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DarkSide Keywords

➡ Direct detection of dark matter


➡ Wimp-nucleus scattering in liquid Argon 


➡ Dual-phase Time Projection Chambers (TPC)


➡ Multi-stage approach


➡ At Laboratori Nazionali del Gran Sasso (LNGS) in central Italy:


rock coverage ~3500m w.e.


➡ Very low intrinsic background levels


➡ Electron recoil discrimination 


➡ Neutron active suppression

Background-free 

operation
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Why Liquid Argon (LAr) ?
 LAr advantages 

• Bright scintillator -> low energy 
threshold: 

  ~40 photons/keVee   
  ~8-10 pe/keVee possible 
• Powerful PSD in scintillation signal 
 separates background from ER from 

WIMP induced NR. 
• Moderate cryogenic requirements 
• Good ionization detector for TPC  

• Well defined fiducial volume is 
possible. 

• S2/S1 helpful for discrimination. 
• Easily scalable to large masses. 
• Liquids and gasses can be radio-pure.   
 Internal background reduced by 

online purification. 

LAr disadvatanges 

• Cosmogenic radioactive 39Ar: 
Atmospheric argon (AAr) 1 Bq/kg 
Underground argon (UAr) has low 
39Ar  but: 

• AAr is cheap, UAr is not.   
• Scintillation light at 128 nm. 

• Need wavelength shifters. 
• Special PMTs developed: 

• low radioactivity 
• working at LAr temperature 
!
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DarkSide Multi-stage Program

DarkSide-10 
Prototype detector


Astropart.Phys. 49 (2013) 44-51

DarkSide

Future multi-ton 

detector 
~10-47cm2 @100GeV

DarkSide-50 
First physics detector


recently commissioned

~10-45cm2 @100GeV
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Detecting WIMPs

S1 S2

Drift Time

χ

S1

S2

19x2  3” Photomultiplier Tubes !
(Top & Bottom)!
~20% photocathode coverage!
~60% of end plate surface

Liquid Ar (Edrift ~ 200 V/cm)
Gas Ar (Elum ~ 4200 V/cm)

χ
35.6cm

Total mass: 145kg 
Active mass: 49.4kg  

Fiducial mass: 44.9kgMax drift time

 ~375us
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DarkSide 50

Radon-free clean room

Instrumented water tank

Organic liquid scintillator

Inner detector TPC
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Housed in CTF

Borexino Counting Test Facility

Designed to hold a 5t TPC 

within the same Veto system
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Liquid Scintillator Veto
• 4 m diameter sphere containing 

1:1 PC + TMB scintillator


• Instrumented with 110  8” PMTs

1. Coincident veto of 
neutrons in the TPC


!
2. in situ measurement of 

the neutron background 
rate
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Borated Liquid Scintillator 
• High neutron capture cross section 

on boron allows for compact veto 
size


• Short capture time (2.3 μs) reduces 
dead time loss 


• Capture results in 1.47 MeV α 
particle, quenched to ~50 keV: it 
must be detected with high 
efficiency!


Veto Efficiency (MC)

Radiogenic Neutrons > 99%

Cosmogenic Neutrons > 95%

8
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External Water tank

• Ultra-pure Water Cherenkov 
detector  
(11m dia. x 10 m high)


• 80 8” PMTs from Borexino’s 
CTF 


• Acts as a muon and 
cosmogenic veto  
(~ 99% efficiency)


• Provides passive gamma and 
neutron shielding
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DS-50 Assembly

Sept - Oct 2013
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PMTs with cold-amplifiers

• 3” PMTs

• Hamamatsu R11065 series 

• The “/20” have good 

background levels but show 
problems at nominal gain at 
LAr temperature


• Require low PMT Gain  
~ 4 x 105


• Custom cold amplifiers:

Noise ~3 μV on 200 MHz

11



PANIC 2014 - DS50: Results from first Argon run D. D’Angelo for the DarkSide coll. 12

DS-50 Status

LAr

Liquid 
Scintillator

Water 
Tank

μ

All 3 detectors are filled 
and currently operating

TPC

Liquid Scintillator

Water Cherenkov
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Ar purification:  
electron lifetime

Electron lifetime > 5 ms >> max. drift time ~ 375 us
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39Ar
• ~1 Bq/kg in atmospheric argon: 


• primary background for argon-based detectors!


• β emitter with Qβ=565 keV and T1/2=269 years 


• Cosmogenic via 40Ar(n,2n)39Ar: 


• in argon from underground sources it can be significantly reduced

14
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Figure 7: The energy spectra recorded in the argon detector under different conditions.
Red: underground argon data at surface; purple: underground argon data at surface with
an active cosmic ray veto; blue: underground argon data at KURF; green: atmospheric
argon data at KURF.

of water equivalent depth) caused the event rate to drop by another factor
of 5. The cosmic ray muon rate at KURF was measured, using two of the
muon veto panels stacked horizontally, to be � 1µ/m 2/min, which is approx-
imately 10,000 times lower than that at surface. Thus the muon veto cut
had no noticeable effect on the underground data, and it was disabled to
avoid unnecessary dead time. A residual event rate of 20mBq was achieved
in the 50-800 keV 39Ar window in the measurement of underground argon at
KURF.

4.2. Rate Analysis
Approximately 100 kg ·hr each of underground argon data and atmospheric

argon data were collected at KURF and were used for this analysis. A conser-
vative upper limit on the 39Ar content in the underground argon was obtained
by attributing all of the activity in the underground argon sample to 39Ar.
Fig. 8 shows the ratio of the event rate in underground argon to that in at-
mospheric argon as a function of energy, and it indicates that the best 39Ar
limit can be obtained in the 300 - 400 keV window. The residual event rate in
this energy window in the underground argon data after applying the PSD

12

Atmospheric Ar 
Underground Ar

Identified source of underground argon 
in Colorado measured to have 

<6.5mBq/kg

i.e. > 150 times lower rate compared to 

atmospheric argon 
Plant (including cryogenic distillation at 

FNAL) produces ~0.5 kg/d
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Electron and nuclear recoils produce different excitation 
densities in the argon, leading to different ratios of singlet and 

triplet excitation states

τsinglet ~ 7 ns

τtriplet ~ 1600 ns

Pulse Shape Discrimination

Recoil 

Ionization Excitation 

Electrons  Ar+ 

 Ar2
+  

 Ar**  

 Ar*  

 Ar2
*  

 Singlet   Triplet  

S1 

S2  

Recombination 
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Electron Recoil

Nuclear Recoil

Pulse Shape Discrimination

F90 =
dt  f (t)

0

90ns
∫

dt  f (t)
0

∞

∫
= 0.3 ER

0.7 NR

#
$
%



PANIC 2014 - DS50: Results from first Argon run D. D’Angelo for the DarkSide coll. 17

ER Light Yield

³�Ar spectrum 
565 keV 

83mKr spike in the recirculation system 

τ1/2 ~1.8h 

(possibly concentrated near the cathode 
where S1 light collection is higher)

quenching factor from 83mKr and used to scale the LYnull  
LY200 ~7.2 pe/keV at 200 V/cm

LYnull ~ 8 pe/keV from 39Ar 

(energy independent within 3%)
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Nuclear Recoil
From SCENE (SCintillation Efficiency of Noble Elements):

1. nuclear recoil quenching

2. the F90 distribution 

by processing SCENE data with DS-50 code and 
extrapolated to DS-50 detector along with the 
systematics.

18
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FIG. 8. S1 yield as a function of nuclear recoil energy
measured at 5 drift fields (0, 100, 200, 300 and 1000
V/cm) relative to the light yield of 83mKr at zero field.

top left panel shows the simulated energy spec-
trum fit with a Gaussian plus a first order poly-
nomial modeling the background (the plot for the
10.3 keV nuclear recoils is absent in Fig. 19 since it
is already shown in Fig. 3). All other panels show
the experimental data at a given drift field fit with
Monte Carlo data. Apart from the low S1 region,
the agreement between the data and the MC pre-
diction is remarkably good.

Fig. 8 shows the resulting values of Leff, 83mKr as
a function of Enr as measured at 5 different drift
fields (0, 100, 200, 300 and 1000 V/cm). The error
bar associated with each Leff, 83mKr measurement
represents the quadrature combination of the sta-
tistical error returned from the fit and the system-
atic errors due to each of the sources accounted for
(see Table II for a detailed account of systematic
errors at null drift field).

In order to assess any bias introduced by our
Monte Carlo model in the fit, we also fit each of the
data sets with a Gaussian function plus a first order
polynomial to account for background. The dif-
ference between the results of the two methods is
listed in Table II in the row “Fit Method” for Ed = 0.
Across all measured recoil energies and drift elec-
tric fields, this systematic error is typically 1-2%,
with the largest at 4%. The sensitivity of Leff, 83mKr
to the fit range selection is characterized by com-
paring the fit results to those obtained with a re-
duced fit range. We define the reduced range by
raising the lower bound by 10% of the original fit
range and lowering the upper bound by the same
amount. The original fit ranges can be found in
Figs. 19 to 28.

We evaluated the systematic error in Leff, 83mKr
from the TOF window selection by advancing or
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FIG. 9. Systematic error induced by chemical impurities
affecting the mean life of the triplet component of the S1
scintillation spectrum, as a function of mean life in the
range of interest. S1 time profile was simulated with two
exponential decay terms. Each line represents the events
with a given f90 when the slow component lifetime is
1.45 µs. Note that f90 increases slightly with the decrease
in the slow component lifetime.

delaying the TPCtof cut by 3 ns while holding the
Ntof cut constant, and vice versa, while keeping
the same fit function described above and based
on the Monte Carlo-generated spectra. We deter-
mined the associated systematic error as the aver-
age of the absolute difference in Leff, 83mKr obtained
by either advancing or delaying the TOF window.

Within the dataset from a specific recoil energy
and field setting, the TPC light yield determined
with the 83mKr source fluctuated with a standard
deviation of about 1%. In addition to such short
term fluctuations, changes in the purity of the LAr
result in variations of the light yield. The purity af-
fects the mean life of the triplet state of the S1 scin-
tillation time profile [33–35], which we measured
to lie in the range from 1.39 to 1.48 µs. As shown
in Fig. 9, this introduced an additional ±2% sys-
tematic uncertainty for 83mKr light yield, as its f90
is in the range of 0.2 to 0.3.

The uncertainty due to the alignment of the TPC
and neutron detectors was calculated assuming a
±1 cm uncertainty in our determination of their ab-
solute positions relative to the production target.

ENERGY RESOLUTION

A number of factors, including the width of SER
of the PMT’s, the position dependence of light col-
lection in the LAr TPC, PE counting statistics, and
the intrinsic resolution of LAr scintillation, con-
tributed to the energy resolution of the detector

2
APPARATUS

Detectors and Geometry

The experiment was performed at the University
of Notre Dame Institute for Structure and Nuclear
Astrophysics in two runs in June and in October,
2013. As many of the experiment details were iden-
tical to those described in our previous paper, we
have repeated the relevant descriptions from that
paper here for the reader’s convenience, adding
additional information pertinent to the current re-
sults when necessary. Protons from the Tandem
accelerator [11] struck a 0.20 mg/cm2 thick LiF tar-
get deposited on a 1-mm-thick aluminum backing
generating a neutron beam through the reaction
7Li(p,n)7Be. For the October 2013 run, a 0.1-mm-
thick tantalum layer was interposed between the
LiF target and aluminum backing to fully stop the
protons before they reach the aluminum. This re-
duced the intensity of g-ray background. The pro-
ton beam was bunched and chopped to provide
pulses 1 ns wide, separated by 101.5 ns, with an av-
erage of 6.3 ⇥ 104 protons per pulse. The acceler-

Proton Neutron Scattering Nuclear Recoil
Energy Energy Angle Energy
[MeV] [MeV] [�] [keV]

Ju
n

20
13

2.376 0.604 49.9 10.3 (10.8)
2.930 1.168 42.2 14.8 (15.2)
2.930 1.168 49.9 20.5 (20.8)
2.930 1.168 59.9 28.7 (29.0)
4.100 2.327 49.9 40.1 (41.5)*
2.930 1.168 82.2 49.7 (49.9)

O
ct

20
13 2.316 0.510 69.7 16.9 (16.5)

3.607 1.773 45.0 25.4 (26.1)*
2.930 1.119 69.7 36.1 (36.3)*
3.607 1.773 69.7 57.2 (57.6)*

TABLE I. Proton energy, neutron energy, and scattering
angle settings for the two runs. Note that the neutron
production angle was 25.4� in June and 35.6� in October.
To determine the nuclear recoil energy we performed a
MC simulation of neutron scattering in our apparatus
taking full account of all materials and the geometry of
the detectors. The first value in the last column is the
mean energy obtained by fitting the MC energy distribu-
tion with a Gaussian plus linear background. For inter-
est, we also show a second value in parenthesis, the re-
coil energy calculated directly from the scattering angle
using the center of the TPC and the center of the neu-
tron detector. Datasets marked with an asterisk (*) were
taken with the TPC trigger requiring the coincidence of
the two TPC PMT’s, see the text for details.

FIG. 1. A schematic of the experiment setup. q1 is the
neutron production angle and q2 is the scattering angle.
The inset shows a zoomed-in view of the TPC including
the PMTs, field shaping rings and PTFE support struc-
ture. It does not include the inner reflector.

ator pulse selector was set to allow one of every
two proton pulses to strike the LiF target, giving
one neutron beam pulse every 203.0 ns. During the
S2 studies, the pulse selector setting was modified
to allow one of every four, five, or eight pulses.
The settings for proton beam energy and scattering
angle used in the two runs and the corresponding
nuclear recoil energies explored are summarized in
Table I.

The design of the TPC closely followed that used
in DarkSide-10 [3]. The active volume was con-
tained within a 68.6 mm diameter, 76.2 mm tall,
right circular polytetrafluoroethylene (PTFE) cylin-
der lined with 3M Vikuiti enhanced specular re-
flector [12] and capped by fused silica windows.
The LAr was viewed through the windows by
two 3” Hamamatsu R11065 PhotoMultiplier Tubes
(PMTs) [13]. The windows were coated with the
transparent conductive material indium tin oxide
(ITO), allowing for the application of electric field,
and copper field rings embedded in the PTFE
cylinder maintained field uniformity. All internal
surfaces of the detector were evaporation-coated
with the wavelength shifter TetraPhenylButadiene
(TPB) which converted the LAr scintillation light
from the Vacuum UV range (128 nm) into the blue
range (⇠420 nm).

A hexagonal stainless steel mesh was fixed at
the top of the active LAr volume and connected to

Recoil energy [keV]
10 20 30 40 50 60

f
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Neutron Veto Commissioning
Use high energy coincident 60Co events 
from cryostat stainless steel to evaluate 

Light Yield in scintillator. 
Confirmed by 14C and 208Tl fits.

Light yield ~0.5 PE/keV 
sufficient to detect ~ 50 keVee 

• Found high rate of intrinsic 14C in (biogenic) TMB: ~10-13 g/g

• TMB temporarily removed via distillation: currently running in pure PC-

mode

• Identified new batch of low-14C (underground) TMB (<10-15g/g) to be 

used in October 2014

• Light Yield: liquid scintillator VETO LY of about 0.5 PE/keVee, 

satisfactory for VETO requirements.

Fit spectral features of the scintillation spectrum detected in the LS VETO.  
• Gammas from 60Co (known to be present in SS of the TPC cryostat) 
• Confirmed by 14C and 208Tl fits as well.

OUTER DETECTORS: COMMISSIONING

charge [PE]

60Co 
0.51±0.07 PE/keVee 

(1.17 and 1.33 MeV)

N
o
r
m
.
 
C
o
u
n
t
s
/
b
i
n
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Initial Exposure (280 kg-days)

20
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F90 vs S1 (corrected for z-dependence), TPC and LSV cuts

Selected only single-hit interactions in the TPC fiducial volume (44.1 kg) with no energy deposition in the veto

Background free exposure of 280 kg·day
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Initial Exposure (280 kg-days)

21
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70 PE ~ 35 keVR (Nuclear quenching from SCENE @ 200 V/cm)

F90 NR Acceptance Curves from  
SCENE @ 200 V/cm125 PE ~ 57 keVR

Background free exposure of 280 kg·day

Conservative

80%
65%

50%

90%

We have PROVEN that PSD @ 200 V/cm can efficiently suppress the dominant ER 
background that we expect in 2.6 years of DS-50 UAr run, 


while maintaining high acceptance for WIMPs.

• Single hit events  
(1 S1 and 1 S2)


• z-cuts to remove 
regions near  
grid and cathode


• No coincident energy 
deposition in the 
neutron veto

High rate of 39Ar in AAr allows us to calibrate our S1-PSD 

with an exposure equivalent to 2.6y with UAr
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DS-50 Projected Sensitivity

22

Assumptions 
• PSD as demonstrated

• No S2/S1 rejection

• Fiducial mass ~ 44 kg (z-cut only)

• NR energy & pulse shape taken 

from SCENE 

Systematics 
Estimates of systematics on NR 

quenching and pulse shape cause 
a ~10% variation at 100 GeV/c2

Projected WIMP Search Region
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PSD Model

23

Model the statistical properties of F90 using statistical distributions 
of the underlying processes with parameters taken from data. 


The model accounts for macroscopic effects related to argon micro-
physics, detector properties, reconstruction and noise effects.

Simulated F90 distribution for a DS upgrade of 3.8t fiducial mass and  
5 years run, assuming the ER bkg will be dominated by 39Ar  

at its present upper limit.

PSD Model for DS-G2 extrapolation
Model the statistical properties of the F90 discrimination parameter using statistical distributions of the 
underlying processes with parameters taken from data. The model accounts for macroscopic effects related 
to argon micro-physics, detector properties and reconstruction and noise effects.

Entries  279766

Mean   0.3462

RMS    0.07744

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

Entries  279766

Mean   0.3462

RMS    0.07744

Entries  9895

Mean   0.3453

RMS    0.07738

Entries  9895

Mean   0.3453

RMS    0.07738

50 < total_s1_corr [PE] < 55

Entries  282411

Mean   0.3278

RMS    0.0649

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

3
10

Entries  282411

Mean   0.3278

RMS    0.0649

Entries  9824

Mean    0.328

RMS    0.06546

Entries  9824

Mean    0.328

RMS    0.06546

70 < total_s1_corr [PE] < 75

Entries  283119

Mean   0.3152

RMS    0.05686

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

3
10

Entries  283119

Mean   0.3152

RMS    0.05686

Entries  9981

Mean   0.3145

RMS    0.0575

Entries  9981

Mean   0.3145

RMS    0.0575

90 < total_s1_corr [PE] < 95

Entries  286346

Mean    0.307

RMS    0.05111

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

3
10

Entries  286346

Mean    0.307

RMS    0.05111

Entries  9881

Mean   0.3063

RMS    0.05193

Entries  9881

Mean   0.3063

RMS    0.05193

110 < total_s1_corr [PE] < 115

Entries  288643

Mean   0.3016

RMS    0.04692

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

3
10

Entries  288643

Mean   0.3016

RMS    0.04692

Entries  10129

Mean   0.3014

RMS    0.0483

Entries  10129

Mean   0.3014

RMS    0.0483

130 < total_s1_corr [PE] < 135

Entries  291130

Mean   0.2981

RMS    0.04355

total_f90
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-110

1

10

210

3
10

Entries  291130

Mean   0.2981

RMS    0.04355

Entries  10222

Mean    0.297

RMS    0.04425

Entries  10222

Mean    0.297

RMS    0.04425

150 < total_s1_corr [PE] < 155

total_s1_corr [PE]
80 100 120 140 160 180 200

t
o
t
a
l
_
f
9
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Entries    2.454012e+09

Mean x     141

Mean y   0.303

RMS x   34.93

RMS y  0.05026

-110

1

10

210

310

410

510Entries    2.454012e+09

Mean x     141

Mean y   0.303

RMS x   34.93

RMS y  0.05026

50%
65%

80%
90%

Simulated F90 distribution for DS-G2 5 years run, 
assuming the ER background in the fiducial volume 
will be dominated by 39Ar @ its present upper limit.
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Excellent agreement through several orders of magnitude

PSD Model for DS-G2 extrapolation
Model the statistical properties of the F90 discrimination parameter using statistical distributions of the 
underlying processes with parameters taken from data. The model accounts for macroscopic effects related 
to argon micro-physics, detector properties and reconstruction and noise effects.
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DarkSide multi-ton
• Next generation experiment designed to 

have up to 3.8 ton active mass


• Neutron veto and water tank were sized 
to hold the new detector


• Modest upgrade of cryogenic and gas 
handling system required

24

DarkSide G2
• Next generation experiment designed to 

have 3.8 ton active mass

• Neutron veto and water tank were sized 
to hold the G2 detector - already built 
and running.

• Modest upgrade of cryogenic and gas 
handling system required
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Conclusions
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➡ DS-50 TPC and Vetoes are fully operational at LNGS:

1. Long electron lifetime achieved

2. Exceeded desired light yield

3. Excellent discrimination power from PSD


 (including z fiducialization, multi-hit cut and vetoes).

➡ Currently acquired ~5000 kg∙d of AAr data with TPC (50% with Veto); 


under study:

1. improve understanding of backgrounds, 

2. S2 signal 

3. x-y position reconstruction, 

4. S1-S2 correlations


➡ High 14C in TMB in Neutron Veto, currently operating in pure PC mode:

low-14C TMB in October 2014


➡ Source calibration 
Gamma and neutron data in september 2014


➡ Underground argon 
Switch to using underground argon foreseen at the end of 2014 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THE END
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Sensitivity Comparison

27

SNOWMASS:	
  arxiv:1310.8327


