP-type point contact  Germanium detector 

ïUse only ionization signal. 

ïExcess event and 2.8 sigma 

    annual modulation. 

Å CRESST-II 

ïCaWO4, calcium tungstate. 

ïUse scintillation and phonon. 

 

arxiv:1106.0650 
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Cross Section: Spin Independent Case 

Positive signals around light massé 



XENON100  

Å Gran Sasso in Italy 

Å Double Phase Liquid Xenon detector 

Å 161 kg needed to fill the TPC. Active 

volume 62 kg. 

Å 242 PMTs  to observe direct 

scintillation and ionization signal. 

Å 3D position sensitive TPC 



Event Discrimination: Electron or Nuclear Recoil 

WIMP or  

Neutron 

nuclear 

recoil 

electron 

recoil 

Gamma or  

Electron 

bottom PMT array 



CDMS 
ÅSoudan Lab in Minnesota 
ÅGe (4.75 kg) and Si (1.1 kg) 
ÅCryogenic, <50mK 
ÅBoth Ionization and phonon signal  
Å Ionization+phonon timing: Rejects 

>99.9999% of gammas, >99% of betas  
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Cross Section: Spin Independent Case 

Start to reach parameter region favored by theory. 



Spin dependent case 

XENON10 

CDMS II 

neutron-coupling proton-coupling 

ÅOdd isotope: natural Xe: 129Xe, 26.4 %, spin 1/2, 

                                            131Xe, 21.2%, spin 3/2 

Å73Ge (spin-9/2) 7.73% , 29Si (spin-1/2)  4.68% 



The XMASS experiment 

ÅOverview. 

ÅSensitivity and BG reduction. 

ÅConstruction. 

ÅDetail of some components. 

ÅCommissioning status 



The XMASS collaboration 

¸ Kamioka Observatory, ICRR, Univ. of Tokyo  

Y. Suzuki, M. Nakahata, S. Moriyama, M. Yamashita, Y. Kishimoto, 

Y. Koshio, A. Takeda, K. Abe, H. Sekiya, H. Ogawa, K. Kobayashi, 

K. Hiraide, A. Shinozaki, S. Hirano, D. Umemoto, O. Takachio, K. Hieda 

¸ IPMU, University of Tokyo  K. Martens, J.Liu 

¸ Kobe University: Y. Takeuchi, K. Otsuka, K. Hosokawa, A. Murata 

¸ Tokai University: K. Nishijima, D. Motoki, F. Kusaba 

¸ Gifu University  S. Tasaka 

¸ Yokohama National University  S. Nakamura, I. Murayama, K. Fujii 

¸ Miyagi University of Education  Y. Fukuda 

¸ STEL, Nagoya University  Y. Itow, K. Masuda, H. Uchida, Y. Nishitani,     

H. Takiya 

¸ Sejong University  Y.D. Kim 

¸ KRISS:  Y.H. Kim, M.K. Lee, K. B. Lee, J.S. Lee 

41 collaborators, 

10 institutes 

2014/5/27  22 



Kamioka mine at Kamioka, Hida, Gifu 

Kamioka 

observatory 



Kamioka Observatory 

Å1000m under a mountain =            

2700m water equiv. 

Å360m above the sea 

ÅHorizontal access 

ÅSuper-K for n physics 

      and other experiments in 

deep underground 

ÅKamLAND (Tohoku U.) 

By courtesy of Dr. Miyoki 



XMASS experiment 
XMASS  

  Xenon MASS ive  detector for Solar neutrino   (pp/
7
Be)  

  Xenon neutrino MASS  detector  (double beta decay)  

  Xenon detector for Weakly Interacting  MASS ive  Particles (DM 

search)  

Å It was proposed that 
Liquid xenon was a good 
candidate to satisfy 
scalability and low 
background. 

 

ÅAs the first phase, an 
800kg detector for   a 
dark matter search was 
constructed, and is being 
commissioned. 

Y. Suzuki, hep-ph/0008296 

10ton FV (24ton) 2.5m 
Solar n, 0nbb, DM 

in future 

100kg FV (800kg)  
0.8m, DM 
First phase 



üWhy liquid Xe ? 

2014/5/27  26 

ÅHigh Atomic mass Xe (A~131) good for SI case (sӒA2). 

ÅHigh abundance of odd isotope (129Xe (26.4%), 131Xe 

(21.3%)) with large SD enhancement factors. 

Å High atomic number (Z=54) and density (r=~3g/cc) 

Å Effective self-shielding.  

Å Compact for large mass detector. 

ÅRelatively high boiling point 178K, easy to handle liquid 

phase compared to other noble gas (Ar 87K). 

Å High photo yield (~46000 UV photons/MeV at zero field) 

Å Easy to purify for both electro-negative and radioactive 

impurities. 

ÅBy circulation of Xe with getter for electro-negative. 

ÅDistillation for 85Kr removal. 



10m 

11m 

~ 1.2m 

642 

PMTs 

Inner and Outer 

OFHC copper 

vessel 

857kg 

xenon 

Water tank 

Refrigerator 

72  20inch PMTs (veto) 

Elec. hut 

ü XMASS detector and water tank 



ü Structure of the PMT holder 

¸OFHC copper 

¸ 642 PMTs (630 hex +12 round)  

¸Q.E. : 28-39% 

¸ Photo coverage:  62.4% 

¸ 3D event reconstruction 

¸ 5keVee threshold with 4.4pe/keVee 

 

ū1113mm 

310mm 

60 

Hex: R10789-11 

Round: R10789-11MOD 

58.4 

ū47 



Electronics 

ÅAnalog Timing Modules (ATM) used for Super-

Kamiokande record charge and timing of PMTs. 

ÅFADCs record waveform of PMTs with 500MHz. 



Target sensitivity and BG reduction 

ÅHow to reduce BG to 10-4 /day/kev/kg level 

for target sensitivity of 10-45cm2. 

ïDetector material 

ïExternal, from rock  

ïInternal, from Xenon 

 



ü Expected sensitivity 

Black:signal+BG 
Red:BG 

Expected energy spectrum 

1 year exposure 

scp=10-44 cm2 

50GeV WIMP 

Spin Independent 
  scp > 2x10-45 cm2 

for 50-100 GeV WIMP    

       (90%C.L.) 
1yr exposure, 100kg FV 

BG: 1x10-4 /keV/day/kg 

Q factor: 0.2 

2014/5/27  31 



Background reduction 

 
¸642 PMTs: Main BG source although RI level is 1/100 

          of ordinary PMT. 

¸OFHC copper: Bring in the mine < 1month  

     after electrorefining (Mitsubishi Material Co.) 

¸Other materials: All the components were selected  

          with HPGe and ICP-MS. (>250 samples were measured) 

          The total RI level is much lower than PMT BG. 

(1) BG from detector materials 

We developed new ultra low RI PMT with Hamamatsu. 

(1/100 of ordinary one). 
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ü Self-shielding for BG from PMTs 
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BG/PMT [mBq] 

U chain 0.70 +/- 0.28 

Th chain 1.51 +/- 0.31 

40K < 5.10 

60Co 2.92 +/- 0.16 

< 10-4 /keV/day/kg (100kg F.V.) 

n contribution < 2.2x10-5/d/kg  

g tracking 



 
¸g and n from rock are sufficiently reduced by a 2m  

    thickness pure water tank: 

     g < g from PMT,  n << 10-4 /day/kg  

¸10m dia. and 11m height water tank for future extensions. 

¸  72 20ôô PMTs for active veto for CR m. 
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5m dia. = ~2m wall thickness 

g n 

11m 

10m 

(2) External BG (g, n) from rock 



ü Internal BG 

¸ External BG (g and n) can be effectively reduced by the 

water tank and outer part of liq. Xe. On the other hand, 

Internal BG (radioactive contaminations) need to be 

reduced by other means. 

¸ Possible internal BG sources are 222Rn, 220Rn and 85Kr. 

 
U chain 
222Rn 

Th chain 
220Rn 

2014/5/27  35 



¸Kr (85Kr: Qb=687keV, t=10.8y) can be reduced by distillation. 

¸Our goal: Kr < 1ppt (       <10-5 /day/keV/kg) 

¸5 order of magnitude reduction with 4.7kg/hr processing time 

    was achieved. 

¸Target value can be achieved 

     in 10 days for 1ton xenon. 

     (0.1ppm       1ppt) 

  

 

(3) Internal BG (1) : Kr 

K. Abe et al. for XMASS collab., Astropart. Phys. 31 (2009) 290 

4m 

Distillation tower 

Boiling point 

(@0.2MPa) 

Xe 178 K 

Kr 140~150 K 

commercial 

Kr LXe 

outlet 

GKr 

outlet 



¸Measured Rn emanation rate from all materials is 

      < 15mBq 

¸Our goal: 222Rn < 0.6 mBq/ton (<10-5 /kev/day/kg) 

¸Continuous Rn removal with xenon circulation is needed.  

¸Filtering: by gas and liquid. Under study. 

    

 

(4) Internal BG (2) : Rn 

LXe ~a few liter-LXe/m 

Charcoal 
Filter 

GXe <30 liter-GXe/m 



Water purification system 
  ~5m3/hour 
  <2mBq-Rn/m3 

Rn free air generator 
  ~20m3/hour 
  ~a few mBq-Rn/m3 



Construction of detector 

ÅConstruction of the PMT holder 

ÅStart from end of 2009. 

ÅFinished at ~Sep. 2010. 



Construction of the PMT holder from Nov. 2009 

3.7

m 
4.0

m 

3.0

m 



Å642 PMTs are 

attached during 13 

days. 

Å200g/PMT 

Å~200kg for all 

PMTs 

 

The PMT holder: PMT installation 



The PMT holder: PMT installation 

ÅAll PMTs 

attached, except 

boundary 30.  

ÅBoundary 30 

PMTs were 

attached after 

connection of 

upper and lower 

half. 



The PMT holder: Connection of two halves 

 



The PMT holder: 

Fillter attachment. Total 2.8ton: end of Feb. 2010 

 



Manufacturing detector vessel 
ÅA challenge: Manufacturing 

a large flange with soft 
OFHC copper. Inside: 
Electropolished 

ÅDue to insufficient strength 
of its neck part, it needed to 
be reinforced by adding ribs. 

ÅIt took four months.  

 



 



Inner vessel 

chamber 

 



Outer vessel chamber 

 


