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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  
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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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20-30	yrs	later:	unexpected	(expected)	difficulty		

•  Searches	over	8	orders	of	mag.	of	xsec	range	did	not	
show	any	evidence.	No	signal	from	LHC	either.	

•  Consider	stories	different	from	the	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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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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  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. 
~0.03ev/kg/d	

2016 LUX combined 
best limit ~0.06ev/ton/d 
down to ~0.00006ev/ton/d 

LUX~1.1x10-46	cm2@50GeV	

DAMA	

CDMS	

EDW	

3	



Mul1ple	paths	toward	posi1ve	detec1on		

•  In	parallel	to	search	for	conven1onal	heavy	WIMPs,	various	
approaches	started:	beyond	G2.	

•  DAMA	annual	modula1on	s1ll	remain:	Run	2	results	(lower	
threshold)	are	expected	to	be	public	this	year.	

DM	direct	
detec1on	

Liquid noble 
>10GeV WIMPs	

axion 
cavity etc.	

semiconductor/crystals 
<10GeV WIMPs 
and lighter mass	

Weakly  
Interacting 
Slim Particles  
(WISPs) <<eV 

Sub-GeV, MeV dark matter	
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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where dN
dEν

corresponds to the neutrino flux. As it has been
shown in Ref. [17], the neutrino-nucleon elastic interaction
is theoretically well understood within the standard model,
and leads to a coherence effect implying a neutrino-nucleus
cross section that approximately scales as the atomic
number (A) squared when the momentum transfer is below
a few keV. At tree level, the neutrino-nucleon elastic
scattering is a neutral current interaction that proceeds
via the exchange of a Z boson. The resulting differential
neutrino-nucleus cross section as a function of the recoil
energy and the neutrino energy is given by [18]

dσðEν; ErÞ
dEr

¼
G2

f

4π
Q2

ωmN

!
1 −

mNEr

2E2
ν

"
F2
SIðErÞ; ð5Þ

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Qω ¼ N − ð1–4sin2θωÞZ is the weak nuclear
hypercharge with N the number of neutrons, Z the number
of protons, and θω the weak mixing angle. The presence of
the form factors describes the loss of coherence at higher
momentum transfer and is assumed to be the same as for the
WIMP-nucleus SI scattering. Interestingly, as the CNS
interaction only proceeds through a neutral current, it is
equally sensitive to all active neutrino flavors.
In Fig. 1 (left panel), we present all the neutrino fluxes

that will induce relevant backgrounds to dark matter
detection searches. The different neutrino sources consid-
ered in this study are the Sun, which generates high fluxes
of low energy neutrinos following the pp chain [19] and
the possible Carbon-Nitrogen-Oxygen cycle [20,21], dif-
fuse supernovae (DSNB) [22] and the interaction of cosmic
rays with the atmosphere [23] which induces low fluxes of
high energy neutrinos. As a summary of the neutrino

sources used in the following, we present in Table II the
different properties of the relevant neutrino families such
as: the maximal neutrino energy, the maximum recoil
energy for a Ge target nucleus and the overall flux
normalization and uncertainty. In order to most directly
compare to the analysis of Ref. [10], we use the standard
solar model BS05(OP) and the predictions on the atmos-
pheric and the DSNB neutrino fluxes from [23] and [22]
respectively.
The different neutrino event rates are shown in Fig. 1

(right panel) for a Ge target. We can first notice that the
highest event rates are due to the solar neutrinos and
correspond to recoil energies below 6 keV. Indeed, the 8B
and hep neutrinos dominate the total neutrino event rate for
recoil energies between 0.1 and 8 keV and above these
energies, the dominant component is the atmospheric
neutrinos. Also shown, as a black solid line, is the event
rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2. We can already notice that for
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FIG. 1 (color online). Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric,
and diffuse supernovae [22–24]. Note that for the DSNB fluxes we show the three different contributions corresponding to the
temperatures of each neutrino flavor: Tνe ¼ 3 MeV, T ν̄e ¼ 5 MeV and Tνx ¼ 8 MeV where νx represents all remaining flavors. Right:
Neutrino background event rates for a germanium based detector. The black dashed line corresponds to the sum of the neutrino induced
nuclear recoil event rates. Also shown is the similarity between the event rate from a 6 GeV=c2 WIMP with a SI cross section on the
nucleon of 4.4 × 10−45 cm2 (black solid line) and the 8B neutrino event rate.

TABLE II. Relevant neutrino fluxes to the background of direct
dark matter detection experiments. Also shown are the respective
maximum neutrino energy, maximum recoil energy on a Ge
target, and overall fluxes and uncertainties [22–24].

ν type Emax
ν (MeV) Emax

rGe (keV) ν flux ðcm−2 s−1Þ
7Be 0.861 0.0219 4.84$ 0.48 × 109

pep 1.440 0.0613 1.42$ 0.04 × 108
15O 1.732 0.0887 2.33$ 0.72 × 108
8B 16.360 7.91 5.69$ 0.91 × 106

hep 18.784 10.42 7.93$ 1.27 × 103

DSNB 91.201 245 85.5$ 42.7
Atmospheric 981.748 27.7 × 103 10.5$ 2.1

COMPLEMENTARITY OF DARK MATTER DETECTORS IN … PHYSICAL REVIEW D 90, 083510 (2014)

083510-3

Neutrino background 
       and WIMP signal 
            in Ge detector	

8B	solar	ν
&	6GeV	
WIMPs	

F. Ruppin et al., PRD 90, 083510 (2014)	

•  Coherent	ν-nucleus	scaFering	will	be	observed	soon!	
•  High	mass	WIMPs	>10GeV:	atm.	ν	~	1ev/30	ton	yr	(>4keV)	
•  Low	mass	WIMPs	<10GeV:	solar	8B	ν	~	1ev/1	kg	yr	(>3eV)	
•  Direc1onal	informa1on	is	useful	if	technology	available.	
•  Precise	determina1on	of	atm.	ν	flux	<<20%	important.	

–  Precise	study	on	CR	flux,	interac1ons,	experimental	site	important!	

atm. ν
&	100GeV		
WIMPs	

Ge	

6GeV 
10GeV	 100GeV 

    1TeV	



Recent	direct	searches	for	heavy	WIMPs	



LUX (124-136Xe)	
•  Dual phase Liquid xenon 

detector.	

•  0.37 t of LXe, 0.1 t of fiducial 
mass.	

•  Nuclear recoil/electron BG 
discrimination possible 
(difference in S1/S2 ratio).	

•  50% selection efficiency @4keV 
nuclear recoil energy (~2/3 signal 
above for 100GeV WIMPs): 
1.1x10-46cm2@50 GeV	

•  95 + 332 live days	

•  Already completed.	
7	

Dark-matter results from 332 new live days of LUX data

A. Manalaysay                             LUX: IDM2016 9

LUX DETECTOR
•48cm diameter by 48 cm 

height dodecagonal 
“cylinder”.

•250.9 kg LXe in active region

•61 PMTs on top, 61 on 
bottom, specially produced 
for low radiogenic BGs and 
VUV sensitivity.

•Xenon was pre-purified via 
chromatographic separation, 
reducing residual krypton.

•Liquid is continuously 
recirculated (¼ tonne per 
day) to maintain chemical 
purity.

•Ultra-low BG titanium 
cryostat.

Dark-matter results from 332 new live days of LUX data

A. Manalaysay                             LUX: IDM2016

Detection technique

8

• LUX is a dual-phase time projection 
chamber (like most other liquid-noble DM 
experiments); essentially a cylinder of 
LXe.

• Primary scintillation light (“S1”) is emitted 
from the interaction vertex, and recorded 
by an array of PMTs on top and bottom.

• Electrons emitted from the interaction are 
drifted by an applied field to the surface 
and into the gas, where they emit 
proportional scintillation light (“S2”), also 
recorded by the PMTs.

• This design permits:
‣ 3-D localization of each vertex.
‣ Identification of multiple scatters (via 

S2 count).
‣ ER/NR discrimination (via S2/S1)
‣ Sensitivity to single ionization 

electrons.



•  World-best limit, sub zb 	

•  Rn beta decay BG	

•  Rn daughters BG	

•  BG limited è improvements 
necessary!	

arXiv: 1608.07648	

Dark-matter results from 332 new live days of LUX data

A. Manalaysay                             LUX: IDM2016 35

Background estimates
Background 

source

Expected 
number below 

NR median
External gamma 

rays
1.51 ± 0.19

Internal betas 1.2 ± 0.06

Rn plate out
(wall background)

8.7 ± 3.5

Accidental S1-S2 
coincidences 0.34 ± 0.10

Solar 8B neutrinos 
(CNNS) 0.15 ± 0.02

Neutrons 0.3 ± 0.03

Bulk volume, but leakage 
at all energies

}
}

} In the bulk 
volume, low-
energy, in the 
NR band

Low-energy, but confined to 
the edge of our fid. volume[*]

[*] Our likelihood analysis includes 
position information, so these events 
have low !(signal)

Figure of merit only (we do a likelihood analysis)
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date. Within each exposure segment, the field magnitude
is considered to be constant and uniform. Boundaries in
date are September 11, 2014; January 1, 2015; April 1,
2015; October 1, 2015; May 2, 2016. Boundaries in drift
time are 40, 105, 170, 235, 300 µs. Periodic 3H calibra-
tions provide each of the 16 exposure segments with a
unique calibration set from which to construct a unique
individual response model. These 16 response models
take the form of parameter variations of the Noble El-
ement Simulation Technique (NEST) model [33], which
captures both the LXe microphysics of signal production
and the detector physics of signal collection. Fits are
performed by comparing the measured ER band (median
and 10-90 percentile width in the {S1, log10(S2)} plane
as in Fig. 1) with that predicted by the response model.
Specific to each exposure segment, two model parame-
ters are varied during these fits: the electric field mag-
nitude, and the recombination fluctuation parameter Fr

(see [31, 33, 34, 40]). Field-independent parameters that
describe the detector as a whole (e.g. light collection ef-
ficiency in gas, S2 resolution, g1, and g2), are allowed
to vary while constrained to be equal for all exposure
segments within a given date bin. In each exposure seg-
ment, the measured ER band median di↵ers from the
model band median by less than 1% for all S1. The
16 electric field magnitudes found through these fits are
consistent with the values earlier obtained from the elec-
trostatic field models. This last point deserves emphasis,
because the two techniques for estimating electric field
magnitude are completely independent: the electrostatic
field model is based on the observed electron drift paths
alone, while the NEST fits are based on the S1 and S2
amplitudes alone.

Neutron calibrations with the DD source were per-
formed in each date bin. For each individual exposure
segment, the best-fit parameters from the corresponding
ER calibration are applied to the NEST NR model. The
resulting NR models show excellent agreement with cali-
brations, such that the NR band medians of correspond-
ing models and calibrations di↵er by less than 2.6% for
all S1. As in [9], the overall energy scale in the response
models is fixed by fitting the NEST NR model to a sepa-
rate in situ energy calibration using tagged neutron mul-
tiple scatters [11, 12]. As before, we conservatively as-
sume NR light yield to be zero below 1.1 keV, the lowest
energy at which NR light yield was measured in [11]. The
16 ER and 16 NR models are then used within a profile
likelihood ratio (PLR) method [41] to search for evidence
of dark-matter scattering events. It can be seen from the
light-dashed curves in Fig. 1, representing extrema of the
16 ER and NR models, that the scale of model variation
is small and diminishes towards the energy threshold.

Events consisting of a single scatter within the active
LXe are selected according to several criteria: a single S2
preceded by a single S1, an S1 threshold of 2 PMT coinci-
dence, and an upper threshold for the summed pulse area
outside S1 and S2 within the trigger window. This last
selection removes triggers during high single-extracted-

electron activity following large-S2 events [9, 42], and
results in 99.0% e�ciency when applied to 3H calibra-
tion data for WS2014–16. The S2 threshold is set to
200 phd (raw uncorrected pulse area) to avoid events
for which the {xS2, yS2} position uncertainty is high.
Events for which S2 > 104 phd, S1 > 50 phd, log10(S2) <
medianNR � 5�NR or log10(S2) >medianER + 3�ER

(boundaries evident in Fig. 1) are considered far from
the region of interest and are ignored.
A fiducial volume in drift time is defined as 40-300 µs

(date-independent). Each of the four date bins has
a uniquely defined radial fiducial selection boundary,
3.0 cm radially inward from the measured PTFE sur-
face position for that date bin in observed S2 coordi-
nates, {xS2, yS2, zS2}. The wall position, a function of
{�S2, zS2}, is measured with 210Pb sub-chain events that
originate on the PTFE surface. The fiducial mass is de-
termined by scaling the 250 kg of active LXe by the ac-
ceptance fraction of 83mKr events through the fiducial-
selection criteria. The time-averaged fiducial masses for
the date bins are 105.4, 107.2, 99.2, and 98.4 kg, in
chronological order. A 3% systematic uncertainty across
all dates is estimated through comparison with accep-
tance fractions of 3H calibration data, of similarly uni-
form distribution in true recoil position.
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FIG. 1. WS2014–16 data passing all selection criteria. Fidu-
cial events within 1 cm of the radial fiducial volume boundary
are indicated as unfilled circles to convey their low WIMP-
signal probability relative to background models (in particu-
lar the 206Pb wall background). Exposure-weighted average
ER and NR bands are indicated in blue and red, respectively
(mean, 10%, and 90% contours indicated). Of the 16 models
used, the scale of model variation is indicated by showing the
extrema boundaries (the upper edge of the highest-S2 model
and the lower edge of the lowest-S2 model) as fainter dashed
lines for both ER and NR. Gray curves indicate a data selec-
tion boundary applied before application of the profile likeli-
hood ratio method. Green curves indicate mean (exposure-
weighted) energy contours in the ER interpretation (top la-
bels) and NR interpretation (lower labels), with extrema mod-
els dashed.
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The	PICO	Dark	Ma=er	Bubble	Chamber	

•  Employs	a	layer	of	
normal	liquid	(water)	
to	stabilize	the	surface	
of	the	superheated	
liquid	

•  This	design	has	worked	
well	for	us	

Water	
(liquid	
“piston”)	

Hydraulic	Fluid	
(mineral	oil	or	glycol)	

C3F8	
(target	
fluid)	

19	July	2016	 Iden'fica'on	of	Dark	Ma=er	2016	 6	

PICO-60/2L (spin dependent, 19F proton)	
•  Bubble chamber	

– Acous1c	signal	
– visual	image	
– Threshold	type	
– Fluorine:	proton	SD	
– CF3I	à	C3F8	

•  BG suppression due to  
dE/dx difference.	

•  36.8kg/2.9kg	

•  92.8/66.3 live days	

•  BG understood/improved.	
11	

M. B. Crisler 
and C. Amole 
IDM2016	

By slowly changing the temperature or 
pressure, the fluid can be brought to a 

superheated state and it can stay in that 
state for long durations.    
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DBD 16, Osaka - Nov 10, 2016
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PICO-60/2L (spin dependent, 19F proton)	
•  Selection based on 

acoustic pressure.	

•  BG caused by 
particulates.	

•  The world-best limit on 
WIMP-proton xsec.	

•  Entering SUSY region	

•  PICO-60 run 2 started 
with C3F8 and better 
filtering. Expected to 
overcome LHC results 
>10 GeV.	

PICO-60: PRD 93, 052014 (2016) 
PICO-2L: PRD 93, 061101 (2016) 

from the uncertainty in temperature (0.3 °C) and pressure
(0.7 psi) and the theoretical uncertainty attributed to the
thermodynamic properties of C3F8. The Run-2 thermody-
namic threshold is equivalent to the lowest threshold reported
inRef. [8] but at a higher temperature andpressure. The gross
activity of the chamber in Run-2, measured by the number of
expansions and the mean superheat time per expansion was
comparable to Ref. [8].
A total of 66.3 live-days of WIMP search data was

collected at the 3.3 keV thermodynamic threshold between
June 12 and September 25, 2015. During this time, the
detector was twice exposed to an AmBe calibration source
to monitor the response to nuclear recoils from neutrons,
and twice to a 133Ba source to evaluate the response to
gamma-induced electron recoils. Data collected within
24 hours after any technical interruption were not included
in the WIMP search.

V. ANALYSIS

The data analysis presented here uses techniques similar
to those described in Ref. [8]. All the neutron calibration
data were scanned by eye to check the bubble multiplicities
and the identified single-bubble events were used to
evaluate the efficiency of the data analysis cuts.
A set of data quality cuts was applied to remove events

with failed optical reconstruction (bubble position and/or
multiplicity), excessive acoustic noise, or poor agreement
in the evaluated time of the bubble nucleation from the six
acoustic transducers. The combined efficiency of the data
quality cuts was 0.85! 0.02. The acoustic analysis was
performed using a procedure described in Ref. [10], and the
same acoustic parameter (AP) cut range of 0.7 < AP < 1.3
as in Refs. [8,10,11] was adopted. The AP distributions for
WIMP search and calibration data are shown in Fig. 1. The

AP cut has an acceptance of 0.94! 0.02 for neutron-
induced single-bubble events and an alpha rejection of
> 98.8% (90% C.L.). An optical-based fiducial volume cut
was derived such that less than 1% of the events originating
at the interfaces (between C3F8, water buffer and glass
walls) were accepted to be in the fiducial bulk volume and
had an efficiency of 0.84! 0.01.
The total acceptance for single-bubble nuclear-recoil

events including data quality, AP, and fiducial cuts in this
run was 0.67! 0.03, resulting in a total exposure after
cuts of 129 kg-days. The position and acoustic resolution
were significantly improved for Run-2, resulting in higher
fiducial and AP cut efficiencies. However, the acceptance
of the data quality cuts, and the total acceptance, was lower
than in Ref. [8] due to water droplets on the inside wall of
the inner vessel compromising the optical reconstruction of
a fraction of the events, and additional transient acous-
tic noise.
To search for neutron-induced multiple-bubble events in

the WIMP search data, all events for which more than one
bubble is reconstructed in one or both of the camera images
were manually scanned. The acceptance of this selection
criterion was determined using the neutron calibration data
to be 0.93! 0.01. This is substantially higher than the
acceptance for single nuclear-recoil events since no acous-
tic or fiducial cuts are needed to identify multiple-bubble
events.

VI. BACKGROUNDS

A constant rate (4 cts=day) of AP-tagged alpha decay
events was observed, similar to Ref. [8]. Based on detailed
Monte Carlo simulations, the background contribution
from ðα; nÞ and spontaneous fission neutrons was predicted
to be 0.008ð0.010Þ counts=kg=day for single(multiple)-
bubble events, with a total uncertainty of 50%. This is
higher than the estimate from Ref. [8], due to the addition to
our simulation of ðα; nÞ reactions on 14N from radon-chain
decays in air within the neutron shielding. The background
model predicts 1.0(1.8) single(multiple)-bubble events
from neutrons after all cuts. Fewer than 0.02 electron-
recoil events were expected, based on a measurement of 4
candidate events during 12.2 live-days of exposure to a
1 mCi 133Ba source coupled with a Monte Carlo simulation
in GEANT4 [20] of the natural gamma flux at the location of
the chamber [21,22]. The 133Ba calibration result corre-
sponds to a measured efficiency of ð2.2! 1.2Þ × 10−11 for
electron recoils in C3F8 at a 3.3 keV thermodynamic
threshold.

VII. RESULTS

A total of 1(3) single(multiple)-bubble nuclear-recoil
events were observed in the 129 kg-day exposure. These
data show the absence of the anomalous background events
observed in the first run [8] of PICO-2L (Fig. 2). The
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FIG. 1. AP distributions (in log scale) of the single-bubble
events originating within the optical fiducial volume for neutron
calibration data (black) and WIMP search data (red). The signal
region in AP for single nuclear recoils is indicated between the
dashed blue lines. In both the calibration and WIMP search data,
the two peaks at higher AP are from 222Rn chain alphas, with
higher-energy alphas from 214Po decay producing larger acoustic
signals [8,9]. The observed rate of alpha decays is consistent
between WIMP search and neutron calibration data.
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XMASS-I/1.5/II:	1	phase	LXe	@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 
3 ton fid. (6 ton) 
1.5mφ, ~1000 PMTs 
pp solar ν limited 
Ultimate BG for elec. 
2x10-47cm2 

Annual/spectral info.	 11	
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Results	from	XMASS-I	
•  Large	mass	(835kg),	low	thre.	
(0.8keVee),	world	best	BG	including	
electron	events.	

•  Inelas1c	scaFering	off	129Xe	(SD).	
•  First	experimental	search	for	bosonic	
Super-WIMPs	as	DM.		 -12.4
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Results	from	XMASS-I	
•  Modula1on	analysis	~1yr	

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	

The first extensive 
search against the  
DAMA region, including 
electron recoils. 
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Fig. 3. (Color online.) Limits on the spin-independent elastic WIMP–nucleon cross 
section as a function of WIMP mass. The solid line shows the XMASS 90% C.L. ex-
clusion from the annual modulation analysis. The ±1σ and ±2σ bands represent 
the expected 90% exclusion distributions. Limits as well as allowed regions from 
other searches based on counting method are also shown [2,3,23,8–10,5].

of background at each energy bin assuming the same live time as 
data and including systematic uncertainties. The ±1σ and ±2σ
bands in Fig. 3 outline the expected 90% C.L. upper limit band 
for the no-modulation hypothesis using the dummy samples. The 
result excludes the DAMA/LIBRA allowed region as interpreted in 
[8] for the WIMP masses higher than 8 GeV/c2. The difference 
between two fitting methods is less than 10%. The upper limit 
of 5.4 × 10−41 cm2 is obtained under different astrophysical as-
sumptions of vesc = 544 km/s [24]. The best fit parameters in 
a mass range between 6 and 1000 GeV/c2 is a cross section of 
3.2 × 10−42 cm2 for a WIMP mass of 140 GeV/c2. This yields a 
statistical significance of 2.7σ , however, in this case, the expected 
unmodulated event rate exceeds the total observed event rate by a 
factor of 2, therefore these parameters were deemed unphysical.

For the model independent analysis, the expected event rate 
was estimated as:

Rex
i, j =

t j+ 1
2"t j∫

t j− 1
2"t j

(
Ci + Ai cos2π

(t − t0)
T

)
dt, (4)

where the free parameters Ci and Ai were the unmodulated event 
rate and the modulation amplitude, respectively. t0 and T were 
the phase and period of the modulation, and t j and "t j was the 
time-bin’s center and width, respectively. In the fitting procedure, 
the 1.1–7.6 keVee energy range was used and the modulation pe-
riod T was fixed to one year and the phase t0 to 152.5 days 
(∼2nd of June) when the Earth’s velocity relative to the dark mat-
ter distribution is expected to be maximal. Fig. 4 shows the best 
fit amplitudes as a function of energy for ‘pull term’ after correct-
ing the efficiency. The efficiency was evaluated from gamma ray 
Monte Carlo simulation with a flat energy spectrum uniformly dis-
tributed in the sensitive volume (Fig. 4 inset). Both methods are 
in good agreement and find a slight negative amplitude below 
4 keVee. The ±1σ and ±2σ bands in Fig. 4 represent expected 
amplitude coverage derived from same dummy sample above by 
the ‘pull term’ method. This test gave a p-value of 0.014 (2.5σ ) 
for the ‘pull term’ method and of 0.068 (1.8σ ) for the covariance 
matrix method. To be able to test any model of dark matter, we 
evaluated the constraints on the positive and negative amplitude 
separately in Fig. 4. The upper limits on the amplitudes in each 
energy bin were calculated by considering only regions of positive 
or negative amplitude. They were calculated by integrating Gaus-
sian distributions based on the mean and sigma of data (=G(a)) 

Fig. 4. (Color online.) Modulation amplitude as a function of energy for the model 
independent analyses using the ‘pull term’ method (solid circle). Solid lines rep-
resent 90% positive (negative) upper limits on the amplitude. The ±1σ and ±2σ
bands represent the expected amplitude region (see detail in the text). DAMA/LI-
BRA result (square) is also shown [11].

from zero. The positive or negative upper limits are satisfied with 
0.9 for 

∫ aup
0 G(a)da/ 

∫ ∞
0 G(a)da or 

∫ 0
aup

G(a)da/ 
∫ 0
−∞ G(a)da, where a

and aup are the amplitude and its 90% C.L. upper limit, respectively. 
The ‘pull term’ method obtained positive (negative) upper limit of 
2.1(−2.1) × 10−2 events/day/kg/keVee between 1.1 and 1.6 keVee
and the limits become stricter at higher energy. The energy reso-
lution (σ /E) at 1.0 (5.0) keVee is estimated to be 36% (19%) com-
paring gamma ray calibrations and its Monte Carlo simulation. As a 
guideline, we make direct comparisons with other experiments not 
by considering a specific dark matter model but amplitude count 
rate. The modulation amplitude of ∼ 2 × 10−2 events/day/kg/keVee
between 2.0 and 3.5 keVee was obtained by DAMA/LIBRA [11]
and we estimate a 90% C.L. upper limit for XENON100 as 3.7 ×
10−3 events/day/kg/keVee (2.0–5.8 keVee) based on [17] as it was 
not claimed as a signal. XMASS obtained positive upper limits of 
(1.7–3.7) × 10−3 events/day/kg/keVee in same energy region and 
gives the more stringent constraint. This fact is important when 
we test the dark matter model.

5. Conclusions

In conclusion, XMASS with its large exposure and high photo-
electron yield (low energy threshold) conducted an annual mod-
ulation search. For the WIMP analysis, the exclusion upper limit 
of 4.3 × 10−41 cm2 at 8 GeV/c2 was obtained and the result ex-
cludes the DAMA/LIBRA allowed region for WIMP masses higher 
than that. In the case of the model independent case, the analy-
sis was carried out from the energy threshold of 1.1 keVee which 
is lower than DAMA/LIBRA and XENON100. The positive (negative) 
upper limit amplitude of 2.1 (−2.1)×10−2 events/day/kg/keVee be-
tween 1.1 and 1.6 keVee and (1.7–3.7) × 10−3 counts/day/kg/keVee
between 2 and 6 keVee were obtained. As this analysis does not 
consider only nuclear recoils, a simple electron or gamma ray in-
terpretation of the DAMA/LIBRA signal can also obey this limit.
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data and including systematic uncertainties. The ±1σ and ±2σ
bands in Fig. 3 outline the expected 90% C.L. upper limit band 
for the no-modulation hypothesis using the dummy samples. The 
result excludes the DAMA/LIBRA allowed region as interpreted in 
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between two fitting methods is less than 10%. The upper limit 
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the 1.1–7.6 keVee energy range was used and the modulation pe-
riod T was fixed to one year and the phase t0 to 152.5 days 
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ter distribution is expected to be maximal. Fig. 4 shows the best 
fit amplitudes as a function of energy for ‘pull term’ after correct-
ing the efficiency. The efficiency was evaluated from gamma ray 
Monte Carlo simulation with a flat energy spectrum uniformly dis-
tributed in the sensitive volume (Fig. 4 inset). Both methods are 
in good agreement and find a slight negative amplitude below 
4 keVee. The ±1σ and ±2σ bands in Fig. 4 represent expected 
amplitude coverage derived from same dummy sample above by 
the ‘pull term’ method. This test gave a p-value of 0.014 (2.5σ ) 
for the ‘pull term’ method and of 0.068 (1.8σ ) for the covariance 
matrix method. To be able to test any model of dark matter, we 
evaluated the constraints on the positive and negative amplitude 
separately in Fig. 4. The upper limits on the amplitudes in each 
energy bin were calculated by considering only regions of positive 
or negative amplitude. They were calculated by integrating Gaus-
sian distributions based on the mean and sigma of data (=G(a)) 

Fig. 4. (Color online.) Modulation amplitude as a function of energy for the model 
independent analyses using the ‘pull term’ method (solid circle). Solid lines rep-
resent 90% positive (negative) upper limits on the amplitude. The ±1σ and ±2σ
bands represent the expected amplitude region (see detail in the text). DAMA/LI-
BRA result (square) is also shown [11].

from zero. The positive or negative upper limits are satisfied with 
0.9 for 

∫ aup
0 G(a)da/ 

∫ ∞
0 G(a)da or 

∫ 0
aup

G(a)da/ 
∫ 0
−∞ G(a)da, where a

and aup are the amplitude and its 90% C.L. upper limit, respectively. 
The ‘pull term’ method obtained positive (negative) upper limit of 
2.1(−2.1) × 10−2 events/day/kg/keVee between 1.1 and 1.6 keVee
and the limits become stricter at higher energy. The energy reso-
lution (σ /E) at 1.0 (5.0) keVee is estimated to be 36% (19%) com-
paring gamma ray calibrations and its Monte Carlo simulation. As a 
guideline, we make direct comparisons with other experiments not 
by considering a specific dark matter model but amplitude count 
rate. The modulation amplitude of ∼ 2 × 10−2 events/day/kg/keVee
between 2.0 and 3.5 keVee was obtained by DAMA/LIBRA [11]
and we estimate a 90% C.L. upper limit for XENON100 as 3.7 ×
10−3 events/day/kg/keVee (2.0–5.8 keVee) based on [17] as it was 
not claimed as a signal. XMASS obtained positive upper limits of 
(1.7–3.7) × 10−3 events/day/kg/keVee in same energy region and 
gives the more stringent constraint. This fact is important when 
we test the dark matter model.

5. Conclusions

In conclusion, XMASS with its large exposure and high photo-
electron yield (low energy threshold) conducted an annual mod-
ulation search. For the WIMP analysis, the exclusion upper limit 
of 4.3 × 10−41 cm2 at 8 GeV/c2 was obtained and the result ex-
cludes the DAMA/LIBRA allowed region for WIMP masses higher 
than that. In the case of the model independent case, the analy-
sis was carried out from the energy threshold of 1.1 keVee which 
is lower than DAMA/LIBRA and XENON100. The positive (negative) 
upper limit amplitude of 2.1 (−2.1)×10−2 events/day/kg/keVee be-
tween 1.1 and 1.6 keVee and (1.7–3.7) × 10−3 counts/day/kg/keVee
between 2 and 6 keVee were obtained. As this analysis does not 
consider only nuclear recoils, a simple electron or gamma ray in-
terpretation of the DAMA/LIBRA signal can also obey this limit.
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Future	direct	searches	for	heavy	WIMPs	



XENON1T (124-136Xe)	

•  Dual phase liquid xenon 
detector.	

•  3.2 ton of LXe, 1 ton of 
fiducial mass.	

•  Data taking started.	

•  Factor 2 improved light 
yield wrt XENON100.	

•  Purification ongoing.	

•  Expected sensitivity 
1.6x10-47cm2 @50 GeV    
(2 ton years exposure)	

15	

5 

•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 

H. Simgen (TPC2016)	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 20 

Alessandro Manfredini "Status of The XENON1T Experiment" 3

The XENON Project

XENON10:
● 2005-2007
●  15 cm drift 
● 25kg of Xe

XENON100:
● 2008-2016
●  30 cm drift 
● 161 kg of Xe of 

which 62kg as 
target 

XENON1T:
● 2012-2018
●  96 cm drift 
● 3200 kg of Xe of 

which 2 tonnes as 
target

XENONnT:
● ~2019-2023
●  144 cm drift 
● ~8000 kg of Xe
● 6 tonnes as target



XENONnT (124-136Xe)	
•  Replace the inner cryostat 

of XENON1T to a larger one: 
rapid upgrade possible.	

•  8 t of LXe, 6 t of target	

•  construction 2018	

•  1.6x10-48cm2 @50GeV	

   (20 t yrs) from 2019?	

•  Background reduction	

 1/100 of Radon 	

 1/10 of Krypton	

    from XENON1T	 19	

The	Upgrade:	What	is	needed?	

9	

Michelle	Galloway	 IDM	2016	

New	TPC	and	inner	cryostat	with	

increased	linear	dimensions	 Scaled	XENON1T	design		
	significantly	reduced	time	

	needed	for	design,	construction,	

	and	commissioning	(XENON1T	
	experience!).	

9	

XENONnT	XENON1T	

1.37	m	

1.37	m
	

0.95	m	

0.96	m
	

Materials		
	sources	of	clean	materials	and	

	expected	backgrounds	known	

	based	on	XENON1T.	

Xenon	Gas	
	7.25	t	needed	(7.5	t	inc.	gas)	

	More	than	50%	in	place:	3.7	t	in	

	XENON1T,	acquisition	ongoing.	

From	Background	to	Signal	

Michelle	Galloway	 IDM	2016	 19	

Expected	WIMP	
signal	above	
background	

LCE	and	absorption	length	

99%	reflectivity	
~35%	LCE	

Leff	=0	at	<	3	keV	
	

•  Model	to	predict	amount	of	
generated	photons	and	electrons	

•  Fold	in	efficiencies	and	signal	
statistical	fluctuations	

•  Absorption	length	50	m	
•  LY:	7.7	PE/keV	at	zero	field		
•  530	V/cm,	as	in	XENON100		
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Figure 14. Spectrum of the total background as a function of S1 (black) and of its components:
ERs (blue), NRs from radiogenic neutrons (red) and NRs from CNNS (purple). NR spectra for three
examples of WIMP signals (green): mass m� = 10 GeV/c2 and cross section � = 2 · 10�46 cm2

(dashed), m� = 100 GeV/c2 and � = 2 · 10�47 cm2 (solid), m� = 1000 GeV/c2 and � = 2 · 10�46 cm2

(dotted). The vertical dashed blue lines delimit the S1 region used in the sensitivity calculation. In
this plot we select the events with S2 > 150 PE, and assume a 99.75% ER rejection with a flat 40%
NR acceptance.

NRs have mean = �2.58 and � = 0.92. With this choice we reproduce the discrimination
performance obtained in XENON100, namely: 99.5% ER rejection at 50% NR acceptance;
99.75% ER rejection at 40% NR acceptance; and 99.9% ER rejection at 30% NR acceptance
[31]. In the profile likelihood analysis we use the whole data sample without applying any
hard cut in the discrimination space Y , i.e. a marked Poisson distribution [82].

The expectation values for signal and backgrounds, considering a 2 year-long measure-
ment with a 1 t FV, are summarized in table 4. The S1 range used in the analysis is (3, 70) PE:
the lower edge corresponds to the XENON100 S1 threshold, while the higher one marks the
region where the ER background starts to be larger by more than an order of magnitude than
the signal from a 100 GeV/c2 WIMP. On average, it corresponds to the NR energy range (4,
50) keV.

The main systematic uncertainty in the prediction of the signal and the NR background
comes from the relative scintillation efficiency in LXe, Le↵ . We adopt the Le↵ parameteriza-
tion shown in figure 1 of [78], using the median of several direct measurements as the central
value and parameterizing the uncertainty by a Gaussian distribution. We extrapolated Le↵

also below 3 keV, where no direct measurements exist so far (although there are hints of non-
vanishing Le↵ from the neutron calibration in LUX [83]): the median value reaches zero at 1
keV and the 1� and 2� bands are increased to reflect the larger systematic uncertainty. We
checked that the sensitivity is not significantly affected (at most 20% at low WIMP masses,

– 22 –

electron BG	

ν nuclear recoil BG	

Total BG	

WIMP signal	



XENON1T/nT (124-136Xe)	

•  BG@XENON1T: 5 events (3.25 events ~ Radon)	
17	

XENON1T Sensitivity	

24 

1.6E-47 cm2 at mWIMP = 50 GeV for 2 ton years exposure.  

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 
JCAP 04 (2016) 027	



DEAP3600 (40Ar)	
•  Single phase (pure scintillator) 

liquid argon detector.	

•  3.6 ton of liquid argon,           
1 ton of fidicial mass	

•  Nuclear recoil/electron BG 
discrimination possible	

•  Large BG due to 39Ar 
necessary to be rejected.	

•  ~1x10-46 cm2@100GeV	

•  Started operation and normal 
data collection.	

•  DEAP-50T: 2x10-48cm2	

21	

DEAP-3600 Dark Matter Search

Liquid Argon for DM (Single-phase)

Scattered nucleus detected via Lar scintillation

Good Pulse-shape discrimination between
β/γ and nuclear recoils with scintillation

Argon is easy to purify

Very large target masses possible, no 
absorption of UV scintillation photons
in argon, no pileup until beyond tonne-scale

Position reconstruction allows surface 
background removal, based on photon 
detection   (~5 cm resolution allows removal
of radon daughter events from analysis)         

DM Sensitivity

1 tonne fiducial mass (3.6 tonnes total) designed 
for  < 0.2 background events/year with 60 keVr
thresholdχ 40Ar

40Ar

χ

DEAP	

XENON1T	

cMSSM 1, 2σ	

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

Berta Beltran (UofA) DEAP3600 8 September, 2015 3 / 13

Glove box

Central support assembly
(Deck elevation)

Steel shell neck
(Outer neck)

Inner neck (green)
Vacuum jacketed neck (orange)

Cooling coil

48 Muon
veto PMTs

255 PMTs
& light guides

Acrylic vessel

Filler blocks

Bottom spring support

3600 kg
liquid argon

Foam blocks behind
PMTs and filler blocks

Acrylic flow guides

Steel shell

Liquid Argon (LAr) as a scintillator to search for dark

matter

dE

dx

LAr dimers UV light

Singlet
⌧
1

= 6ns
Triplet

⌧
3

= 1.5µs

LAr allows for excellent pulse

shape discrimination (PSD)

Fprompt =
Prompt Light

Total Light

Number of photoelectrons
0 50 100 150 200 250 300 350 400 450 500

pr
om

pt
F

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

)
ee

 (keVeffT

0 20 40 60 80 100 120 140 160

Berta Beltran (UofA) DEAP3600 8 September, 2015 2 / 13

electron recoil 

nuclear recoil 
LAr dimers

Singlet 
  !1=6ns 

Triplet 
!3=1.5μs 

electron  
recoil 

nuclear  
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Singlets 
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=0.3

UV light

Nuclear
recoils

Electronic
radiation
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Triplets

= 0.3

particle identification 
by waveform	



LZ (124-136Xe)	
•  Dual phase LXe detector.	

•  10 t of LXe, 7 t of target, 	

   5.6 t of fiducial mass.	

•  CD3 review this month	

•  Operation: 2020 April	

•  Goal        1.1x10-48cm2 
Baseline   2.3x10-48cm2	

   @50 GeV  (1000days)	

•  Dominant background	

Rn: 72(goal)-1000(baseline) 
before 99.5% rejection	 22	

2-1 

2""Instrument"Overview"
The core of the LZ experiment is a two-phase xenon (Xe) time projection chamber (TPC) containing 
about 7 fully active tonnes of liquid Xe (LXe). Scattering events in LXe create both a prompt scintillation 
signal (S1) and free electrons. Various electric fields are employed to drift the electrons to the liquid 
surface, extract them into the gas phase above, and accelerate them to create a proportional scintillation 
signal (S2). Both signals are measured by arrays of photomultiplier tubes (PMTs) above and below the 
central region. The difference in time of arrival between the signals measures the position of the event in 
z, while the x,y position is determined from the pattern of S2 light in the top PMT array. Events with an 
S2 signal but no S1 are also recorded. A 3-D model of the LZ detector located in a water tank is shown in 
Figure 2.1. The water tank is located at the 4,850-foot level (4850L) of the Sanford Underground 
Research Facility (SURF). The heart of the LZ detector (including the inner titanium [Ti] cryostat) will be 
assembled on the surface at SURF, lowered in the Yates shaft to the 4850L of SURF, and deployed in the 
existing water tank in the Davis Cavern (where LUX is currently located). The principal parameters of the 
LZ experiment are given in Table 2.1, along with the proposed Work Breakdown Structure (WBS) for the 
LZ Project. 

The LZ design is enhanced by several added capabilities beyond the successfully demonstrated LUX and 
ZEPLIN designs. The most important addition is a hermetic liquid organic scintillator (gadolinium-loaded 
linear alkyl benzene [LAB]) outer detector, which surrounds the central cryostat vessels and TPC. The 
outer detector and the active Xe “skin” layer operate as an integrated veto system, which has several 
benefits. The first is rejecting gammas and neutrons generated internally (e.g., in the PMTs) that scatter a 
single time in the fully active region and would otherwise escape without detection; this could mimic a 
weakly interacting massive particle (WIMP) signal. As these internally generated backgrounds interact 
primarily at the outer regions of the detector, the veto thus allows an increase in the fiducial volume.  

Figure"2.1.""LZ"detector"concept."

LZ conceptual design report 

LUX/LZHNN
Baseline Simulation 1000 days, 5.6 t

6×10-48 cm2

- ER

10 Nov. 2016 DBD16 - Osaka 32



LZ (124-136Xe)	

•  a	 23	

LUX/LZHNN
Projected Sensitivity (Spin Independent)

TDR, CD3
TDR, CD3

CD1/3a

LZ Baseline "(40 GeV) = 2.3�10-48 cm2

LZ       Goal "(40 GeV) = 1.1�10-48 cm2

, 1000 days, 5.6 tonnes

LZ Baseline ≈7 8B NR
LZ   Goal ≈300 8B NR

10 Nov. 2016 DBD16 - Osaka 33

H. Nelson, DBD16	



DARWIN (124-136Xe)	

21	

DARWIN WIMP Sensitivity

• Assumed exposure 200 ton×yr,   all backgrounds included
• Likelihood analysis:  99.98% ER rejection,  30% NR acceptance
• Combined (S1+S2) energy scale
• Energy window 5-35 keVnr

• Light yield 8 PE/keV

spin-independent interaction spin-dependent (neutron coupling)

→ minimum sensitivity: 2.5×10–49 cm2 @ 40 GeV/c2 → complementarity to LHC searches

JCAP 10, 016 (2015)

•  50 t of LXe, 40 t of target	

 30 t of fidicial mass, sub yoctob!	

•  Required Improvements	

–  Radon	reduc1on	~1/100	
–  Discrimina1on:	99.98%	reduc1on,	
30%	signal	eff.																					　　 
(XENON100:	99.75%,	50%	eff.)	

–  130kV	HV		
•  Physics channels with a large 

detector	

–  ν:	pp	solar,	double	beta	decay,	
coherent	scaFering,	supernova	

–  axion	like	par1cles	
•  2025~?	

What would we see? 

30 GeV/c2 WIMP
σSI = 2×10–48 cm2

ER background
· materials
· intrinsic (Rn, Kr)
· solar ν-e– scattering
· 136Xe 2νββ

neutrons and CNNS 

Exposure 200 ton×yr

Mχ = 100 GeV/c2

200 ton×yr

arXiv:1606.07001 (2016),  Adapted from Newstead  et al. PRD 88, 076011 (2013)

• Extended regions due to uncertainties on DM halo parameters
• For higher WIMP masses (> 500 GeV/c2) only lower limits can be derived 

DM halo parameters: 
  
  ρχ = (0.3±0.1) GeV/cm3 
  v0 = (220±20) km/s 
vesc = (544±40) km/s

27 signal events

σSI = 2×10–47 cm2

20 GeV/c2

100 GeV/c2

500 GeV/c2

200 ton×yr

154 evts

224 evts

60 evts
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Figure 8. A possible realisation of a ⇠50 t (40 t) total (target) LXe mass DARWIN detector, inside a
double-walled stainless steel cryostat. The TPC is surrounded by highly reflective PTFE walls, closed
by the cathode and anode electrodes on bottom and top, respectively. The sketch shows a TPC with
two photosensor arrays made of circular PMTs with 3” diameter. The final sensor type, however, is
not yet defined and all details regarding the cryostat and TPC are subject to R&D.

the bottom array could reduce the number of channels, as discussed in section 5.4. A finite
detector granularity on the top array is required for the xy-vertex identification.

5.2 High voltage system

To create an electron drift field of ⇠0.5 kV/cm across the TPC, the cathode must be biased
by a high, negative voltage. The field homogeneity is ensured by a set of circular field
shaping rings, interconnected with high-ohmic resistors, realising a voltage divider which is
gradually approaching ground potential. For a TPC of 2.6m length, a cathode potential of
130 kV is required to establish the design field. Because many of the past dual-phase LXe
detectors did not achieve their design drift field we note that the TPC can be successfully
operated at lower fields as well (LUX: 0.18 kV/cm [101]); this reduces the field quenching of
the primary scintillation, resulting in larger S1 signals. On the other hand, the lower electron
drift velocity increases the pile-up rate during calibration runs and there are indications that
the S2/S1 discrimination power deteriorates for reduced drift fields [50]. Achieving the design
field requires all high-field surfaces (e.g., wires) to be very smooth and the careful insulation
of all relevant components (e.g., feedthrough).

While the field shaping rings, which are made from massive copper with a smooth
surface, do not impose a problem for the high voltage, the cathode electrode and the HV-
feedthrough must withstand the high operation potentials. In order to optimise the optical
transparency, the cathode will be made of single wires of ⇠100µm diameter, spot-welded
to a sturdy, low-background metal frame. The cathode currently operated in XENON1T

– 16 –

~2.6m 
diameter 
and  
height	



SuperCDMS (70-76Ge)	
•  target: Light WIMPs	

•  ~10kg size, semiconductor	

•  Ionized electrons produce 
additional phonons due to high 
electric field è low thre.	

•  Sacrificing discrimination  btw 
nuclear/e recoils.	

•  R&D by March 2017	

•  CD2/CD3 Nov. 2017	

•  Operation expected @2020	

25	

Luke-Neganov Phonon	Production

24

• Drifting	charges	release	kinetic	energy	via	
Luke-Neganov Phonon	Production

•

Recoil	Phonons

Luke	Phonons

ΔV
Luke-Neganov Phonon	Production

24

• Drifting	charges	release	kinetic	energy	via	
Luke-Neganov Phonon	Production

•

Recoil	Phonons

Luke	Phonons

ΔV

SuperCDMS Sensitivity 
arXiv:1610.00006 	

SiHV 
2.4kg 5yr	

GeHV 
11.2kg 5yr	



Directionality	
•  Smoking gun evidence	

•  Better once we hit to the 
neutrino floor.	

•  Gas seems to be better than 
solid and liquid.	

•  All depend on BG!	

–  If	any,	sensi1vity	~sqrt(BG)	

23	

Revolution ~30km/sec	

June	

Dec.	

220km/sec	
Solar system	

11
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FIG. 7: The discovery limit as a function of WIMP mass
using (from top to bottom) the number of events only (pink
solid line), time information (brown dotted), energy & time
(orange), energy & time plus 1-d (red), 2-d (blue) and 3-d
(green) directionality. The upper (lower) set of lines are for
the two detector set-ups described in Table II: Detector A (B)
with a target mass M = 0.1 (104) ton and an energy threshold
E

th

= 0.1 (5) keV. The black curve and shaded region shows
the neutrino floor from Ref. [17].

in Ref. [15] compared to 0.1 keV in this work) which
drastically changes the ratio of WIMP to neutrino event
numbers for low mass WIMPs. We also believe that some
di↵erences are a result of the fact that we have used the
full directional information {✓,�}, rather than just the
reduced angles, and the two analyses also use di↵erent
statistical techniques. We have hitherto considered an
ideal detector, however finite angular resolution at the
level considered in Ref. [15] does not significantly change
our conclusions (see Sec. VD).

For very large detector masses (M > 10 ton for E
th

=
0.1 keV and M > 104 ton for E

th

= 5 keV) which have
accumulated more than ⇠ 104 neutrino events, the evolu-
tion of the Time only and Energy + Time discovery lim-
its return to the Poisson background subtraction regime
once more. With a very large number of events the time
information allows discrimination between WIMP and
neutrino induced recoils (cf. Ref. [16]). However time
information is more useful for discriminating Solar neu-
trinos from light WIMPs than for discriminating atmo-
spheric neutrinos from heavier WIMPs. This is because
the WIMP and Solar neutrino rates are both annually
modulated, and also the amplitude of the annual modu-
lation is larger for light WIMPs. For energy information
only, with very large numbers of events the slight dif-
ference in the tails of the 8B neutrino and WIMP recoil
energy distributions allows them to be discriminated [17].

Having studied the evolution of the discovery limit as a
function of detector mass for two specific WIMP masses,

we now consider two fixed example detector set-ups out-
lined in Table II: a low mass & low threshold detector
(M = 0.1 ton and E

th

= 0.1 keV respectively) and a
high mass & high threshold detector (104 ton and 5 keV).
Again, for simplicity and to probe the full annual modula-
tion signal, we assume that data is accumulated over one
year. These detector masses and thresholds are chosen so
that a non-directional detector with the same mass and
threshold would be in the saturation regime that results
in the neutrino floor, as seen in Fig. 6.

Figure 7 shows the discovery limit as a function of
WIMP mass for the two detector set-ups for each read-
out strategy. Also shown as the shaded region is the neu-
trino floor from Ref. [17] which is the combination of two
limits obtained by a Xenon detector. For light WIMPs
(m

�

< 10 GeV) the limit comes from a 3 eV thresh-
old detector with an exposure of 0.19 ton years, while
for heavier WIMPs (m

�

> 10 GeV) a detector with a 4
keV threshold and an exposure of 9.3⇥103 ton years was
used. The two detector configurations roughly match our
two detector setups A and B in Table II. As described in
Refs. [14, 17], the low-mass part of the neutrino floor
comes from solar neutrinos (which have low-energies but
high fluxes) with the shoulder at m

�

= 6 GeV arising due
to 8B neutrinos. The high-mass part, above ⇠ 10 GeV, is
due to DSNB neutrinos and atmospheric neutrinos which
have higher energies but much lower fluxes.

For the low threshold detector, the directional discov-
ery limits clearly cut through the low-mass neutrino floor
and for the 3-d readout there is actually almost no reduc-
tion in sensitivity due to the neutrino background. The
1-d and 2-d readouts do su↵er a small reduction in sensi-
tivity, but evidently the distributions are di↵erent enough
that it is still possible to probe cross-sections below the
limit set by non-directional experiments. For the high
threshold detector the improvement in the discovery lim-
its, with respect to the high-mass neutrino floor, from di-
rectionality is smaller. However it does still help discrimi-
nate the isotropic atmospheric neutrino background from
WIMP induced recoils, in particular for WIMP masses
around 100GeV where the energy spectra from WIMPs
and atmospheric neutrinos are most similar.

In summary, we found that directionality is a pow-
erful tool for disentangling neutrino backgrounds from
a putative WIMP signal. The gain from directionality
is particularly impressive for low mass WIMPs thanks
to the large separation between the solar neutrino and
WIMP incoming directions, see Sec. III C. Interestingly,
we found that this result still holds even if only the 2-d or
1-d projection of the recoil tracks can be measured. The
gain from directionality in the high-mass region is more
moderate, however, due to the large overlap between the
WIMP and the isotropic DSNB and atmospheric neu-
trino distributions. Even in this case, we found that 1-d
and 2-d readouts still outperform non-directional experi-
ments. This highlights that it is worthwhile to construct
directional detectors, even without full 3-d readout. Sim-
ilar conclusions were reached in Ref. [52] in the context

Discovery limit 
with directional 
information	
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XMASS-1.5 (124-136Xe)	

27	

•  Single phase liquid xenon 
detectors	

•  XMASS-1.5: 6 ton of LXe 
and 3 ton of fiducial mass	

•  Low background in 
electron channel as well.	

•  2x10-47cm2@50GeV	

•  e-scat. pp solar neutrino 
observation (not nuclear 
recoils) ó background	

•  Next step: need particle 
identification method	

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

XMASS-I XMASS-1.5 

3t fiducial 
(total 6t) 
�10-47cm2 

x10 mass 



XMASS future: applying merits of single 
phase detectors to dual phase detectors?	

•  Low Radon/Krypton background: separated target volume	

•  Improvements of light yield (discr. power): larger coverage by PMTs	

•  by-products: Light WIMPs search?	 25	
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Lighter	WIMPs	



Light dark matter (<GeV)	
•  Wider interests in a new paradigm of DM theories.	

•  Many, many new technical ideas.	
–  Heat,	single	e	detec1on,	small	gap	material,	cooper	pairs,	mul1-
excita1on,	superfluid	He,	spin	avalanche,	and	...	

–  Input	for	2017	June	US	DOE	whitepaper.	

27	
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Single	electron	detec1on	for	<GeV	DM	
•  DM-nucleus	scaFering	<<	
threshold	of	a	DM	detector	

•  DM-electron	scaFering:	
½meβ2~O(eV)	may	cause	
excita1on	of	shallow	atomic	
electrons.	

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

•  BG	predic1on	difficult:	
modula1on	signal?	

Dark matter  
particles	

electron	

R. Essig, T. Volansky 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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FIG. 2 (color online). Top: Expected signal rates for 1-, 2-, and
3-electron events for a DM candidate with "e ¼ 10"36cm2 and
FDM ¼ 1. Widths indicate theoretical uncertainty (see text).
Bottom: 90% C.L. limit on the DM-electron scattering cross
section "e (solid line). Here the interaction is assumed to be
independent of momentum transfer (FDM ¼ 1). The dashed lines
show the individual limits set by the number of events in which
1, 2, or 3 electrons were observed in the XENON10 data set,
with gray bands indicating the theoretical uncertainty. The
shaded region (light green) indicates the previously allowed
parameter space for DM coupled through a massive hidden
photon (taken from [2]).
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Summary	
•  Heavy WIMPs	

–  DM	detectors	are	going	to	achieve	original	goal:	coherent	
neutrino-nucleon	scaFering.	It	will	be	major	background	of	DM	
searches.	

– With	large	liquid	noble	gas	detectors	heavy	WIMPs	~10-48cm2	
are	expected	to	be	covered	~	5	years.	

•  XENON1T:1.6x10-47cm2,	nT:	1.6x10-48cm2,	LZ:	1-2x10-48cm2	

–  Further	future,	precise	determina1on	of	atm.	ν	flux	and	site	
selec1on	are	important.	

•  Other ways	
– Missing	any	observa1onal	evidence	mo1vates	people	to	
inves1gate	wider	range	of	dark	maFer	par1cles.	

–  New	technologies	for	the	new	territory	(light	WIMPs,	non-
WIMPs)	are	being	proposed/inves1gated.	
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