
Direct	
  dark	
  ma,er	
  search	
  with	
  
XMASS	


Shigetaka	
  Moriyama	
  
Kamioka	
  Observatory	
  
ICRR,	
  Univ.	
  of	
  Tokyo	
  

KMI	
  seminar	
  
2015/7/1	
  

1	




Scien&fic  importance  of  dark  ma2er  
search	


• Understanding	
  the	
  nature	
  
of	
  dark	
  ma,er	
  is	
  one	
  of	
  the	
  
most	
  important	
  issues	
  in	
  
the	
  parLcle	
  astrophysics.	
  

•  Strong	
  evidences	
  on	
  dark	
  
ma,er	
  

•  Cluster	
  of	
  galaxies,	
  rotaLon	
  
curve	
  of	
  galaxies,	
  lensing	
  
effect,	
  large	
  scale	
  structure,	
  
cosmic	
  microwave	
  
background,	
  etc.	
  

IdenLficaLon	
  of	
  dark	
  ma,er	
  
must	
  be	
  a	
  breakthrough	
  in	
  
understanding	
  the	
  universe	
  
filled	
  with	
  “unknowns”.	
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Posi&ve  evidences  from  direct  dark  
ma2er  experiments?	


•  Some	
  experimental	
  groups	
  showed	
  data	
  consistent	
  
with	
  detecLon	
  of	
  dark	
  ma,er	
  over	
  the	
  recent	
  
10-­‐20yrs.	
  

•  DAMA/NaI,	
  DAMA/LIBRA:	
  annual	
  modulaLon	
  consistent	
  
with	
  a	
  dark	
  ma,er	
  signal	
  was	
  observed	
  è New	
  data	
  being	
  
taken.	
  

•  CoGeNT:	
  a	
  special	
  Ge	
  detector	
  sensiLve	
  to	
  low	
  energy	
  gave	
  
an	
  energy	
  spectrum	
  which	
  cannot	
  explained	
  by	
  
background.	
  	
  An	
  indicaLon	
  of	
  modulaLon	
  also	
  observed.	
  è	
  
Surface	
  background	
  may	
  be	
  underesLmated.	
  StaLsLcal	
  
significance	
  of	
  modulaLon	
  weakened.	
  

•  CDMS-­‐Si:	
  Event	
  excess	
  at	
  low	
  energy	
  observed.	
  è	
  Excluded	
  
by	
  low	
  energy	
  CDMS-­‐Ge	
  data.	
  

•  CRESST-­‐II:	
  Event	
  excess	
  at	
  low	
  energy	
  observed	
  è	
  AZer	
  an	
  
improvement	
  in	
  handling	
  surface	
  background	
  no	
  excess	
  
observed.	
  	


Residual contaminations in the new DAMA/LIBRA NaI(Tl) 
detectors: 232Th, 238U and 40K at level of 10-12 g/g  

As a result of a 2nd generation R&D for more radiopure NaI(Tl) by 
exploiting new chemical/physical radiopurification techniques 
(all operations involving - including photos - in HP Nitrogen atmosphere) 

The$DAMA/LIBRA$set?up$~250$kg$NaI(Tl)8
(Large$sodium$Iodide$Bulk$for$RAre$processes)$8

! Radiopurity, performances, procedures, etc.: NIMA592(2008)297, JINST 7 (2012) 03009 
! Results on DM particles, Annual Modulation Signature: EPJC56(2008)333, EPJC67(2010)39, EPJC73(2013)2648. 

Related results: PRD84(2011)055014, EPJC72(2012)2064, IJMPA28(2013)1330022. Diurnal: EPJC74(2014)2827 
! Results on rare processes: PEP violation: EPJC62(2009)327; CNC in I: EPJC72(2012)1920; IPP in 241Am decay: 

EPJA49(2013)64 

Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

• Surface alpha background greatly 
reduced 

• Much more radiopure crystals 

• Very low threshold WIMP search 

• Present run data blinded 

• Will present results from first 
unblinded period on low mass wimps 
+ future projections!

New Results from the CRESST Experiment 
Raimund STRAUSS 
Monday 17:50 - 18:10

CRESST: Phonon + Scintillation Light
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DAMA  signal  consistent  with  DM	

•  Dark	
  ma,er	
  “wind”	
  changes	
  over	
  the	
  sidereal	
  yr	
  	
  

•  The	
  galaxy	
  is	
  the	
  rest	
  frame	
  of	
  the	
  dark	
  ma,er.	
  
•  The	
  Sun	
  is	
  moving	
  in	
  the	
  galaxy.	
  
•  The	
  Earth	
  is	
  rotaLng	
  around	
  the	
  Sun.	
  

•  This	
  causes	
  an	
  event	
  rate	
  modulaLon.	
  
•  DAMA	
  observaLons	
  consistent	
  with	
  the	
  
expectaLon	
  including	
  its	
  phase.	
  

•  However,	
  the	
  cross	
  secLon	
  implied	
  by	
  this	
  signal	
  
is	
  inconsistent	
  with	
  other	
  exp.	
  if	
  we	
  assume	
  
standard	
  halo/interacLon	
  model.	
  

experimental residuals of the single-hit scintillation events rate vs time and energy  
DAMA/NaI + DAMA/LIBRA-phase1  Total exposure: 487526 kg×day = 1.33 ton×yr 

2-5 keV!

2-6 keV!

A=(0.0179±0.0020) cpd/kg/keV 
χ2/dof = 87.1/86   9.0 σ C.L. 

2-4 keV!

The data favor the presence of a modulated behavior with proper features at 9.2σ C.L. 

A=(0.0135±0.0015) cpd/kg/keV 
χ2/dof = 68.2/86   9.0 σ C.L. 

A=(0.0110±0.0012) cpd/kg/keV 
χ2/dof = 70.4/86   9.2 σ C.L. 

Absence of modulation? No 
χ2/dof=169/87 ⇒ P(A=0) = 3.7×10-7 

Absence of modulation? No 
χ2/dof=154/87 ⇒ P(A=0) = 1.3×10-5 

Acos[ω(t-t0)] ;  
continuous lines: t0 = 152.5 d,  T = 1.00 y  

Absence of modulation? No 
χ2/dof=152/87 ⇒ P(A=0) = 2.2×10-5 

Model Independent DM Annual Modulation Result 

•  No modulation above 6 keV  
•  No modulation in the whole energy spectrum 
•  No modulation in the 2-6 keV multiple-hit 

events 

R(t) = S0 + Sm cos ω t − t0( )"# $%
hereT=2π/ω=1 yr and t0= 152.5 day 

No systematics or side processes able to 
quantitatively account for the measured modulation 
amplitude and to simultaneously satisfy the many 
peculiarities of the signature are available. 

( )[ ] ( )[ ] ( )[ ]*0000 cossincos)( ttYSttZttSStR mmm −+=−+−+= ωωω

Model$Independent$Annual$Modulation$Result8

ΔE = 0.5 keV bins 

DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 
EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 

experimental residuals of the single-hit scintillation events rate vs time and energy  
DAMA/NaI + DAMA/LIBRA-phase1  Total exposure: 487526 kg×day = 1.33 ton×yr 

2-5 keV!

2-6 keV!

A=(0.0179±0.0020) cpd/kg/keV 
χ2/dof = 87.1/86   9.0 σ C.L. 

2-4 keV!

The data favor the presence of a modulated behavior with proper features at 9.2σ C.L. 

A=(0.0135±0.0015) cpd/kg/keV 
χ2/dof = 68.2/86   9.0 σ C.L. 

A=(0.0110±0.0012) cpd/kg/keV 
χ2/dof = 70.4/86   9.2 σ C.L. 

Absence of modulation? No 
χ2/dof=169/87 ⇒ P(A=0) = 3.7×10-7 

Absence of modulation? No 
χ2/dof=154/87 ⇒ P(A=0) = 1.3×10-5 

Acos[ω(t-t0)] ;  
continuous lines: t0 = 152.5 d,  T = 1.00 y  

Absence of modulation? No 
χ2/dof=152/87 ⇒ P(A=0) = 2.2×10-5 

Model Independent DM Annual Modulation Result 

Masaki Yamashita

目的!
  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、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。　!
!
 2. DAMA実験では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, 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。

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.

PRL 111, 251301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

20 DECEMBER 2013
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The XMASS collaboration: 

 11 institutes 41 researchers."

•  Ins$tute	
  for	
  Cosmic	
  Ray	
  Research,	
  the	
  
University	
  of	
  Tokyo	
  

•  Kavli	
  Ins$tute	
  for	
  the	
  Physics	
  and	
  
Mathema$cs	
  of	
  the	
  Universe,	
  the	
  
University	
  of	
  Tokyo	
  

•  Kobe	
  University	
  
•  Tokai	
  University	
  
•  Gifu	
  University	
  

•  Yokohama	
  Na$onal	
  University	
  
•  Miyagi	
  Educa$onal	
  University	
  
•  STE	
  lab.,	
  Nagoya	
  University	
  
•  Tokushima	
  University	
  

•  Center	
  for	
  Underground	
  Physics,	
  Ins$tute	
  	
  
for	
  Basic	
  Science	
  

•  KRISS	
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Site	
  
	
  	
  	
  KamLAND	
  

	
  	
  Super-­‐K	
  

	
  	
  XMASS	
  
	
  	
  (Lab-­‐C)	
  

	
  	
  CANDLES	
  

	
  	
  NEWAGE	
  

	
  	
  	
  EGADS	
  

Nagoya	
  	
  

Kamioka	
  Mine	
  

Kamioka	
  Mine	
  

~1000m	
  underneath	
  
Mt.	
  Ikenoyama.	
  
(2700	
  m.w.e.)	


Japan	


Kamioka	
  mine	
  
Lab-­‐C	
 6	




XMASS	
  project	


l  Xenon MASSive detector for solar neutrino (pp/7Be) 
l  Xenon neutrino MASS detector (ββ decay) 
l  Xenon detector for Weakly Interacting MASSive Particles (DM search) 

Multi purpose low-background experiment with liq. Xe 

Phase I: 0.1t fiducial 
mass (Total 835kg) 
	


XMASS-I 

Final goal:10t fiducial 
(total 25t) 

XMASS-II 

Y.	
  Suzuki,	
  hep-­‐ph/0008296	


XMASS-1.5 

1t fiducial 
(total 5t) 
<10-46cm2 

x10 FM	


x10 FM	


<10-47cm2	
7	
  



Large	
  scale	
  &&	
  low	
  background�

U-­‐chain	
  gamma	
  rays	
  

80cm	
  dia.	
  
800	
  kg	
  

γ	



§  Self	
  shielding	
  with	
  Xe	
  (large	
  atomoic	
  number)	
   
§  Large	
  scintillation	
  ~NaI(Tl),	
  -­‐100C,	
  high	
  density	
  (3g/cm3	
  ) 

• 	
  Large	
  size	
  is	
  	
  advantageous	
  
for	
  suppressing	
  external	
  
radiation. 
• 	
  Low	
  BG	
  can	
  be	
  achieved	
  by	
  
selecting	
  central	
  events. 
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Event	
  reconstrucLon	


InteracLon	
  verLces	
  can	
  
be	
  reconstructed	
  based	
  
on	
  observed	
  p.e.	
  pa,ern.	


into account the quantum efficiency of each PMT. The response of
each PMT for single photon detection is also simulated on the basis
of a single photon distribution measured using low-intensity LEDs.

Although our MC considers the non-linearity of the scintillation
efficiency, some deviations exist in the total nPE from data
obtained for gamma rays with energies less than 122 keV. Fig. 8
shows the ratios of the observed n PE and predicted n PE by the
MC. This deviation is treated as the systematic error at the energy
scale of our detector.

13. Vertex reconstruction

The vertex positions and energies of events were reconstructed
using n PE information from the PMTs. For various grid positions
inside the ID, expected n PE distributions in each PMT were
calculated in the MC. We use positions on a Cartesian grid, on
radial lines from the centre of the detector, and on the inner
surface of the detector including gaps between PMTs. These
distributions are normalized so that they can be used as the
probability density functions (PDFs) for each grid position. The
probability, pi(n), that the ith PMT detects n PE is calculated using
the PDF. The likelihood that the vertex is in the assumed position x
is the product of all piðniÞ

LðxÞ ¼ ∏
642

i ¼ 1
piðniÞ ð1Þ

where ni represents n PE for the ith PMT. The most likely position
is obtained by maximizing L.

The performance of the vertex and energy reconstruction was
evaluated using several types of radioactive sources. The upper
panel of Fig. 9 shows the energy spectrum reconstructed using the
same data set in Fig. 7. The energy resolution for 122 keV gamma
rays is 4% (rms). The lower panel of Fig. 9 shows the reconstructed

Table 7
Calibration sources and energies. The 8 keV (n1) in the 109Cd and 59.3 keV (n2) 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

Table 6
Special commissioning run summary.

Run condition Operation term

High-pressure run (0.23 MPa (abs.)) From March 25, 2011 to April 10, 2011
Low-pressure run (0.13 MPa (abs.)) From April 13, 2011 to May 4, 2011
O2 injection run From September 28, 2011 to January 11, 2012
Boiling run From January 4, 2012 to January 10, 2012
Gas run From January 13, 2012 to January 24, 2012

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

Fig. 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.

Outside view Inside view

PMT (R10789−11)PMTs and PMT holder

Fig. 6. ID geometry, excluding vessels, in MC. Upper right: geometry of one
hexagonal PMT. Upper left: part of PMT holder and some PMTs. Bottom: entire
PMT holder and PMTs: outside and inside view.

K. Abe et al. / Nuclear Instruments and Methods in Physics Research A 716 (2013) 78–8584

pi(ni)	
  shows	
  a	
  probability	
  for	
  i-­‐
th	
  PMT	
  to	
  have	
  an	
  observed	
  
number	
  of	
  photo	
  electrons	
  ni	
  
from	
  assumed	
  vertex.	
  We	
  
maximize	
  L(x).	
   9	
  



XMASS-­‐I	
  detector	
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XMASS-­‐I	
  
detector	
  

construcLon	
  
~2010	
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Detector	
  performance	


•  The	
  detector	
  has	
  high	
  photo-­‐
electron	
  yield	
  ~14.7p.e./keV	
  
Largest	
  among	
  DM	
  detectors.	
  

•  Vertex	
  recon.	
  by	
  pa,ern	
  of	
  p.e.	
  
•  Detailed	
  descripLon	
  of	
  the	
  
detector:	
  NIMA	
  716	
  (2013)	
  78	


57Co	
  

Real Data	
Simulation	


Reconstructed 
Position distribution	


12	


122keV 
4%rms	
W	
  X-­‐ray	
  

60keV	




Results	
  from	
  
XMASS-­‐I	
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Physics	
  results	
  of	
  XMASS-­‐I	

Published	
  results	
  (low	
  threshold	
  &	
  low	
  BG,	
  no	
  reconst.)	
  
•  Light	
  WIMP	
  search,	
  Phys.	
  Le,.	
  B	
  719	
  (2013)	
  78	
  
•  Solar	
  axion	
  search,	
  Phys.	
  Le,.	
  B	
  724	
  (2013)	
  46	
  

•  InelasLc	
  sca,ering	
  on	
  129Xe,	
  PTEP	
  2014,	
  063C01	
  
•  Bosonic	
  Super-­‐WIMPs,	
  Phys.	
  Rev.	
  Le,.,	
  113,	
  121301	
  
(2014):	
  Chosen	
  as	
  Editors’	
  SuggesLon	
  

Results	
  coming	
  soon	
  
•  Seasonal	
  modulaLon	
  with	
  832kg	
  LXe	
  
•  Fidicual	
  volume	
  cut	
  analysis	
  (heavy	
  WIMPs)	
  	
  
•  Double	
  electron	
  capture	
  of	
  124Xe	
  

14	
  



Light	
  WIMP	
  search	
  	

•  All	
  volume	
  (835kg	
  of	
  LXe	
  w/o	
  fiducializaLon),	
  >=4hits.	
  
•  Large	
  p.e.	
  yield,	
  14.7p.e./keV,	
  thre.	
  confirmed	
  by	
  LED’s	
  
data	
  	
  	
  	
  	
  è	
  low	
  Energy	
  threshold	
  300eVee	
  was	
  achieved.	
  

•  Simple	
  cut	
  to	
  remove	
  Cherenkov	
  events	
  was	
  used.	
  

Phys. Lett. B 719 (2013) 78 

XMASS	


DAMA	


XENON100	


XENON10	


CDMSII-Ge	


EDELWEISS	


co
un

ts
/k
eV

/k
g/
d	
  
=	
  
dr
u	
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Solar	
  axion	
  search	
  	

•  Same	
  data	
  set	
  as	
  the	
  light	
  WIMPs	
  search	
  
•  Generated	
  in	
  the	
  Sun	
  by	
  bremsstrahlung	
  and	
  Compton	
  
effect,	
  observed	
  by	
  the	
  axio-­‐electric	
  effect	
  in	
  XMASS.	
  

•  Strong	
  experimental	
  constraint	
  <40keV	
  on	
  a-­‐e-­‐e	
  coupling.	


Maximum	
  allowed	


Out	
  data	


Phys. Lett. B 724 (2013) 46 
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InelasLc	
  sca,ering	

•  WIMPs	
  would	
  cause	
  inelasLc	
  sca,ering	
  on	
  129Xe.	
  Nuclear	
  
recoil	
  as	
  well	
  as	
  40keV	
  γ	
  ray	
  emission	
  are	
  expected.	
  Peak	
  
search	
  @40keV.Various	
  cuts	
  are	
  used	
  (reconstructed	
  
radius	
  cut,	
  Lming	
  cut,	
  and	
  pa,ern	
  cut	
  “band	
  cut”)	
  

•  Another	
  way	
  to	
  study	
  on	
  spin	
  dep.	
  int.	
  

★ χ+129Xe→χ+129Xe* 
             →χ+129Xe+γ (39.6keV,τ~1.0ns) 

★  39.6 keV γ + 原子核反跳のシグナルを探索 
•暗黒物質探索の中では比較的高エネルギーの探索 

★ 129XeはSD相互作用にも感度がある 
★ 弾性散乱より非弾性散乱は１桁程度頻度が低いと予
想されているが、リダクションの効率が良くなれば、
見込みのある探索となる。 (内田 2014/03 JPS) 

★ SuperWIMPsと同じ166日のデータセットを使用 
★ 30-80keVでS/Nが最大になるようカットを最適化 
• 10-30 keV, 80-100 keVのデータを使用 

★残った事象数は3x10-4/day/kg/keVee ：Xe中のRn 
(214Pb)から予想されるBG量と一致

11

129Xe inelastic scattering by WIMPs

(1)Pre-Selection 
(2) (1)+R cut 
(3) (2)+timing cut 
(4) (3)+band cut

n.a. of 129Xe 
= 26.4%

17	
  



Search	
  for	
  bosonic	
  super-­‐WIMPs	

•  MoLvaLon	
  

– No	
  exp.	
  evidence	
  of	
  standard	
  WIMPs	
  even	
  from	
  LHC.	
  
– Simple	
  CDM	
  predicts	
  richer	
  structure	
  on	
  galaxy	
  scale.	
  
– ProperLes	
  of	
  DM	
  totally	
  unknown.	
  
è 	
  Strong	
  moLvaLon	
  to	
  search	
  for	
  DM	
  parLcles	
  other	
  
than	
  standard	
  WIMPs!	
  

•  Expected	
  properLes	
  
•  Lighter	
  than	
  WIMPs	
  è	
  Lukewarm	
  dark	
  ma,er	
  
•  Weaker	
  interacLons	
  è	
  SLll	
  visible	
  signal	
  in	
  detectors.	
  
•  Bosonic	
  parLcles	
  allow	
  to	
  deposit	
  the	
  rest	
  mass	
  energy	
  
to	
  an	
  electron	
  è	
  A	
  peak	
  in	
  the	
  energy	
  spectrum!	
  



Bosonic	
  super-­‐WIMPs	

•  Expected	
  signal:	
  a	
  peak	
  
in	
  the	
  energy	
  spectrum	
  
at	
  the	
  rest	
  mass	
  of	
  the	
  
parLcle	
  (+small	
  kineLc	
  
energy)	
  

	
  
	
  
•  166days,	
  41kg	
  fidicual	
  
mass.	
  Cuts	
  opLmized	
  to	
  
see	
  each	
  Super-­‐WIMP	
  
mass.	
  

v or a
Photoelectric-like interaction

 Bosonic Super-WIMPs

8

(1)Pre-Selection 
(2) (1)+位置のカット (R<15cm) 
(3) (2)+PMTのヒット時間を用いた表面事象のカット 
(4) (3)+ 発光パターンを用いた表面事象のカット

★ 期待される信号：SuperWIMPの
静止質量と等しいエネルギーにピー
クを持つ電子散乱信号 
• Pospelov et, al. Phys. Rev. D 78 
115012 (2008) 

★ 166日、41kgの有効体積で探索 
★ カットは各SuperWIMP質量で最
適化 

★ 残った事象数は214Pbから予想さ
れるBG事象数と一致 : 

(1)	
  reconstructed	
  R<15cm	
  
(2)	
  (1)	
  &	
  rejecLon	
  of	
  surface	
  BG	
  using	
  Lming	
  
(3)	
  (1)	
  &	
  rejecLon	
  of	
  surface	
  BG	
  using	
  pa,ern	


v or a
Photoelectric-like interaction

 Bosonic Super-WIMPs

8

(1)Pre-Selection 
(2) (1)+位置のカット (R<15cm) 
(3) (2)+PMTのヒット時間を用いた表面事象のカット 
(4) (3)+ 発光パターンを用いた表面事象のカット

★ 期待される信号：SuperWIMPの
静止質量と等しいエネルギーにピー
クを持つ電子散乱信号 
• Pospelov et, al. Phys. Rev. D 78 
115012 (2008) 

★ 166日、41kgの有効体積で探索 
★ カットは各SuperWIMP質量で最
適化 

★ 残った事象数は214Pbから予想さ
れるBG事象数と一致 : 

M.	
  Pospelov	
  et	
  al.,	
  
PRD	
  78,	
  115012	
  (2008)	
  



Bosonic	
  super-­‐WIMPs	

•  This	
  is	
  the	
  first	
  direct	
  
test	
  in	
  the	
  mass	
  range	
  
40-­‐120keV	
  and	
  most	
  
strict	
  constraint	
  so	
  far.	
  

•  For	
  vector	
  bosons,	
  this	
  
excludes	
  the	
  possibility	
  
that	
  the	
  vector	
  bosons	
  
consLtute	
  all	
  the	
  DM.	
  

•  Published	
  in	
  PRL	
  113,	
  
121301	
  (2014)	
  as	
  
Editors’	
  SuggesLon.	
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Bosonic	
  super-­‐WIMPs	

•  More	
  importantly,	
  BG	
  level	
  is	
  ~10-­‐4/kg/keV/day	
  
which	
  is	
  the	
  world	
  best	
  background	
  without	
  parLcle	
  
idenLficaLon.	
  

•  Remaining	
  
events	
  are	
  
consistent	
  
with	
  int.	
  BG	
  
214Pb	
  (222Rn).	
  

Demonstrait	
  the	
  
advantage	
  of	
  
XMASS!	


XMASS-­‐I	


XMASS	
  line	
  overlaid	
  
with	
  a	
  Rick’s	
  slide	




XMASS	
  Refurbishment	
  
Before	
   AZer	


+	
  Copper	
  plate	
  

Copper	
  ring	
  mounLng	
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AZer	
  refurbishment	
  

XMASS	
  commissioning	
  	
  

XMASS	
  refurbishment	
  	
  	
  

Energy	
  spectrum	
  for	
  enLre	
  volume	


Co
un

ts
/d
ay
/k
ev
/k
g	


0.1	


1.0	


l  Restarted	
  data	
  taking	
  from	
  Nov.	
  2013.	
  
l  ATM	
  (charge	
  and	
  Lming)	
  →  FADC	
  analysis.	
  
l  Energy	
  threshold	
  is	
  reduced	
  from	
  1keV	
  to	
  0.3	
  keV.	
  
l  Already	
  accumulated	
  277	
  days	
  data	
  for	
  WIMP	
  search	
  by	
  Dec.	
  2014.	
  
l  Using	
  this	
  data,	
  physics	
  analyses	
  including	
  WIMP	
  search	
  with	
  fiducializaLon	
  

and	
  seasonal	
  modulaLon	
  are	
  on-­‐going.	
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Calendar	
  Lme	
  
Data	
  taking	
  
Data	
  used	
  for	
  analysis	




ModulaLon	
  analysis	
  
So	
  far	
  no	
  direct	
  crosscheck	
  on	
  DAMA	
  	
  
Data	
  set	
  
•  November-­‐20,	
  2013	
  to	
  March-­‐29,	
  2015	
  

–  504.2	
  calendar	
  days,	
  	
  
–  359.2	
  effecLve	
  days	
  	
  (71%)	
  for	
  analysis	
  
–  0.82	
  ton・yr	
  exposure	
  (ó1.33tyr	
  DAMA)	
  

•  No	
  PID	
  
–  Both	
  NR	
  and	
  e/γ	
  events	
  are	
  retained	
  

•  Trigger:	
  4	
  hits	
  (no	
  outer	
  detector	
  trigger)	
  
Cuts	
  
•  Simple	
  noise	
  reducLon	
  

–  Veto	
  10ms	
  aZer	
  the	
  events	
  
–  RMS	
  of	
  Lme	
  hits	
  <	
  100	
  ns	
  

•  Remove	
  Cherenkov	
  events	
  (orig.	
  in	
  
glass)	
  
–  #	
  hits	
  in	
  earlier	
  20	
  ns	
  >	
  60%	
  of	
  total	
  hits	
  

•  Remove	
  events	
  in	
  front	
  of	
  PMT	
  
–  Maxpe/totalpe	
  cuts	
  (50%	
  eff	
  for	
  signal)	
  

energy [keVee]
0 2 4 6 8 10

ra
te

 [c
ou

nt
s/

da
y/

kg
/k

eV
ee

]

-310

-210

-110

1

10

210

310
ID Trig      :(34751119, 1.000, 1.000)
dT(pre)>10 ms:(30348199, 0.873, 0.873)
T-RMS<100ns:(29049563, 0.836, 0.957)
Cherenkov cut :(1902854, 0.055, 0.066)
Max/PE cut :( 370250, 0.011, 0.195)

live time 359.20 days x 832 =  298854.40 kg days 

Event	
  reducLon	
  by	
  
Cuts	


Signal	
  efficiency	
  
20GeV	
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Detector	
  Stability	

•  every	
  week:	
  57Co	
  calibraLon	
  
•  Observed	
  photo-­‐electron	
  

yields	
  
–  gradual	
  driZ	
  
–  Sudden	
  jump	
  at	
  power	
  failure	
  
(~5%)	
  

•  Those	
  photo-­‐electron	
  changes	
  
can	
  be	
  explained	
  by	
  the	
  a	
  
change	
  of	
  the	
  absorpLon	
  
length.	
  
–  Sca,ering	
  length:	
  stable<	
  0.5%	
  
–  the	
  ‘original’	
  light	
  yields	
  
extracted:	
  stable<	
  0.5%	
  

•  Uncertainty	
  due	
  to	
  this	
  
instability	
  will	
  be	
  taken	
  into	
  
account	
  and	
  is	
  currently	
  being	
  
finalized.	
  

•  Much	
  be,er	
  stability	
  now	


AbsorpLon	
  length	
  in	
  liq.	
  Xe	
  
(CalibraLon)	
  

Reconstructed	
  original	
  Light	
  Yield	
  of	
  LXe	
  
(calibraLon	
  data)	
  	


Re
la
Lv
e	
  
lig
ht
	
  y
ie
ld

	

Ab

so
rp
Lo

n	
  
le
ng
th
	
  (c
m
)	

pe

/k
eV

	


Photo-­‐electron	
  yield	
  (57Co	
  calibraLon	
  data)	


Expanded	
  
view	


Sca,ering	
  length	
  (cm)	


-­‐0.5%	


+0.5%	


-­‐0.5%	


+0.5%	
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SensiLvity	
  to	
  modulaLon	


•  XMASS	
  has	
  high	
  sensiLvity	
  to	
  modulaLon	
  
–  Largest	
  mass	
  (835kg)	
  
–  Low	
  threshold	
  (0.5	
  keVee)	
  

•  No	
  PID	
  
–  Same	
  as	
  DAMA	
  
–  If	
  NR	
  

•  Direct	
  comparison	
  is	
  possible	
  (lines)	
  
–  If	
  e/γ	
  signal	
  

•  Need	
  models	
  to	
  compare	


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

Ra
te

 [c
ou

nt
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da
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]
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1.5 0.5-1.0 keV
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2.2

XMASS	
  ‘real’	
  data	
  (359	
  days);	
  0.5	
  -­‐1.0	
  keVee	
  (4.8	
  –	
  8.0	
  keVr)	
  w/o	
  syst.	


8	
  GeV,	
  3	
  x	
  10-­‐40cm2	

10	
  GeV,	
  3	
  x	
  10-­‐40cm2	


XMASS	
  data	
 XMASS	
  data	


0.5-­‐1.0	
  keVee	

0.5-­‐1.0	
  keVee	


1	
  year	
 1	
  year	
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Future	
  dark	
  ma,er	
  searches	
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Status	
  of	
  other	
  experiments	
  I	

•  XENON1T	
  (1t	
  FV/3t	
  all)	
  

–  two	
  phase	
  liquid	
  xenon	
  detector	
  
– Commissioning	
  run	
  started	
  
– First	
  data	
  expected	
  in	
  this	
  year	
  

Uwe Oberlack IDM / TeVPA - June 2014 16

LNGS, Italy

XENON1T

● ~ 1 m3,  ~ 3 t LXe, ~ 1 t fiducial mass
● Water Cherenkov Muon Veto ~10 m x 9.6 m
● ER background < 5 x 10-5 ev / kg / keV / day
● Kr/Xe < 0.5 ppt & Rn/Xe < 1 μBq/kg
● Project approved and funded

(~50% NSF, ~50% Europe + Israel)
● Design of major systems completed
● Construction ongoing.

XENON1T in Hall B 

XENON100

Uwe Oberlack IDM / TeVPA - June 2014 19
May 2014 - Support Structure installed
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Status	
  of	
  other	
  experiments	
  II	

•  LUX	
  (0.12t	
  FV/0.37t	
  all)	
  

– Data	
  taking	
  started	
  Sep	
  2014.	
  ~100	
  days	
  data.	
  
– 300	
  days	
  data	
  unLl	
  June	
  2016	
  is	
  expected	
  to	
  give	
  a	
  
factor	
  2-­‐4	
  improvement.	
  	
  

•  LZ	
  (5.6t	
  FV/7t	
  all)	
  
– 3	
  years	
  run	
  from	
  2018+	
  
– Expected	
  to	
  reach	
  the	
  
sensiLvity	
  ~	
  background	
  
limited	
  by	
  atmospheric	
  
neutrinos.	
  	
  

Alexandre Lindote! ! ! ! ! ! Astroparticle Physics 2014

Longer term: LUX-ZEPLIN (LZ)
✤ 20 times LUX mass, active scintillator veto, Xe purity at sub-ppt level!

➡ 7 tonnes, 5.6 tonnes fiducial!
➡ 3 year run!

✤ Approaches coherent neutrino scattering backgrounds

T. Shutt - LZ, Oct 30, 2013 9

LZ

2329	




Status	
  of	
  other	
  experiments	
  III	

•  DEAP3600	
  (1t	
  FV/3t	
  all)	
  

– single	
  phase,	
  electron/nuclear	
  recoil	
  signal	
  
discriminaLon	
  based	
  on	
  pulse	
  shape	
  

– Large	
  BG	
  and	
  high	
  threshold	
  due	
  to	
  39Ar,	
  ~kHz/ton.	
  
– Commissioning	
  started.	
  First	
  result	
  late	
  2015.	
  

DEAP-3600: design

steel shell

light guides

acrylic 
vessel

filler blocks

thermal 
insulation 

PMT
assembly

Contains 3600 kg argon target
(1000 kg fiducial)
sealed in an ultra-clean acrylic vessel.

The acrylic vessel is “resurfaced”
in-situ to remove deposited Rn
daughters after construction.

TPB is then deposited in a clean,
vacuum environment.

Array of 255 Hamamatsu R5912 HQE
PMTs: 8”, 32% QE, 75% coverage

Connected with 50 cm light guides
plus PE shielding provide neutron
moderation.

Inside 8 m water shield at SNOLAB.

Simon JM Peeters (USussex) DEAP-3600 June 16, 2014 6 / 20

Scintillation of argon
Light (128 nm) is produced with the
dissociation of Ar

2

*.

Two molecular states of Ar
2

*;
singlet and triplet,
with very di↵erent lifetimes:
7 ns vs. 1.5 µs.

1,1,4,4-Tetraphenyl-1,3-butadiene
(TPB) used to shift the light to the
easier to detect 420 nm.

Simon JM Peeters (USussex) DEAP-3600 June 16, 2014 4 / 20

singlet/	
  
triplet	
  
=	
  7n/1.5µs	
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What	
  about	
  XMASS?	
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SituaLon	
  of	
  direct	
  dark	
  ma,er	
  search	

•  In	
  this	
  25	
  years,	
  five	
  orders	
  of	
  magnitude	
  
improvements	
  did	
  not	
  reveal	
  the	
  nature	
  of	
  dark	
  ma,er.	
  
Every	
  Lme	
  a	
  be,er	
  limit	
  is	
  obtained,	
  the	
  most	
  likely	
  
region	
  went	
  down.	
  

•  Although	
  SUSY	
  LSP=DM	
  is	
  sLll	
  an	
  appealing	
  hypothesis,	
  
the	
  real	
  answer	
  might	
  be	
  very	
  much	
  different.	
  Under	
  
this	
  situaLon,	
  it	
  is	
  important	
  to	
  push	
  experimentally	
  
viable	
  searches	
  for	
  various	
  types	
  of	
  DM	
  candidates	
  as	
  
much	
  as	
  possible.	
   32	
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Future	
  XMASS	

•  As	
  we	
  saw	
  in	
  the	
  study	
  for	
  Super-­‐WIMPs,	
  XMASS-­‐I	
  has	
  
an	
  advantage	
  for	
  electron	
  recoil	
  signals.	
  Though	
  we	
  
need	
  to	
  lower	
  the	
  background	
  to	
  achieve	
  a	
  good	
  
sensiLvity	
  for	
  a	
  standard	
  WIMP	
  search,	
  it	
  makes	
  the	
  
detector	
  unique	
  and	
  powerful	
  for	
  a	
  wider	
  range	
  of	
  dark	
  
ma,er	
  candidates!	
  
–  In	
  indirect	
  searches,	
  people	
  are	
  already	
  using	
  various	
  
channels	
  to	
  see	
  signals.	
  (e+/e-­‐,	
  anL-­‐p,	
  D,	
  ν,	
  etc.	
  from	
  long	
  
before!)	
  	
  

–  XMASS	
  can	
  do	
  in	
  parallel	
  to	
  the	
  pp	
  solar	
  neutrino	
  
observaLon	
  if	
  the	
  target	
  mass	
  is	
  large	
  enough.	
  

– We	
  also	
  have	
  to	
  search	
  for	
  standard	
  WIMPs	
  at	
  the	
  world	
  
best	
  sensiLvity.	
  

è	
  XMASS-­‐1.5!	
  (5ton	
  total,	
  1ton	
  fiducial	
  mass)	
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Physics	
  targets	

•  Search	
  for	
  standard	
  WIMPs	
  

–  10-­‐46-­‐10-­‐47cm2	
  （current	
  best	
  limit	
  is	
  8x10-­‐46cm2@50GeV	
  by	
  
LUX）	
  

•  yearly/monthly/daily	
  modulaLon	
  using	
  large	
  staLsLcs	
  
– Model	
  independent	
  and	
  more	
  robust	
  signal	
  

•  Solar	
  axions	
  
–  Solving	
  the	
  strong	
  CP	
  problem	
  

•  Super-­‐WIMPs	
  
–  Different	
  type	
  of	
  dark	
  ma,er	
  search	
  

•  Electron	
  recoil	
  events	
  
–  ExplanaLon	
  of	
  DAMA?	
  Search	
  for	
  dark	
  ma,er	
  through	
  
more	
  wider	
  interacLon	
  channels.	
  

•  pp	
  solar	
  neutrinos	
  
–  S/N~1	
  (S/N~0.1	
  @	
  Borexino)	
  

•  MagneLc	
  moment	
  study	
  using	
  solar	
  neutrinos	
  
–  Be,er	
  limit	
  than	
  reactor	
  experiments	
   34	




SensiLvity	
  on	
  the	
  WIMP	
  search	


1-­‐2	
  orders	
  of	
  magnitude	
  improvement	
  expected	
   35	




yearly/monthly/daily	
  modulaLon	


•  Low	
  threshold,	
  the	
  largest	
  mass	
  
•  Model	
  independent	
  way	
  to	
  id	
  DM	
  contribuLon	
  
•  BG	
  caused	
  by	
  solar	
  neutrinos	
  is	
  opposite	
  phase	
  

Masaki Yamashita
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Figure 1: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase1 in the (2–4), (2–5) and (2–6) keV energy intervals as a
function of the time. The zero of the time scale is maintained – for coherence with the
previous DAMA papers – at January 1st of the first year of data taking of the former
DAMA/NaI experiment [15]. The experimental points present the errors as vertical
bars and the associated time bin width as horizontal bars. The superimposed curves
are the cosinusoidal functions behaviours A cosω(t− t0) with a period T = 2π

ω
= 1 yr,

a phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central
values obtained by best fit on the data points of the whole DAMA/LIBRA–phase1.
The dashed vertical lines correspond to the maximum expected for the DM signal
(June 2nd), while the dotted vertical lines correspond to the minimum.

5

arXiv:1308.5109

~0.02 event/day/kg/keV

1.5 event/day/kg/keV

-­‐I	


daily	
  =	
  yearly	
  x	
  1-­‐2%,	
  much	
  robust	
  
>>monthly	
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Solar	
  axions	


The data are compatible with the background model,
and no excess is observed for the background only
hypothesis.
Figure 5 shows the new XENON100 exclusion limit on

gAe at 90% C.L. The sensitivity is shown by the green/
yellow band (1σ=2σ). As we used the most recent and
accurate calculation for solar axion flux from [10], which is
valid only for light axions, we restrict the search to
mA < 1 keV=c2. For comparison, we also present other
recent experimental constraints [31–33]. Astrophysical

bounds [34–36] and theoretical benchmark models [4–7]
are also shown. For solar axions with masses below
1 keV=c2, XENON100 is able to set the strongest con-
straint on the coupling to electrons, excluding values of gAe
larger than 7.7 × 10−12 (90% C.L.).
For a specific axion model, the limit on the dimension-

less coupling gAe can be translated to a limit on the axion
mass. Within the DFSZ and KSVZ models [4–7],
XENON100 excludes axion masses above 0.3 eV=c2

and 80 eV=c2, respectively. For comparison, the CAST
experiment, testing the coupling to photons, gAγ , has
excluded axions within the KSVZ model in the mass range
between 0.64 and 1.17 eV=c2 [37,38].

B. Galactic ALPs

Figure 6 shows the XENON100 data after the selection
cuts in the larger energy region of interest used for the
search for nonrelativistic galactic ALPs (1422 surviving
events), along with their statistical errors. Also shown is the
expected signal for different ALP masses, assuming a
coupling of gAe ¼ 4 × 10−12 and that ALPs constitute all
of the galactic dark matter. The width of the monoenergetic
signal is given by the energy resolution of the detector at the
relevant S1 signal size [19]. As for the solar axion search,
the data are compatible with the background hypothesis,
and no excess is observed for the background-only hypoth-
esis for the various ALP masses.
The XENON100 90% C.L. exclusion limit for galactic

ALPs is shown in Fig. 7, together with other experimental
constraints [31,39,40]. Astrophysical bounds [34–36] and
the KSVZ benchmark model [6,7] are also presented.
The expected sensitivity is shown by the green/yellow
bands (1σ=2σ). The steps in the sensitivity around 5 and
35 keV=c2 reflect the photoelectric cross section due to
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FIG. 4 (color online). Event distribution of the data (black dots)
and background model (grey) of the solar axion search. The
expected signal for solar axions withmA < 1 keV=c2 is shown by
the dashed blue line, assuming gAe ¼ 2 × 10−11, the current best
limit, from EDELWEISS-II [31]. The vertical dashed red line
indicates the low S1 threshold, set at three PE. The top axis
indicates the expected mean energy for ERs as derived from the
observed S1 signal.
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  2x10-­‐12	


Search	
  for	
  solar	
  axions	
  (axion-­‐like	
  parLcles)	
  through	
  
electron	
  coupling.	
  Factor	
  4	
  improvement	
  on	
  gaee	
  
compared	
  with	
  recent	
  XENON100	
  limit	
  (signal	
  ∝	
  	
  gaee4).	
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Super-­‐WIMPs	


Much	
  be,er	
  search	
  with	
  10-­‐5dru.	
  
Both	
  lighter	
  and	
  heavier	
  super-­‐WIMPs	
  can	
  be	
  searched	
  for	
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ExplanaLon	
  of	
  DAMA?	


•  Various	
  models	
  have	
  been	
  proposed,	
  most	
  of	
  
them	
  are	
  models	
  devised	
  to	
  explain	
  DAMA	
  
data.	
  
– Mirror	
  dark	
  ma,er	
  
– Electron	
  interacLng	
  dark	
  ma,er	
  
– Luminous	
  dark	
  ma,er	
  
– …	
  

•  Experimentally,	
  we	
  should	
  have	
  a	
  high	
  
sensiLve	
  search	
  through	
  the	
  electron	
  
sca,ering	
  channel	
  since	
  DAMA	
  does	
  not	
  use	
  
parLcle	
  idenLficaLon!	
   39	




Neutrino	
  magneLc	
  moment	


•  An	
  enhancement	
  at	
  low	
  energy	
  is	
  expected	
  (line	
  
A)	
  with	
  a	
  finite	
  value	
  of	
  mag.	
  moment.	
  

•  7%	
  modulaLon	
  due	
  to	
  the	
  eccentricity	
  expected.	
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Figure 2. Expected event spectra in a dark matter detector from new physics in the scattering
of solar neutrinos on electrons. The di↵erent colored curves correspond to (A) a model where the
neutrino has a magnetic dipole moment of µ⌫ = 0.32 ⇥ 10�10µB and (B, C, D) models where the
scattering is enhanced by the exchange of a new light gauge boson A0 with couplings ge to electrons
and g⌫ to neutrinos. The latter case is for instance realized in the model from section 3.3, where
Standard Model particles couple to the A0 through its kinetic mixing with the photon, but there is
also a sterile neutrino ⌫s directly charged under U(1)0. To keep the discussion general, we assume the
⌫e ! ⌫s transition probability to be energy-independent, and we have absorbed the corresponding flux
suppression into a redefinition of g2⌫ . The black curve shows the Standard Model rate from figure 1,
and the red curves and data points show the observed electron recoil rates in XENON-100 [39] (see
section 2 for details), Borexino [34], CoGeNT [25], and DAMA [40]. (Note that CoGeNT and DAMA
cannot distinguish nuclear recoils from electron recoils, so their data can be interpreted as either.)

and flattens out for lower Er. This can be easily discerned by comparing curves B, C and D,
which where computed assuming di↵erent values for MA0 . All three of these curves satisfy
(but almost saturate) the Borexino limit, and all of them may be within the reach of LUX,
XENON-1T, X-MASS, PANDA-X or even XENON-100, provided the detector response to
electron recoils can be su�ciently well understood, and the electron recoil background from
Standard Model processes can be su�ciently reduced. Even now, XENON-100 disfavors sce-
narios in which all of the events seen in CoGeNT or DAMA are explained by the scattering of
solar neutrinos on electrons. It is of course still conceivable that only a fraction of these rates
signifies the scattering of sterile neutrinos on electrons, and the rest is due to instrumental
backgrounds. In fact, a recent preliminary investigation by the CoGeNT collaboration [79]
suggests that such instrumental backgrounds exist. The annual modulation amplitudes ob-
served by DAMA and CoGeNT are roughly at the level of the XENON-100 background, and
we may hope to explain these signals in models that predict a strongly modulating signal,
see section 6.

Curves B, C and D in figure 2 were computed with the U(1)B�L model from section 3.2
and the U(1)0 model with kinetic mixing and U(1)0-charged sterile neutrinos from section 3.3
in mind. The former model is more strongly constrained since it predicts enhanced scattering
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Background	
  for	
  dark	
  ma,er	
  search	


•  0.1x10-­‐4/keV/day/kg	
  (=dru)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  1events/10keV	
  bin	
  width/10day/1ton	
  FV	


2νββ	

2νββ	


pp+7Be	
  solar	
  nu	

pp+7Be	
  solar	
  nu	
  

85Kr,	
  0.1ppt	

85Kr,	
  0.1ppt	


dark	
  ma,er	
  
50GeV,	
  10-­‐46cm2	
  

222Rn,	
  0.1mBq	
  (214Pb)	
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Requirements	
  for	
  future	
  XMASS	


•  Achieve	
  10-­‐5	
  dru	
  (=/keV/kg/day)	
  for	
  pp	
  solar	
  neutrinos.	
  
•  Realize	
  2keVee	
  energy	
  threshold	
  in	
  the	
  fiducial	
  volume.	
  
•  Search	
  for	
  nuclear	
  recoil	
  events	
  with	
  the	
  world	
  best	
  
sensiLvity	
  be,er	
  than	
  10-­‐46cm2.	
  

•  OpLmize	
  electron	
  recoil	
  event	
  signature	
  searches	
  in	
  the	
  
presence	
  of	
  solar	
  neutrino	
  background.	
  

•  We	
  can	
  expect	
  an	
  observaLon	
  of	
  pp	
  solar	
  neutrino	
  
signals.	
  

•  To	
  achieve	
  this	
  BG,	
  surface	
  background	
  (210Pb)	
  and	
  
internal	
  background	
  need	
  to	
  be	
  well	
  controlled.	
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Surface	
  background	


•  a	
  passive	
  measure:	
  
reducLon	
  of	
  surface	
  
contaminaLon,	
  cleaning	
  
– Radon	
  daughter,	
  210Pb	
  
causes	
  troubles	
  in	
  most	
  of	
  
dark	
  ma,er	
  (double	
  beta)	
  
experiments.	
  

– XMASS-­‐I:	
  a	
  few	
  mBq	
  in	
  the	
  
inner	
  surface	
  à	
  a	
  large	
  
progress	
  in	
  understanding	
  
this.	
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AcLve	
  rejecLon	
  of	
  surface	
  background	


•  We	
  cannot	
  suppress	
  the	
  surface	
  background	
  
to	
  be	
  zero.	
  We	
  need	
  an	
  acLve	
  rejecLon	
  
method	
  to	
  achieve	
  the	
  goal.	
  
–  In	
  the	
  next	
  stage,	
  we	
  will	
  use	
  PMTs	
  which	
  can	
  
easily	
  idenLfy	
  surface	
  events.	
  è	
  large	
  rejecLon	
  
factor	
  is	
  expected	
  from	
  MC	
  simulaLon.	
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PMT	
  R13111	


•  It	
  is	
  required	
  to	
  have	
  good	
  sensiLvity	
  even	
  for	
  the	
  side	
  
part.	
  The	
  electric	
  field	
  and	
  shape	
  of	
  dynodes	
  were	
  
opLmized	
  to	
  realize	
  it	
  as	
  well	
  as	
  good	
  transit	
  Lming	
  
spread.	
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ProducLon	
  of	
  dome-­‐shape	
  PMTs	


•  First	
  batch	
  is	
  being	
  
studied	
  toward	
  mass	
  
producLon	
  

•  Good	
  uniformity	
  of	
  
photocathode	
  sensiLvity	
  
down	
  to	
  its	
  edge	
  part.	
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DemonstraLon	
  of	
  its	
  performance	

•  Replacing	
  PMTs	
  in	
  the	
  exisLng	
  simulaLon	
  program	
  
makes	
  possible	
  to	
  give	
  a	
  reliable	
  predicLon.	
  	
  

•  It	
  can	
  be	
  shown	
  that	
  a	
  simple	
  cut	
  significantly	
  reduces	
  
the	
  surface	
  background.	


Geometry Plot 

3

MC : XMASSRFB-v1.0.2 MC : XMASS1.5-v1.0.3 
(Window thickness = 3mm)

toward same direction from same position.

Current XMASS-1.5 MC  is just  scaled up XMASS-RFB MC detector to install 
dome shape PMT.   Gap btw. PMT and Holder, thin plate and thin plate etc. 
are not considered 
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  EvaluaLon	
  of	
  surface	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  ID	
  performance	
  
•  surrounding	
  3	
  PMTs	
  accept	
  40-­‐50%	
  	
  

•  CondiLon	
  to	
  idenLfy	
  surface	
  
	
  events:	
  3	
  PMT	
  >	
  10%	
  of	
  total	
  
•  surface	
  RI	
  of	
  XMASS-­‐I	
  210Pb	
  
	
  à	
  <10-­‐6dru,	
  safe	
  enough	
  
•  DM	
  efficiency~	
  20%	
  	
  
	
  	
  (~1tFV/5t	
  all	
  volume)	
  

Dome-shape PMTs can effectively 
identify surface BG.	
 48	
  

BG generated position 
Hit position (photocathode)	


2-2.5keVee 
42yrs equiv.	


surface	




SensiLvity	
  on	
  the	
  WIMP	
  search	


1-­‐2	
  orders	
  of	
  magnitude	
  improvement	
  expected	
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Summary	

•  IdenLficaLon	
  of	
  dark	
  ma,er	
  is	
  one	
  of	
  the	
  important	
  issues	
  

in	
  parLcle	
  astrophysics.	
  	
  
•  XMASS	
  is	
  a	
  unique	
  experiment	
  for	
  its	
  largest	
  target	
  mass	
  

and	
  for	
  its	
  high	
  sensiLvity	
  both	
  for	
  nuclear	
  recoil	
  and	
  
electron	
  recoils.	
  

•  We	
  have	
  achieved	
  the	
  world-­‐best	
  sensiLvity	
  to	
  search	
  for	
  
super-­‐WIMPs	
  with	
  XMASS-­‐I.	
  

•  Next	
  stage	
  detector,	
  XMASS-­‐1.5,	
  is	
  proposed.	
  It	
  is	
  expected	
  
to	
  realize	
  the	
  best	
  and	
  ulLmate	
  sensiLvity	
  for	
  electron	
  
recoils.	
  	
  

•  XMASS-­‐1.5	
  signal	
  sensiLvity	
  improvement	
  summary:	
  
–  Nuclear	
  recoils：<10-­‐46cm2	
  

–  super-­‐WIMPs	
  and	
  similar	
  DM:	
  >30	
  sensiLve	
  
–  Annual	
  modulaLon	
  
–  Solar	
  axion:	
  >250	
  sensiLve	
  
–  other	
  unknown	
  signals…	
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