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Birth	
  of	
  the	
  WIMP	
  detecNon	
  exp.	


•  Expect	
  nuclear	
  
recoils	
  by	
  DM.	
  

•  Leading	
  candidate:	
  
SUSY	
  WIMPs	
  

neutrino	
  or	
  
dark	
  ma4er	


nucleus	
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An ultralow background spectrometer is used as a detector of cold dark matter candidates from the halo of our galaxy Using a 
realistic model for the galactic halo, large regions of the mass-cross section space are excluded for important halo component 
particles. In particular, a halo dominated by heavy standard Dirac neutrinos (taken as an example of particles with spm-lndepen- 
dent Z ° exchange interactions) with masses between 20 GeV and 1 TeV is excluded. The local density of heavy standard Dirac 
neutrinos is <0.4 GeV/cm 3 for masses between 17.5 GeV and 2 5 TeV, at the 68% confidence level. 

Galact ic  ro ta t ion curves suggest that  most  o f  the 
mat te r  in the universe is non- luminous  [ 1 ]. A vari-  
ety of  arguments suggest that  this mat ter  may  be non- 
baryonic  [2] .  This let ter  discusses the use o f  an 
ul t ralow background ge rmanium spect rometer  as a 
detector of  cold dark mat ter  particles interacting with 
Ge nuclei. Since only 73Ge, with a natura l  abundance  
o f  7.8%, has a non-zero spin, our  best  bounds  apply  
to sp in- independent  (s.i .)  interact ions.  Bounds on 
dark  mat te r  candidates  coupling to baryons  through 
Z ° exchange, l ike stable massive Dirac  neutr inos [ 3 ] 
and scalar neutr inos  [4] ,  are presented.  Our  results 
exclude a halo domina ted  by  part icles with scatter- 
ing cross section 0"Sl =O'weak with masses 20 GeV 
~m~< 1 TeV ( thei r  local densi ty  is <0 .4  GeV/cm 3 
for 17.5 GeV ~m~<2.5 TeV at the 68% confidence 
level) and  apply  to s.i. react ions in the range o f  
O "SI ~ 10--10"weak to 0 "Sl ~ 10 .28 cm 2 (for which the 
dark  mat te r  part icles would be s topped in the ear th 's  

On leave of absence from Department of Physics, University 
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crust before arr iving at the detector)  where 0"weak is 
the weak scattering cross section o f  a s tandard  heavy 
Dirac  neutr ino f rom a Ge nucleus. This range 
includes neutral  technibaryons,  recently proposed  as 
dark mat te r  candidates  [5] ,  having cross sections 
-~ 100weak , which are, therefore, excluded for masses 
larger than 16 GeV. The 73Ge in the detector  with 
s = 9/2, allows us to obta in  a bound  on part icles with 
spin-dependent  (s.d.) interactions, which case applies 
to particles in the range a--- 4 s a 10  O'~,ea k t o  O',~, 10  - 2 8  c m  2 

(where O'weakSd" corresponds to a s tandard  heavy 
Majorana  neut r ino) .  

The measurement  o f  the nuclear  recoil,  due to the 
scattering o f  heavy weakly interact ing massive par-  
t ides  (WIMPs) ,  requires a detector with a low energy 
threshold and excellent background reject ion [6 -8 ] .  
In  this paper,  the use of  a ge rmanium diode  detector  
to search for dark mat te r  is discussed. The low band  
gap (0.69 eV at 77 K)  and high efficiency for con- 
vert ing electronic energy loss to e lec t ron-hole  ( e - h )  
pairs  (2.96 eV per  e - h  pa i r  at 77 K)  make germa- 
n ium detectors  probably  the best  existing detectors  

0370-2693/87/$ 03.50 © Elsevier Science Publishers  B.V. 
(Nor th -Hol land  Physics Publ ishing Div i s ion)  
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20-­‐30yrs	
  later:	
  unexpected	
  (expected)	
  difficulty	
  	


•  5	
  orders	
  of	
  mag.	
  improvement	
  from	
  1985	
  has	
  not	
  
show	
  any	
  evidence	
  yet.	
  No	
  signal	
  from	
  LHC	
  either.	
  

•  Consider	
  stories	
  different	
  from	
  SUSY	
  WIMP	
  miracle	

side the shielding, including uncertainties on the neutron
production rate. The simulations predict !1:9 (veto-
coincident) neutrons produced inside the shielding for
the WIMP-search data. No veto-coincident nuclear-recoil
candidates were observed in the WIMP-search data.

This blind analysis of the first Soudan CDMS II
WIMP-search data set revealed no nuclear-recoil events
in 52.6 kg d raw exposure in our Ge detectors. Figure 4
displays the ionization yield of WIMP-search events in
Z2, Z3, and Z5 which passed the same cuts applied to
calibration data in Fig. 1. As shown in Fig. 5, these data
together with corresponding data for Z1 set an upper
limit on the WIMP-nucleon cross section of 4"
10#43 cm2 at the 90% C.L. at a WIMP mass of
60 GeV=c2 for coherent scalar interactions and a standard
WIMP halo.

After unblinding the nuclear-recoil region, we found
that our pulse-fitting algorithm designed to handle satu-
rated pulses had been inadvertently used to analyze most
of the unsaturated pulses in the WIMP-search data. This

algorithm gives slightly worse energy resolution than the
intended algorithm. The limit in Fig. 5 based on the blind
analysis (solid line) correctly accounts for this effect. We
have also performed a second, nonblind analysis, using
the intended pulse-fitting algorithm and the same blind
cuts, resulting in a 5% higher WIMP detection efficiency.
This analysis resulted in one nuclear-recoil candidate (at
64 keV in Z5), consistent with the expected surface-event
misidentification quoted above. Figure 5 includes the
optimum interval [21] limit based on this second un-
biased, but nonblind, analysis (dashed line).

At 60 GeV=c2, these limits are a factor of 4 below the
best previous limits set by EDELWEISS [19], and a factor
of 8 better than our limit with the same Tower 1 at SUF
[17]. These data confirm that events detected by CDMS at
SUF and those detected by EDELWEISS were not a
WIMP signal. Under the assumptions of a standard halo
model, our new limits are clearly incompatible with the
DAMA (1–4) signal region [18] if it is due to coherent
scalar WIMP interactions (for DAMA regions under other
assumptions, see [22]). Our new limits significantly con-
strain supersymmetric models under some theoretical
frameworks that place weak constraints on symmetry-
breaking parameters (e.g., [7–9]).

This work is supported by the National Science
Foundation under Grant No. AST-9978911, by the
Department of Energy under Contracts No. DE-AC03-
76SF00098, No. DE-FG03-90ER40569, and No. DE-
FG03-91ER40618, and by Fermilab, operated by the
Universities Research Association, Inc., under Contract
No. DE-AC02-76CH03000 with the Department of
Energy. The ZIP detectors were fabricated in the
Stanford Nanofabrication Facility operated under NSF.
We are grateful to the Minnesota Department of Natural
Resources and the staff of the Soudan Underground
Laboratory for their assistance.
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FIG. 5 (color online). New limit on the WIMP-nucleon scalar
cross section from CDMS II at Soudan with no candidate
events in 19.4 kg d effective Ge exposure (solid curve).
Parameter space above the curve is excluded at the 90% C.L.
These limits constrain supersymmetry models, for ex-
ample, [8] (dark gray) and [9] (light gray). The DAMA (1–4)
3! signal region [18] is shown as a closed contour. Also shown
are limits from CDMS at SUF [17] (dotted curve),
EDELWEISS [19] ( " ’s), and the second, nonblind analysis
of CDMS II at Soudan with one nuclear-recoil candidate
event (dashes). All curves [20] are normalized following
[10], using the Helm spin-independent form factor, A2 scaling,
WIMP characteristic velocity v0 $ 220 km s#1, mean Earth
velocity vE $ 232 km s#1, and " $ 0:3 GeV c#2 cm#3.
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How deep can we go?
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Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)
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CoGeNT
(2012)

CDMS Si
(2013)
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NEUTRINO COHERENT SCATTERING

CDMSlite
(2013)

SuperCDMS SNOLABLUX 300-day

SuperCDMS  SNOLAB

(Green&ovals)&Asymmetric&DM&&
(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&
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B.SadouletDark Matter searches Neutrinos 2008 30 May 08

What about our 3 challenges
• Understand/Calibrate detectors
• Be background free

much more sensitive than
background subtraction
eventually limited by systematics

• Increase mass 
 log(exposure=target mass M ×  time T)
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080318025800

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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Baltz and Gondolo, 2004, Markov Chain Monte Carlos
x  x  x Ellis et. al Theory region post-LEP benchmark points

Roszkowski/Ruiz de Austri/Trotta 2007, CMSSM Markov Chain Monte Carlos (mu>0): 95% contour
Roszkowski/Ruiz de Austri/Trotta 2007, CMSSM Markov Chain Monte Carlos (mu>0): 68% contour

x  x  x Linear Collider Cosmology Benchmarks (preliminary)
XENON10 2007 (Net 136 kg-d)
CDMS (Soudan) 2004 + 2005 Ge (7 keV threshold)
ZEPLIN II (Jan 2007) result
WARP 2.3L, 96.5 kg-days 55 keV threshold
Edelweiss I final limit, 62 kg-days Ge 2000+2002+2003 limit
CRESST 2004 10.7 kg-day CaWO4
CDMS (Soudan) 2005 Si (7 keV threshold)
DATA listed top to bottom on plot

Great progress!

Xenon 10 2007ZEPLIN IIWARP

1. Particle Cosmology
2. Noble liquids
3.Phonon mediated
4.DAMA

2004, CDMS 
~0.1ev/kg/d	


2008, B. Sadoulet 
at neutrino conf. 
~0.01ev/kg/d	


2013 snowmass 
best limit ~0.1ev/ton/d 
down to ~0.00001ev/ton/d 

LUX~10-­‐45	
  cm2@100GeV	


DAMA	


CDMS	


EDW	
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MulNple	
  paths	
  toward	
  posiNve	
  detecNon	
  	


•  Various	
  types	
  of	
  dark	
  ma4er	
  candidates	
  are	
  being	
  
invesNgated	
  and	
  this	
  must	
  be	
  more	
  extended	
  toward	
  
posiNve	
  detecNon	
  in	
  future.	
  

•  Missing	
  so	
  far:	
  high	
  sensiNve	
  search	
  for	
  Electron	
  Recoils	
  

DM	
  direct	
  
detecNon	


Liquid noble 
>10GeV WIMPs	


axion 
cavity etc.	


semiconductor/crystals 
<10GeV WIMPs 
and lighter mass	
 Weakly  

Interacting 
Slim Particles  
(WISPs) 

yearly/monthly/daily modulation	
 directional, threshold type…	


Electron recoils 

Scale$Up$≈$50$in$Fiducial$Mass$

3$

LUX*

********LZ*
Total*mass*–*10*T*
WIMP*Ac;ve*Mass*–*7*T*
WIMP*Fiducial*Mass*–*5.6*T*

SuperCDMS SNOLAB

I One of three G-2 experiment selected to go forward
I SuperCDMS SNOLAB, whole new experiment at Creighton Mine,

Sudbury, Canada
I SNOLAB : ⇡ 2 km underground; 6010 mwe of shielding from

cosmics; entire lab is class 2000 cleanroom
I Space at SNOLAB is reserved in ladder labs

Robert Calkins /SuperCDMS TAUP2015 September 10, 2015 8 / 18

ADMX hardware
high-Q microwave cavity Experiment insert

08sep2015 LJR   15 
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Example	
  of	
  theoreNcal	
  models	

•  DAMA	
  moNvated	
  

–  Leptophilic	
  dark	
  ma4er	
  (electron	
  sca4ering	
  dark	
  ma4er,	
  by	
  DAMA):	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
J.	
  Kopp	
  et	
  al.,	
  PRD,	
  083502	
  (2009)	
  

–  Mirror	
  dark	
  ma4er:	
  R.	
  Foot,	
  PRD	
  90,	
  121302(R)	
  (2014).	
  
–  Lumious	
  dark	
  ma4er:	
  B.	
  Feldstein	
  et	
  al.,	
  PRD	
  82,	
  075019	
  (2010).	
  
–  …	
  

•  Light	
  dark	
  ma4er,	
  etc.	
  
–  Bosonic	
  super-­‐WIMPs:	
  M.	
  Pospelov	
  et	
  al.,	
  PRD	
  78,	
  115012	
  (2008).	
  
–  axion	
  like	
  parNcles,	
  hidden	
  photons	
  
–  …	
  

•  SomeNmes	
  called	
  as	
  “exoNcs.”	
  “Less	
  moNvated”	
  
than	
  SUSY	
  and	
  axion	
  models	
  but	
  now	
  their	
  
importance	
  must	
  be	
  geing	
  increased.	


First	
  experimental	
  search	
  
Fei	
  Gao	
  this	
  ajernoon	


XMASS	
  collaboraNon,	
  
PRL	
  113,	
  121301	
  (2014)	
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Electron	
  recoil	
  background	
  among	
  experiments	


Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Reduction in Backgrounds

•Electron Recoil Events

9

LUX-ZEPLIN (Xe 5.6 Tonne Fid.)!
pp solar dominates 

Thanks to David Malling, Brown, for preparing slide

original	
  figure	
  	
  
D.	
  Malling	


XMASS-­‐I	


6	


natAr	
  with	
  39Ar	
  x	
  1/100	


xenon100	


pp	
  solar	
  neutrino	


LUX-­‐XMASS-­‐Borexino/KamLAND-­‐SK/SNO	
  
<200keV	
  (14C)	
  not	
  explored	
  down	
  to	
  pp-­‐solar	
  neutrino	
  BG	
  



Liquid	
  noble	
  detectors	

•  Advantage:	
  scalability	
  and	
  purity	
  of	
  targets	
  

– LXe:	
  no	
  long	
  life	
  RI,	
  	
  Rn	
  and	
  Kr	
  reducNon	
  possible.	
  
– LAr:	
  pulse	
  shape,	
  RI	
  39Ar	
  (β)	
  è	
  e	
  rejecNon	
  necessary.	
  

•  Two	
  types	
  of	
  detectors:	
  

XMASS*, DEAP XENON*, LUX, LZ, DARWIN, 
Panda-X*, ArDM, DarkSide 

Antonio J. Melgarejo (Columbia University) IDM, Chicago, July 23rd 2012

The XENON Two Phase TPC

Top PMT Array
e-/γ: electron recoil

n/WIMPs: nuclear recoil

● Single electron and single photon measurement sensitivity
● > 99.5% ER rejection via Ionization/Scintillation ratio 

(S2/S1)
●  3D event-by-event  imaging with millimeter spatial 

resolution

XENON100	


*	
  Talks	
  by	
  Coddere,	
  Chen,	
  Wada,	
  
	
  	
  and	
  Ogawa	
  this	
  ajernoon	
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The Detector  

TAUP%2015,%Torino,%7%Sept.%2015% M.%Garbini,%Bologna%University% 12%

Technical Challenges 
 
Low Background   
–Material selections   
–Muon Veto  
–Kr Removal   
 
Handling of >3 tons of Xe 
–Storage system   
–Cryogenic System   
–Purification system  

- Total  LXe mass: ~3.3 tonnes 
- Total LXe active volume: ~ 2 tonnes 
- Fiducial volume: ~1 tonne 
- 248 3” PMTs Hamamatsu R11410-21 
Screening campaign was conducted to select 
materials with lowest radionuclide contamination 
level 

Reduce background of a factor 100 with respect to 
XENON100 

2	
  phase	
  LXe:	
  XENON1T@Gran	
  Sasso	


•  Total	
  Xe	
  ~3.3t/inner	
  ~2t/fiducial	
  mass	
  ~	
  1t	
  
•  ~2x10-­‐47cm2@100GeV	
  in	
  2yrs	
  
•  Electron	
  BG:	
  5x10-­‐5/kg/keV/d	
  (x6	
  pp	
  solar	
  ν)	
  
•  Cryogenic	
  system	
  validated	
  and	
  works	
  as	
  designed.	
  
•  Detector	
  assembly	
  started	
  last	
  month	
  
The	
  first	
  data	
  are	
  expected	
  by	
  the	
  end	
  of	
  the	
  year.	
  

Summary   

•  The XENON Program is continuing the search for the DM signal 

•  XENON100 still in operation is providing physics results and data 
analysis is still ongoing 

•  XENON1T is under construction/commissioning. Cryogenic 
system /Restox/purification systems have been validated and work 
as expected 

•  Detector Assembly starts this month 

•  First data are expected by the end of the year 
 

 
So…We will strongly try to enlighten the DARK 

TAUP%2015,%Torino,%7%Sept.%2015% M.%Garbini,%Bologna%University% 23%
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2	
  phase	
  LXe:	
  XENONnT	
  in	
  future	


•  Total	
  Xe	
  ~7ton	
  
•  ~2x10-­‐48cm2@100GeV	
  
•  The	
  system	
  for	
  XENON1T	
  can	
  be	
  used	
  
•  Only	
  the	
  inner	
  cryostat,	
  PMTs,	
  and	
  TPC	
  will	
  be	
  
upgraded.	
  

•  Expected:	
  2018-­‐2022	


What Next? 

TAUP%2015,%Torino,%7%Sept.%2015% M.%Garbini,%Bologna%University% 24%

•%%

XENONnT:2018-2022 
The total mass of Xenon will be ~ 7000 kg. 
The systems developed for XENON1T can be used to operate XENONnT:  
Underground infrastructure, Cleanrooms, DAQ, Slow Control, Computing Infrastructure, 
Water Tank, Muon Veto, Outer Cryostat, Support Structure, Cryogenics and Purification 
systems, LXe storage and recovery system. 
Only the inner cryostat, the number of PMTs (~ 200 more) and TPC will be upgraded. 

Further extension: the DARWIN project	
9	
  



Single	
  electron	
  detecNon	
  for	
  <GeV	
  DM	

•  DM-­‐nucleus	
  sca4ering	
  <<	
  
threshold	
  of	
  a	
  DM	
  detector	
  

•  DM-­‐electron	
  sca4ering:	
  
½meβ2~O(eV)	
  may	
  cause	
  
excitaNon	
  of	
  shallow	
  atomic	
  
electrons.	
  

•  2	
  phase	
  LXe	
  detector	
  is	
  able	
  
to	
  see	
  single	
  electron	
  (+	
  a	
  
few	
  associated	
  electrons).	
  

•  A	
  good	
  example	
  to	
  study	
  a	
  
broader	
  range	
  of	
  DM.	
  

Dark matter  
particles	


electron	


R. Essig et al., PRL 109, 021301 (2012)	


reported in [14], whose conditions differed from the
present data only in the hardware threshold set point. The
good agreement in this known case confirms the validity of
the simulation, which is then left with a single free pa-
rameter: the hardware threshold set point. We constrain
this threshold by noting that the trigger efficiency curve
must ‘‘turn-on’’ at, or prior to, the first nonzero bin in the
measured spectrum of triggering events, shown in Fig. 2 of
[10]. In this context, we define the turn-on point as the
location where the efficiency curve crosses 5%, which is
indicated by the orange-hatched vertical band in Fig. 1. If
the efficiency were to turn on at a higher point, the peak of
the single-electron distribution would be shifted to values
much lower than that of the known detector response to
these events, demonstrated by Fig. 2 (top) of [10].

The measured spectrum of triggering ionization events,
which we analyze for a signal, is given in Fig. 2 (top) of
[10]. We reproduce this spectrum in Fig. 1 (top), corrected
for the trigger efficiency. Wide (blue) bars represent sta-
tistical uncertainty, while the narrow (green) bars indicate
the systematic uncertainty introduced by the range of
allowed trigger efficiencies. This spectrum is fit by a triple

Gaussian function with five free parameters: the heights,
Hi, of the three components and the mean and width of the
first component (!1, "1). The means, !i, and widths, "i,
are constrained to follow the relations !i ¼ !1i and "i ¼
"1

ffiffi
i

p
, respectively, where i ¼ 1, 2, 3 identifies the

Gaussian component. Individual marginal posterior proba-
bility distributions are obtained for the event rates of the
three components, ri ¼ Hi"i

ffiffiffiffiffiffiffi
2#

p
=$S!x, where $ ¼ 0:92

is the overall cut efficiency reported in [10], S ¼ 15 kg day
is the exposure, and !x ¼ 0:1 electrons is the histogram
bin width. From these, upper limits are extracted taking the
measured spectrum to be due entirely to signal (i.e., no
background subtraction). The result of the fit, including
statistical and systematic uncertainties, gives 90% upper
confidence bounds of r1 < 23:4, r2 < 4:23, and r3 <
0:90 cts kg"1 day"1.
Direct detection rates.—We assume that DM particles

scatter through direct interactions with atomic electrons. If
the DM-electron interaction is independent of the momen-
tum transfer, q, then it is completely parametrized by the
elastic cross section, "e, of DM scattering with a free
electron. For q-dependent interactions, we define a cross
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FIG. 1 (color online). Top: The spectrum of XENON10 dark-
matter search data, corrected for trigger efficiency. Wide boxes
(blue) indicate statistical uncertainty, while narrow boxes (green)
indicate the systematic uncertainty arising from the trigger
efficiency. The efficiency curve crosses 5% within the orange-
hatched vertical band. The thick continuous curve (gray) is the
best-fit triple Gaussian function. Thin solid curves (red) indicate
the best-fit individual components. Dashed lines indicate curves
allowed at the 90% upper limit for each component. Small open
squares indicate the raw spectrum (uncorrected for trigger effi-
ciency) from [10]. Arrows indicate 1-" upper limits on the
number of events for bins with no events. Bottom: The trigger
efficiency as determined by Monte Carlo simulation, whose
range is chosen such that the efficiency curve crosses 5% at,
or before, the first nonzero bin in the histogram.
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1	
  phase	
  LAr:	
  DEAP@SNOLAB	


•  total	
  3.6t/fiducial	
  mass	
  1t	
  
•  1x10-­‐46cm2	
  @100GeV	
  in	
  3yrs	
  
•  Huge	
  elec.	
  BG	
  ~200/keV/kg/d	
  39Ar	
  
•  Cool	
  down	
  and	
  Ar	
  filling	
  expected	
  
to	
  start.	
  First	
  physics	
  data	
  is	
  
expected	
  in	
  2015.	
  

DEAP3600 as built

Single phase liquid scintillation
detector

Carefully crafted to minimize
backgrounds

Construction completed

255 PMTs on since Feb 2015

Cool down and argon filling
expected to start at the end of
September 2015
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1	
  phase	
  Ar:	
  DEAP-­‐50T	


•  total	
  150t/fiducial	
  mass	
  50t	
  
•  low-­‐background	
  Ar	
  (depleted	
  39Ar)	
  from	
  
underground	
  to	
  avoid	
  pile	
  up/suppress	
  β	
  events.	
  

•  2x10-­‐48cm2@100GeV	
  

M. Kuźniak (DEAP Collaboration) / Nuclear Physics B Proceedings Supplement 00 (2015) 1–7 6

Figure 6: Concept for 50-tonne liquid argon detector. The inner
acrylic vessel is a conventional cylindrical design with flanged lid, ap-
proximately 17 feet diameter, and is sanded for control of radon sur-
face contamination. Acrylic shielding panels provide neutron mod-
eration from the 4400 high-QE PMTs. The outer shielding tank is
approximately 43-feet in diameter.

surrounded by approximately 12-inches of clear and
ultralow-background acrylic panels to provide required
neutron shielding from the PMTs. This acrylic and the
PMTs themselves are immersed in a bu↵er volume of
liquid argon, so that there are no significant thermal gra-
dients on the acrylic vessel - its purpose is only for con-
trol of radon emanation into the active detector region.
The inner assembly is contained in a double-walled vac-
uum cryostat, which itself is immersed in the large wa-
ter shielding tank. The nominal design parameters are
shown in Table 1.

For the large detector proposed here, some level of
depletion of 39Ar will be required, in order to limit the
pileup rate, and in order for PSD to remove the back-
ground � events to a su�ciently low level. Recent work
has shown that there is a possibility of obtaining argon
that has been sequestered underground and is depleted
in 39Ar by a factor of 100 [32]. This depletion factor
is good enough to bring pileup and overall rates to an
acceptable level for target masses up to several hundred
tonnes of argon. Obtaining approximately 150 tonnes of
low-radioactivity argon for the experiment will require
significant e↵ort.

Parameter Value

AV diameter 5.2 m (17 feet)
Position resolution 15 cm
Surface backgrounds 100 per m2 per day
No. PMTs 4400
Acrylic shield panels 12-inch thick
Steel Shell diameter 7.1 m (24 feet)
Shield tank diameter 13.4 m (44 feet)
Argon in AV 150 tonnes
Argon bu↵er 240 tonnes

Table 1: Nominal design parameters for 50-tonne argon detector with
spin-independent WIMP-nucleon sensitivity of 2⇥10�48 cm2. Low-
radioactivity argon is held in a cylindrical acrylic tank with a lid, in-
strumented with 8-inch PMTs. Surface background rate corresponds
to 3-month exposure to ambient air.

5.1. Physics reach
A large argon experiment with sensitivity to WIMPs

at the 2⇥10�48 cm2 level will be capable of probing the
full parameter space of the most-studied supersymmet-
ric models that are consistent with the current global
data [6]. The experimental sensitivity (using only infor-
mation from the 50-tonne detector) is shown in Fig. 7;
in addition to the possibility of a positive detection, the
detector will allow setting strong constraints on WIMP
properties, including mass.

At the above sensitivity levels, neutrinos from var-
ious sources can become the limiting background for
liquid noble gas detectors. At low recoil energies, the
dominant source of neutrino background events in both
xenon and argon is from coherent neutrino-nuclear scat-
tering, which leads to a recoiling nucleus in the experi-
ment that cannot be discriminated against. Additionally,
elastic scattering of electron neutrinos from the Sun on
electrons [33] is a particular concern for xenon. As-
suming the nominal electron recoil discrimination of
0.995 achieved by XENON100 [13], the pp and 7Be
solar neutrinos are the dominant neutrino background
above threshold, generating approximately 0.15 events
per tonne-year of xenon exposure, in the assumed analy-
sis window of 2-10 keVee [34]. Argon has essentially no
sensitivity to solar neutrino backgrounds, since pulse-
shape discrimination of electron recoils is many orders
of magnitude more powerful than in xenon. The solar
neutrino backgrounds limit the practically achievable
sensitivity to scattering of heavy dark matter particles
(⇠100 GeV) to approximately ⇠10�47 cm2 for xenon,
while argon would be ultimately limited by coherent
scattering of atmospheric neutrinos, at a cross-section
sensitivity below 10�48 cm2.

M. Kuźniak (DEAP Collaboration) / Nuclear Physics B Proceedings Supplement 00 (2015) 1–7 7
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Figure 7: Exclusion sensitivity (90% C.L.) of the proposed DEAP-
50T argon detector compared with the sensitivity of DEAP-3600. The
1-� and 2-� contours are shown for NUHM and cMSSM models, as
adapted from Ref. [6]. The approximate ultimate limit for the WIMP
discovery potential of non-directional searches is represented by the
thick dashed line [35] (in the shown energy range mostly driven by
atmospheric and di↵use supernova neutrinos).

6. Summary

DEAP-3600 is a single-phase liquid argon detec-
tor with projected sensitivity to the WIMP-nucleon
cross-section of 10�46 cm2. At the light yield of
8 pe/keV and with natural argon DEAP-3600 will run
at 15 keVee threshold, limited by the achievable pulse
shape-discrimination for 39Ar �’s. Stringent radiopurity
targets have been defined based on Monte Carlo simu-
lations in order to meet the goal of a background-free 3
year run. We have invested significant e↵orts and R&D
into background mitigation, sourcing radiopure materi-
als, and implementing low-radioactivity techniques, in-
cluding limiting the exposure to radon at all steps of the
detector production and assembly. DEAP-1, a 7-kg liq-
uid Ar prototype detector, was used to test a number
of technical solutions that were applied in DEAP-3600,
and to demonstrate the potential for low backgrounds.
The final steps of the DEAP-3600 construction are on-
going, in parallel with commissioning of the critical de-
tector subsystems. DEAP-3600 will start running at the
beginning 2015, and will reach a sensitivity competitive
with the best current limits after a few months of data
taking.

For the future, we are developing the concept of a
large scale detector, DEAP-50T, with 50 tonnes fidu-
cial mass of low radioactivity argon. Such a detector
will conclusively probe most of the remaining param-
eter space of the leading and simplest supersymmetry
models (cMSSM and NUHM), which largely remain
beyond the reach of the LHC, and can severely constrain

more general models.
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[27] M. Kuźniak (DEAP), AIP Conf. Proc. 1338 (2011) 101.
[28] P.-A. Amaudruz et al. (DEAP), Astropart. Phys. 62 (2015) 178.
[29] T. Pollmann, M. Boulay, M. Kuźniak, NIM A 635 (2011) 127.
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1$

LZ$=$LUX$+$ZEPLIN$

32$insAtuAons$currently$
About$190$people$

2	
  phase	
  LXe:	
  LZ@Sanford	
  Lab,	
  US	


•  Total	
  ~10t/inner	
  ~7t/fid.~5.6t	
  
•  ~2x10-­‐48	
  cm2@100GeV	
  
•  ~1.2x10-­‐5/keV/kg/d	
  (~1.5	
  x	
  pp	
  solar	
  ν)	
  
•  LUX	
  removed	
  by	
  early	
  2017	
  with	
  water	
  
tank	
  kept.	
  

•  Expected	
  to	
  start	
  commissioning	
  in	
  
2019.	
  

Sanford$Underground$Research$Facility$

Davis$Cavern$1480$m$$
(4200$mwe)$

LZ$in$LUX$Water$Tank$
South$Dakota$USA$

2$

LUX$removed$
by$early$2017$
Water$tank$kept$

LZ$Overview$

4$

Scale$Up$≈$50$in$Fiducial$Mass$

3$

LUX*

********LZ*
Total*mass*–*10*T*
WIMP*Ac;ve*Mass*–*7*T*
WIMP*Fiducial*Mass*–*5.6*T*

D. McKinsey, TAUP2015	
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Year* Month* Ac;vity*
2012$ March$ LZ$(LUXcZEPLIN)$collaboraAon$formed$

May$ First$CollaboraAon$MeeAng$
September$ DOE$CDc0$for$G2$dark$maner$experiments$

2013$ November$ LZ$R&D$report$submined$
2014$ July$ LZ$Project$selected$in$US$and$UK$
2015$ April$ DOE$CDc1/3a$approval,$similar$in$UK$$

Begin$longclead$procurements(Xe,$PMT,$cryostat)$
2016$ April$ DOE$CDc2/3b$approval,$baseline,$all$fab$starts$
2017$ June$ Begin$preparaAons$for$surface$assembly$@$SURF$
2018$ July$ Begin$underground$installaAon$
2019$ Feb$ Begin$commissioning$

18$

LZ$Timeline$

SensiAvity$with$SUSY$Theories$

16$
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1	
  phase	
  	
  LXe:	
  XMASS1.5/II	
  @Kamioka	

XMASS-I	


DM 
100kg fid. (800kg) 
0.8mφ, 642 PMTs 
2010- 
DM search	


XMASS-II	


DM, solar, ββ	


10ton fid. (25ton) 
Detailed study of DM 
including e channel 
pp Solar nu 
ββ ~30meV(IH) 	


XMASS-1.5	


DM 
1ton fid. (5ton) 
1.5mφ, ~1000 PMTs 
pp solar ν limited 
Ultimate BG for elec. 
<10-46cm2 

Annual/spectral info.	
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Results	
  from	
  XMASS-­‐I	

•  ModulaNon	
  analysis	
  

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 

DAMA 100-250kgx14yr	


XMASS 832kg x ~1yr	


H.	
  Ogawa	
  this	
  ajernoon	


The first extensive 
search against the  
DAMA region, including 
electron recoils. 

Model independent analysis 2/2

K.Kobayashi, XMASS, TAUP 2015, Torino, Italy 13

Method 1
(pull term)

Method 2
(covariant matrix)

ndf 1709 1710

Minimum χ2 1845.0 1901.7

χ2 at no modulation 1912.3 1961.8

p-value 0.068 (1.8σ) 0.17 (1.4σ)

Method 1 (pull term)
Method 2 (covariance matrix)

• 1.1keVee (5keVr) analysis 
threshold

• The difference of two methods 
are small.

• Small negative amplitude is 
observed in 0.5-3keVee region. 
But both results are consistent, 
but not statistically significant.
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Results	
  from	
  XMASS-­‐I	

•  First	
  experimental	
  search	
  for	
  
bosonic	
  Super-­‐WIMPs	
  as	
  DM.	
  	
  

•  InelasNc	
  sca4ering	
  on	
  129Xe.	
  
•  Large	
  mass	
  (835kg),	
  low	
  thre.	
  
(0.8keVee),	
  world	
  best	
  BG	
  
including	
  electron	
  events.	
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113,	
  121301	
  (2014)	
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  collaboraNon	
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113,	
  121301	
  (2014)	


pseudoscalar:	
  ALP	


vector	
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The	
  world	
  best	
  background	
  of	
  electron	
  recoils	
  in	
  
fiducial	
  volume	
  and	
  reducNon	
  for	
  future	
  XMASS	


Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Reduction in Backgrounds

•Electron Recoil Events

9

LUX-ZEPLIN (Xe 5.6 Tonne Fid.)!
pp solar dominates 

Thanks to David Malling, Brown, for preparing slide

original	
  figure	
  	
  
D.	
  Malling	


XMASS-­‐I	
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natAr	
  with	
  39Ar	
  x	
  1/100	


xenon100	


pp	
  solar	
  neutrino	


Target	
  background	


Reduc
Non	
  o

f	
  Rado
n	


Radon	

Reduc

Non	
  o
f	
  RI	
  in

	
  PMTs	
  

	
  &	
  ne
w	
  sha

pe	
  of	
  
PMTs	


By	
  achieving	
  the	
  ulNmate	
  BG	
  caused	
  by	
  pp	
  ν BG	
  and	
  uNlizing	
  the	
  
low	
  threshold,	
  an	
  extensive	
  search	
  for	
  DM	
  signal	
  must	
  be	
  done!	
  

Low	
  threshold	
  <1keV	
  



XMASS-­‐1.5&II	

•  Total	
  5ton/fiducial	
  1ton	
  
	
  	
  	
  	
  	
  Total	
  25ton/fiducial	
  10ton	
  
•  9x10-­‐47cm2	
  &	
  2x10-­‐47	
  cm2	
  @100GeV	
  
•  ~1x10-­‐5/keV/kg/d	
  (~1	
  x	
  pp	
  solar	
  ν)	
  
	
  Realize	
  ul)mate	
  sensi)vity	
  for	
  e	
  recoil.	
  

modulaNon	
  
analysis	


Nuclear	
  recoil	


bosonic	
  super-­‐WIMPs	
  in	
  XMASS-­‐1.5	

pseudoscalar:	
  ALP	


vector	
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Semiconductors:	
  
SuperCDMS@SNOLAB	


•  ionizaNon	
  and	
  phonon	
  
signal:	
  e/n	
  discri.	
  

•  By	
  applying	
  ~100V	
  bias,	
  
amplificaNon	
  by	
  electric	
  
field	
  is	
  expected.	
  	
  

Shielding Design

I Similar to Soudan design, water tanks instead of poly in outer layers
I Lead shielding will consist of two layers, outer lead and an inner

ancient Pb liner
I Inner poly maybe replaced with an active neutron veto in a future

upgrade after initial deployment
Robert Calkins /SuperCDMS TAUP2015 September 10, 2015 12 / 18

CDMSlite Mode Detector Operation

 Drifting charges 
produce large 
phonon signal 
proportional to 
ionization 
(Neganov-Luke 
Effect)

 When 𝑉௕ ≫ 𝜖ఊ
Luke phonons 
dominate signal

 Read out ionization 
energy via 
phonons

2015/09/08 Pepin - TAUP 2015 3

-𝑉௕ volts

0 volts

Primary recoil phonons

Electron propagation

Luke phonons

Hole propagation

Readout S1 phonons

𝐸௧ = 𝐸௥ + 𝐸௅ = 𝐸௥ 1 + 𝑌 𝐸௥
𝑒𝑉௕
ϵఊ

Total phonon
Energy Primary Recoil

Energy

Luke Phonon
Energy

𝑌 𝐸௥ : Ionization Yield
(𝑌 ≡ 1 for ER)

𝑒 : Elementary Charge
𝑉௕ : Bias Potential
𝜖ఊ : Average energy for
an ER to create an e/h
pair in Ge

interleaved Z-sensitive Ionization and Phonon (iZIP)
Detectors

I Detector array :15 Ge iZIP detectors (0.6 kg each) held at 50 mK

I 4 phonon and 2 charge channels on each detector face

I Phonon channels are grounded, charge channels are biased at ± 2 V

I Field configuration causes events near surface to have charge
collection localized to one side

Robert Calkins /SuperCDMS TAUP2015 September 10, 2015 4 / 18

SuperCDMS SNOLAB

I One of three G-2 experiment selected to go forward
I SuperCDMS SNOLAB, whole new experiment at Creighton Mine,

Sudbury, Canada
I SNOLAB : ⇡ 2 km underground; 6010 mwe of shielding from

cosmics; entire lab is class 2000 cleanroom
I Space at SNOLAB is reserved in ladder labs

Robert Calkins /SuperCDMS TAUP2015 September 10, 2015 8 / 18

N.B. this is for Soudan	


R. Calkins, M. Pepin, TAUP2015	


Luke effect	


è	
  Low	
  mass	
  WIMPS	
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•  iZIP	
  
–  Ge	
  50kg	
  
–  Si	
  4.1kg	
  

•  HV	
  
–  Ge	
  5.6kg	
  
–  Si	
  1.4kg	
  

•  ~0.05/keV/kg/d	
  
•  axions/lightly	
  
ionizing	
  parNcles	
  

•  8B	
  solar	
  neutrino	
  
coherent	
  sca4ering	
  

Projected Reach - 5 years exposure
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CRESST

CoGeNT

(2012)

CDMS Si

(2013)

DAMA SIMPLE (2012)

COUPP (2012)

 DAMIC           (2012)

Si HV

Xenon1T

LZ

LUX 300day

SuperCDMS SNOLAB
8B


Neutrinos

Atmospheric and DSNB Neutrinos

7Be

Neutrinos

    SuperCDMS LT (2014)

CRESST (2014)

DEAP3600
G

e HV

G
e iZIP

Xenon100 (2012)
ZEPLIN-III (2012)

LUX (2013)

XMASS

Si iZIP

CD
M

Slite (2013)

CDMS II Ge (2009)

EDELWEISS (2011)

SNOLAB

SuperCDMS

I SuperCDMS SNOLAB will be leading the way at for low mass
WIMPS using HV biased detectors

I Standard detectors will give sensitivity to intermediate mass range;
expect to reach neutrino floor around 10 GeV/c2

Robert Calkins /SuperCDMS TAUP2015 September 10, 2015 16 / 18

SuperCDMS@SNOLAB	
  5yrs	


See	
  EDELWEISS	
  talk	
  (Dr.	
  Armengaud)	
  	
  
	
  	
  CRESST	
  talk	
  (Dr.	
  Strauss)	
  this	
  ajernoon	
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Hidden	
  photon	
  (<1MeV=2me)	
  

(one	
  of	
  weakly	
  interacNng	
  slim	
  parNcles)	


•  Mix	
  with	
  usual	
  photon	
  and	
  couple	
  to	
  electrons.	
  
•  Lighter	
  version	
  of	
  vector	
  super-­‐WIMPs.	
  
•  Search	
  for	
  DM	
  through	
  electron	
  coupling	
  increasing!	
  

Figure 3: Preliminary results of the experimental searches for HP CDM. The vertical axis shows
the mixing parameter �, and the horizontal axis shows the mass of hidden-photon m�0 . The
red colored regions are excluded by our results for two experimental set-ups. With the optical
set-up, we excluded the area around m�0 ⇠ eV. The search in Ku band excluded the region
around m�0 ⇠ 50µeV. For descriptions of other colored areas, see Ref. [10].

frame. For the converter, we selected Norsat 4506B, which down-converts the signal with the
local frequency of 11 GHz.

Figure 2: The set-up for the search in Ku

band. The parabolic dish designed for CS
broadcast reception faces on the plane re-
flector made up of four alminum plates.

The output of the converter was connected to
the FFT analyzer, Rohde & Schwarz FSV-4. The
signal of the existence of HP CDM would be seen
as a spectral line with a broadening of �f/f ⇠
10�6 due to the velocity dispersion of DM.

After the calibration, the set-up for the ex-
perimetal search was constructed by setting the
dish in front of the plane reflector (Fig. 2).

Using this set-up, we actually carried out the
experimental search for four days. We observed no
signal-like excess in the power spectrum and set an
upper limit for the parameter � (Fig. 3). Although
the limit is narrow in the sensitive mass region, we
can expand it only by replacing the converter for
the one which is capable of handling wider fre-
quency range.

Patras 2015 3
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Figure 6-3. Parameter space for hidden-photons (A0) with mass mA0 . 1 MeV (see Fig. 6-2 for
mA0 > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints from
astronomical observations (gray) or from astrophysical or cosmological arguments (blue), and sensitivity
of planned experiments (light green). Shown in red are boundaries where the A0 would account for all the
dark matter produced either thermally in the big bang or non-thermally by the misalignment mechanism
(the corresponding line is an upper bound). The regions bounded by dotted lines show predictions from
string theory corresponding to di↵erent possibilities for the nature of the A0 mass: Hidden-Higgs, a Fayet-
Iliopoulos term, or the Stückelberg mechanism. In general, predictions are uncertain by factors of order
1.

in the e↵ective number of relativistic degrees of freedom, consistent with some recent global cosmological
analyses [62, 63, 64, 61]. These observations will soon be tested by the Planck satellite. At the same time, an
A0 in the parameter range of interest can also be searched for in the laboratory by light-shining-through-wall
experiments and helioscopes (see §6.3).

The photon $ A0 oscillation mechanism can also generate the required A0 energy density for them to account
for all the dark matter for mA0 ⇠ 100 keV and ✏ ⇠ 10�12 [65]. This hypothesis can be tested in direct dark
matter detection experiments or indirectly through the A0 decay into three photons, which could be observed
above the astrophysical di↵use X-ray backgrounds [66].

As axions or ALPs, A0 bosons can also be dark matter through the realignment mechanism [67]. This
intriguing possibility can be realized in a wide range of values for mA0 and ✏ [12], see Fig. 6-3. It appears
that experiments such as ADMX, looking for axion dark matter, can be very sensitive to A0 bosons as well,
but in this case the use of magnetic fields to trigger the A0 !photon conversion is not required. As we will
see in §6.3, the same experimental apparatus can often look for several kinds of particles.

Other existing constraints, theoretically and phenomenologically motivated parameter regions, and future
experimental searches for A0 bosons with mA0 < 1 MeV are shown in Fig. 6-3. A few planned experimental
searches are discussed in §6.3, although a large parameter space still remains to be experimentally explored.
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Summary	

•  	
  Stringent	
  constraints	
  by	
  direct	
  search	
  and	
  by	
  
collider	
  search:	
  various	
  types	
  of	
  dark	
  ma4er	
  were	
  
started	
  to	
  be	
  tested.	
  

•  Doubling	
  the	
  interacNon	
  channel	
  to	
  search	
  for	
  dark	
  
ma4er	
  is	
  important:	
  “electron	
  recoil”	
  
– Some	
  direct	
  experiments	
  give	
  ideal	
  opportunity	
  to	
  
search	
  for	
  any	
  signal	
  <200keV	
  electron	
  recoils.	
  

•  Careful	
  understanding	
  of	
  background	
  someNme	
  
reveals	
  real	
  nature	
  of	
  dark	
  ma4er	
  (like	
  the	
  
discovery	
  of	
  the	
  neutrino	
  mass!).	
  

23	
  


