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Lets put things in perspective   

hidden sector (hidden 𝛾 vector, ….)

feV peV neV 𝜇eV meV eV keV MeV GeV TeV
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Nuclear!
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Nucleus
Ge Si XeAr WOCl Na F
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Pulse shape discrimination of ERs
S2/S1 discrimination of ERs

DarkSide LAr dual phase TPC
Light Charge+

D
ua

l P
ha

se

NR

ER

longer tail 

46kg of LAr!
200V/cm drift field!

38 3” PMTs!
ITO on quartz for electrodes !
TPB as wavelength shifter !

Teflon as reflector !
extraction grid 
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DarkSide-50 Veto Detectors:

pictures from S.Westerdale 

Tag radiogenic 
𝛾 background. 

𝜇

𝜋 n

Tag cosmogenic 
neutrons  WCV

Tag radiogenic 
neutrons

WCV

Neutrons that scatter in the TPC can be detected via 
capture signal on 10B or thermalization signal in LSV.

Water Cherenkov Veto (WCV),  to tag cosmogenic 
neutrons via muons.

Liquid Scintillator Veto (LSV) = 30 t of TMB + PPO + PC
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Underground Ar 

A Study of the Residual 39Ar39Ar Content in Argon from Underground Sources Astropart.Phys. 66 (2015)!
First Large Scale Production of Low Radioactivity Argon From Underground Sources  arXiv:1204.6024

>  260 additional days recorded

First run (70days) with 150kg of UAr

Destillation@FNAL!
and

Extraction@Colorado
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In-situ internal calibrations: TPC 

First Results from the DarkSide-50 Dark Matter Experiment at Laboratori Nazionali del Gran Sasso, !
Phys.Lett. B 743 (2015)

S1 [PE]
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Nuclear Recoils 

Electronic Recoils 

50 days of Atmosph. Ar run is calibration: 1.5 x107 ER events!
ER Rejection power >107
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In-situ internal calibrations: TPCP. Agnes et al. / Physics Letters B 743 (2015) 456–466 461

the first pulse is assumed to be S1, the second to be S2, and the 
third to be S3.

Several corrections are applied to the S1 and S2 integrals to ac-
count for geometrical variations of light production and collection.

Due to total internal reflection at the liquid surface, light col-
lection of scintillation pulses varies by 19% between the top and 
bottom of the TPC. An empirical z-dependent correction, derived 
from 83mKr and 39Ar calibration data and normalized to the center 
of the TPC, is applied to S1.

Electronegative impurities in the LAr capture drifting electrons. 
This results in the number of drifting electrons, and hence S2, de-
creasing exponentially with the time taken to drift between the 
interaction point and the liquid-gas interface. We fit for this elec-
tron drift lifetime, then correct S2, normalizing to the top of the 
TPC. Our very high electron mean drift lifetime induces a maxi-
mum 7% correction for the runs acquired through February 2014. 
During a gap in the data taking that followed, the lifetime contin-
ued to improve. We do not apply any correction to data collected 
after this period, about 75% of the total, since the electron drift 
lifetime has become too long to be measured reliably.

We discovered during commissioning that the amplitude of S2 
has a strong radial dependence, where events under the central 
PMT exhibit greater than three times more electroluminescence 
light than events at the maximum radius. Only basic cuts on S2 are 
used in the present analysis, and this does not affect our results. 
Preliminary x–y reconstruction algorithms indicate that the radial 
variations can be empirically corrected using calibration data.

6. Veto event reconstruction

Due to the use of DAQ-level zero-suppression, reconstruction 
of LSV and WCD signals is different from the TPC reconstruction. 
Pulses are naturally defined as the non-zero portion of each raw 
waveform for each channel. The DAQ records 20 samples (16 ns) 
before and after each pulse. The first 15 samples before the pulse 
are averaged to define a baseline, which is subtracted from the 
waveform. Each channel is then scaled by the corresponding SPE 
mean and the channels in each veto detector are summed together.

A clustering algorithm on the sum waveform identifies physical 
events in the LSV. To handle the high pile-up rate due to 14C, the 
algorithm is a “top-down” iterative process of searching for clusters 
from largest to smallest. These clusters are used only for building 
the 14C and 60Co spectra and determining the light yield of the 
LSV. Identification of coincident signals between LSV and TPC uses 
fixed regions of interest of the sum waveform and is described in 
Section 9. For tagging of muons in the LSV and WCD, the total 
integrated charge of each detector is used.

7. TPC energy calibration and light yield

In the data presented here, taken with atmospheric argon, the 
TPC trigger rate is dominated by 39Ar β decays, with their 565 keV 
endpoint. The spectrum observed in the presence of the 83mKr
source at zero drift field, clearly dominated by 39Ar decay, is 
shown in Fig. 3. The measured rate of 83mKr events is 2 to 3 Hz. 
Because it affects the optics of the detector, the gas pocket was 
maintained even when operating the detector at zero drift field to 
collect reference data for light yield. The spectrum is fit to obtain 
the measurement of the light yield of the detector at the 41.5 keV 
reference line of 83mKr. The fit of the entire spectrum, encompass-
ing the 39Ar and 83mKr contributions, shown in Fig. 3, returns a 
light yield of (7.9 ± 0.4) PE/keV at zero drift field, after including 
systematic errors. Fitting the light yield from the 83mKr peak alone 
gives the same result within the fitting uncertainty. The resolution 
is about 7% at the 83mKr peak energy. The dominant uncertainty in 

Fig. 3. The primary scintillation (S1) spectrum from a zero-field run of the 
DarkSide-50 TPC. Blue: S1 spectrum obtained while the recirculating argon was 
spiked with 83mKr, which decays with near-coincident conversion electrons sum-
ming to 41.5 keV. Red: fit to the 83mKr + 39Ar spectrum, giving a light yield of 
(7.9 ± 0.4) PE/keV at zero drift field. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Reference 83mKr values of the light yields from SCENE and DarkSide-50 used to 
correlate the S1 and S2 scales of DarkSide-50 with the SCENE calibration. Note that 
most of the systematic errors are correlated between the DarkSide-50 200 V/cm
and zero-field light yields.

Experiment Drift field Light yield

DarkSide-50 200 V/cm (7.0 ± 0.3) PE/keV
DarkSide-50 Zero (7.9 ± 0.4) PE/keV

SCENE (Jun 2013 Run) Zero (6.3 ± 0.3) PE/keV
SCENE (Oct 2013 Run) Zero (4.8 ± 0.2) PE/keV

the 83mKr light yield comes from the systematic uncertainties on 
the mean SPE response of the PMTs. Table 1 summarizes the values 
for the light yield from 83mKr with and without drift field. Note 
that the value of the light yield has a larger uncertainty at zero 
field, where it is neither possible to account for non-uniformities 
in the 83mKr distribution in the active volume nor to correct for the 
z-dependent light collection variations described in Section 5. Both 
effects are accounted for with the drift field on, where z-position 
information is available.

To obtain the best calibration of the response in S1 and S2 
for nuclear recoils needed for the DarkSide program, members 
of the collaboration and others performed an experiment called 
SCENE [25,26]. The SCENE experiment measured the intrinsic scin-
tillation and ionization yield of recoiling nuclei in liquid argon as 
a function of applied electric field by exposing a small LAr TPC
to a low energy pulsed narrowband neutron beam produced at 
the Notre Dame Institute for Structure and Nuclear Astrophysics. 
Liquid scintillation counters were arranged to detect and identify 
neutrons scattered in the TPC, determining the neutron scattering 
angles and thus the energies of the recoiling nuclei. The use of 
a low-energy narrowband beam and of a very small TPC allowed 
SCENE to measure the intrinsic yields for single-sited nuclear re-
coils of known energy, which is not possible in DarkSide-50.

The measurements performed in SCENE were referenced to the 
light yield measured with a 83mKr source at zero field. The use of 
the same 83mKr in DarkSide-50 allows us to use the relative light 
yields of the two experiments (see Table 1) to determine, from 
the SCENE results, the expected S1 and S2 signals of nuclear re-
coils in DarkSide-50. Table 2 summarizes the expected DarkSide-50
S1 yields derived with this method and thus provides nuclear re-
coil energy vs. S1 for DarkSide-50. For the analysis reported here, 
we interpolate linearly between the measured SCENE energies and 

83mKr + 39Ar (AAr @ null field)

37Ar + 39Ar (UAr@200V/cm)

83mKr Light Yield:!
7.9 ± 0.4 PE/keV @ null field!

7.0 ± 0.3 PE/keV @ 200 V/cm

First Results from the DarkSide-50 Dark Matter Experiment at Laboratori Nazionali del Gran Sasso, !
Phys.Lett. B 743 (2015) 

83mKr used for light yield 
map correction and 

electron lifetime estimates.!
 !

electron lifetime > 5000 μS 
(max drift time 375 μs)!

No S2 signal correction. ! Light Yield ~ 7PE/keV @200V/cm 
systematic uncertainties still 

under study

2.4keV X-ray
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Energy scale calibration

Measurement of scintillation and ionization yield and scintillation pulse shape from nuclear recoils in liquid argon 
Phys. Rev. D 91, 092007 (2015) !
CALIS - a CALibration Insertion System for the DarkSide-50 dark matter search experiment - Paper in Prep. 

pure sample of single nuclear recoils 
Extrapolate NR energy scale and F90 

response from SCENE to DS50
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FIG. 9. S1 yield as a function of nuclear recoil energy
measured at five drift fields (0, 96.4, 193, 293 and 970
V/cm) relative to the light yield of 83mKr at zero field.

matics and geometry of the LAr-TPC and the co-
incidence detectors, as well the TOF analysis cuts.
Before fitting, the MC distribution was convolved
with a Gaussian energy resolution function with
s1 parametrized as s1 =

p
S1nr R1(Enr, Ed), where

R1 is a free parameter of the fit. The fit procedure
varies Leff, 83mKr and R1 to minimize the c

2 defined
as

c

2(Leff, 83mKr, R1) =
n

Â
i=1

(Oi � Si)
2

Si
, (2)

where n is the total number of bins in the chosen fit
region, Oi is the number of events observed in bin
i, and Si is the number of events in bin i resulting
from simulations. The area of the MC spectrum
was forced to match that of the data, and the fit
parameters were applied to the MC before binning.

The fit results for all ten recoil energies measured
� ranging from 10.3 to 57.3 keV � and all drift
fields investigated � ranging from 0 to 970 V/cm
� are shown in Figs. 22 to 30. In each of the figures,
the plot in the top left panel shows the simulated
energy spectrum for all scatters along with those
from multiple scatters (the plot for the 10.3 keV nu-
clear recoils is absent in Fig. 22 since it is already
shown in Fig. 2). All other panels show the exper-
imental 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 predic-
tion is remarkably good.

Figure 9 shows the resulting values of Leff, 83mKr
as a function of Enr as measured at five different
drift fields (0, 96.4, 193, 293 and 970 V/cm). The
error bar associated with each Leff, 83mKr measure-
ment represents the quadrature combination of the
statistical error returned from the fit and the sys-
tematic errors due to each of the sources accounted
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 a
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 V
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This work
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FIG. 10. S1 yield as a function of nuclear recoil energy
measured at zero field relative to the light yield of 83mKr
at zero field, compared to previous measurements[8, 9].

for (see Table IV for a detailed account of system-
atic errors at null drift field). Figure 10 shows our
values of Leff, 83mKr at zero field compared to previ-
ous measurements [8, 9]. Our results do not show
the increase at low energies previously observed.
It should be noted that 83mKr did not provide the
electronic recoil energy scale reference in the ear-
lier measurements, but both groups report a linear
response to electronic recoils in the relevant energy
range [9, 24].

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
difference between the results of the two methods
is listed in Table IV in the row “Fit Method” for
Ed = 0. Across all measured recoil energies and
drift electric fields, this systematic error is less than
2%. The sensitivity of Leff, 83mKr to the fit range se-
lection is characterized by comparing the fit results
to those obtained with a reduced fit range. We de-
fine 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. 22 to 30.

We evaluated the systematic error in Leff, 83mKr
from the TOF window selection by advancing or
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 data set 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 and the ob-

in-situ AmBe calibration to  
validate extrapolation of SCENE 

values to DarkSide-50

source
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Modeling ER and NR response in Ar

See P.Agnes talk “g4ds the DarkSide simulation tool”  at UCLA DM 2016

g4ds = geometry, electronics chain, optics, S1 (work ongoing for S2)  
Model the recombination probability as a function of recoil energy use 

data inputs from endpoint of 39Ar, 83mKr summed peak and 37Ar

validations 
for ER

tuning for ER Mei Model for 
NR quenching +

AmBe !
validations 

for NR
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ER backgrounds
! ! Multidimensional spectral fit of MC (g4ds) on AAr data!

 S1 spectrum with field on + S1 spectrum with field off + spatial distribution (z) 

 [PE]LateS1
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Co60

MeV 1.33
(C+F)

K40

MeV 1.46
(P) Bi214

MeV 1.77
(C+P) Tl208

MeV 2.62
(P)

C: Cryostat
P: PMTs
F: Fused Silica

! ! Repeat  the fit on the UAr data !
after subtracting background from radioisotopes in detector material from AAr fit

85Kr contamination 
found and 

confirmed via 
delayed coincidence 

analysis. !

See P.Agnes talk “g4ds the DarkSide simulation tool”  at UCLA DM 2016
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39Ar and 85Kr background 

39Ar in 
atmospheric Ar

39Ar in 
underground Ar 

1000 
mBq/kg

0.73± 0.11 
mBq/kg

With respect to AAr: >300 reduction of intrinsic radioactivity in UAr!
                                ~1400 reduction of 39Ar activity 

Background in ROI = ~50% β-events + ~50% of 𝛾-events  
Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)
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12

Neutron background in 70d of UAr

The veto system of the DarkSide-50 experiment, JINST 11, no.03, P03016 (2016)

>99.1% efficiency to veto neutrons via delayed capture on 
10B and 1H (AmBe + MC) 

Ongoing study: LSV Efficiency to tag neutron thermalization signal 
in prompt region using AmC calibration  (custom made) 

Tagged 2±2 neutron events in combined AAr + UAr data 
Predicted <0.02 neutrons after veto cuts  
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Unblind analysis for 70d UAr 

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)

Select single scatters in 36.9 kg fiducial mass with: !
no abnormal clustering of S1 signal  !
no prompt/delayed signal in LSV and no preceding muon-like 
event in LSV+ WCV (major loss)

Cut efficiencies evaluated using !
UAr data + AmBe data + MC

Fiducial volume 
cut only in z 
no evidence of side 

surface backgrounds in 
or near ROI after all cuts 

in 70d exposure -> 
ongoing analysis 
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Pulse shape discrimination (f90) model 

See talk of G.Koh at APS 2016; 

AAr!
UAr

Use Hinkley analytic model for single 
scatters ERs !
Fit to high statistics AAr data!
Scale to UAr data!
Derive 0.01 ER leakage events / S1 bin

Ongoing work: !
implement analytic models with improved statistics treatment !
develop f90 models for other rare backgrounds 

For 70days of UAr: !
Dominant background are single scatters!
Unresolved multiple scatters have no visible impact  (via MC)!
Hints of other spurious backgrounds but so low in statistics !
(they do not leak into ROI)!
Hinkley model as implemented overestimates the tails  

✔
✔

DM ROI
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Dark Matter search data 

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)
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in DS50 + SCENE

No events in the WIMP search region.
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Dark Matter search result and projection

Results from the first use of low radioactivity argon in a dark matter search, Phys.Rev. D93, no.8, 08110 (2016)
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30 ton of !
Depleted Argon!
URANIA +ARIA 

@LNGS 

High efficiency!
active vetos: !

LSV + WCV 

custom 
radiopure 

SiPM modules!
FBK

see G.Fiorillo talk at IDM2016
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URANIA and ARIA

Aria facility = 350m tall distillation column in Seruci mine in Sardinia for  
isotopic separation of Ar-39 and UAr purification  at 150kg/d !

in cooperation with Regione Sardegna (production of other isotopes of 
interest for medical application)!

Depletion factor goals:!
10-100 for Ar-39 and >1000 for N2,02,Kr per pass

Urania= expansion of existing Colorado facility to reach 
100 kg/d!

for UAr extraction and purification at 100kg/d !
in cooperation with Kinder Morgan !

Argon extraction expected to start in 2017 to reach 
50tons by 2020.
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DarkSide-20k and Prototype

200V/cm drift field!
5210 SiPMs-based modules !
ITO on acrylic for electrodes !

TPB as wavelength shifter !
Teflon as reflector !

extraction linear grid 

Octagonal TPC 

Full size components in  
scaled down (1t)  prototype 

@CERN in 2017
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Photosensors/electronic/readout

FBK development with INFN

conceptual sketch 

5210 photodetector modules 5x5cm2!

 !
SiMP (5x5mm2) arrays forming tile !
PDE >40% @420nm fill factor > 92%!
dark current <0.1Hz/mm2!
+!
cryogenic trans-impedance amplifier!
+!
patterned sapphire for mating to front-end-board !
+!
signal transmitter 

Count individual hits and track their timing 
for S1 and down-sample integrate charge 
for S2 
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Expected performance for 100t yr

* dominant component  from PTFE when using  achieved upper limits -> more sensitive screening is underway

S1 [PE]
50 100 150 200 250 300 350 400 450

2
0
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1

1

10

210

310

410

]
ee

Energy [keV
5 10 15 20 25 30 35 40 45 50

0.001 evts/1 PE leakage

use full g4ds simulation package !
S1 light yield = 9PE/keV @200V/cm!

PSD: f200 = fraction of light in the first 200ns

internal β/𝛾 39Ar as in DS-50, 85Kr is negligible!
𝜈 induced ER @200 t yr!
external β/𝛾 from TPC/cryostat 

high NR acceptance ~90%

ER Background assumption: 

100 t yr exposure

NR Background after veto cuts: !
radiogenic neutron <0.12 *!
cosmogenic NR <0.1!
𝜈 induced NR      << 
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Sensitivity of DarkSide-20k

]2 [GeV/cχ M
10 210 310 410

]2
 
[
c
m

σ 

-5010

-4910

-4810

-4710

-4610

-4510

-4410

-4310

-4210

-4110

DarkSi
de-50 

(2015)

DarkSi
de-50 

(3 yr 
proj.)

Coherent neutrino-nucleus scattering floor

WARP (
2007)

PandaX
-II (2

016)
XENON1

00 (20
12)

LUX (2
016)

CDMS
(2015)

PICO (
2015)

DarkSi
de-20k

 (100 
t yr p

roj.)

DarkSi
de-20k

 (200 
t yr p

roj.)

Argo (
1000 t

 yr pr
oj.)-induced N

R
ν1 

plotted discovery limit for LXe detector 

0.007 t yr
0.1    t yr

100    t yr

Background-free exposure of 100 t yr !
reaching 1.2 x10-47cm2 at DM mass of 1TeV/c2!

( with 39Ar level as in DS-50)

LZ/XeNT
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300 t LAr TPC conceived to reach 1000 t yr  exposure for precision 
measurement of cosmic neutrinos and expanded reach of  DM search  

Measured 39Ar level in UAr to be factor 1400 smaller than in AAr.

Efficiency of the Neutron Veto via delayed capture  is >99.1%.


More data for new DM search and investigation of rare backgrounds.  
(Cherenkov events in coincidence with ER event) D

ar
kS

id
e-

50

Critical R&D facilities: URANIA, ARIS and SiPM modules, photo-
electronics and prototype development are already underway. 


Feasible to explore DM up to neutrino floor for MDM>100GeV in 
background-free mode thanks to PSD against 𝜈 induced ERs and 

intrinsic/dissolved radioactive nuclei inducing ERs. D
ar

kS
id

e-
20

k
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collaboration:

Summary
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EXTRA SLIDES


