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Il programma DarkSide

2

• Ricerca diretta di materia oscura 

• Programma a step 

• Rivelazione ipotetici rinculi WIMP con camera a proiezione temporale 
bifasica ad argon liquido (LAr TPC) 

• Esperimento a fondo quasi nullo: costruito con materiali radiopuri e 
situato a LNGS (Italia) 

• Alto potere discriminante segnale/fondo: discriminazione in base a 
forma del segnale (PSD), rapporto ionizzazione/scintillazione (S2/S1) e 
ricostruzione 3D 

• Presenza di rivelatori attivi di neutroni e muoni: misura in situ del 
fondo



DarkSide - ieri, oggi e domani
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DarkSide - argon
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• Pro: 

• Materiale facile da purificare 

• Ottimo scintillatore (40k fotoni/MeV) trasparente alla propria luce 

• Eccellente potere discriminazione rinculo nucleare vs. rinculo 
elettronico via PSD e S2/S1 

• Contro: 

• contaminazione ~1Bq/kg da 39Ar (dec. β - Eep=567keV, τ=269yr) in 
argon atmosferico (AAr) 

• Soluzione: utilizzo argon estratto da giacimenti sotterranei (UAr) dove 
ridotta attività cosmogenica porta contaminazione a ~0.003Bq/kg
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DarkSide-50 - TPC
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• cilindro 36x36cm 

• 46kg di volume attivo 

• 38 3’’ PMTs a bassa 
radioattività intrinseca 

• 1cm di argon gassoso per 
misurare separatamente 
ionizzazione e scintillazione 

• pareti interne rivestite da 
TPB 

• Campo di deriva 0.2kV/cm 
e campo di estrazione 
2.8kV/cm 



DarkSide-50 - rivelatori di veto
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• Veto per neutroni (LSV)

• sfera 4m, 30 ton scintillatore 
liquido borato 

• veto attivo per neutroni che 
entrano nella TPC 

• scudo per neutroni e gamma 

• Veto per muoni (WCD) 

• tanica cilindrica 11x10m, 1000 
ton di acqua ultrapura 

• veto attivo per muoni e 
neutroni prodotti da 
spallazione 

• scudo passivo per radioattività 
ambientale ai LNGS



DarkSide-50
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DarkSide-50 Assembly
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the polyethylene cylinders blocking the direct line
of sight between the target and the neutron detec-
tors were absent, resulting in a population of di-
rect neutron events visible near 80 ns in Fig. 5(b).
Because the neutron beam energy was higher to
produce these data (see Table I), good scattering
events cluster at shorter times of flight relative to
the 10.8 keV point (53 and 110 ns in Figs. 5(a) and
(b) versus 75 and 140 ns in Figs. 3(a) and (b)).

The light yield normalized to the value at null
field is shown as a function of drift field in Fig. 7
for five different recoil energies. As can be seen,
the signal yield decreases significantly as a func-
tion of the applied electric field, and this effect is
more pronounced for lower energy recoils. At a
field of 1 kV/cm, the light yield is reduced by 32%
(14%) for 10.8 (49.9) keV recoils. Such a significant
dependence on field has not been previously re-
ported.

The presence of an external electric field can
reduce the light yield by recoils in noble liquids
largely because the external field reduces the prob-
ability of ion-electron recombination and subse-
quent de-excitation, one of the processes that ul-
timately produces light. The size of the effect can
be expected to depend on the relative strengths of
the external field and the field due to the ionization
of the medium, the latter being determined by the
total ionization energy loss and the density of the
ionization along the path of the recoil. In general,
low density tracks are more likely to feel the influ-
ence of an external electric field. For electrons, the
reduction of light-yield by an external field in both
argon and neon is well-known [14, 34]. For our en-
ergies of interest (< 50 keV), we note that the argon
nuclei are on the decreasing side of the Bragg peak
(see Fig. 4 in [8] for example), and therefore lower
energy nuclear recoils have lower dE/dx. The sim-
plest interpretation of our data is that a modest
external electric field reduces the recombination
probability, and this reduction increases as the ar-
gon recoil energy decreases.

To date, estimates of the sensitivity of LAr-TPC
dark matter searches are based on the assump-
tion that electric field has only a small, energy-
independent effect on the light yield from nuclear
recoils. Our result has important implications for
the sensitivity estimates of LAr-TPC dark matter
experiments and on the choice of operating param-
eters of those experiments. While our results do
not necessarily transfer to xenon, the quality of the
data enabled by this technique may prompt similar
investigations in liquid xenon.

We particularly thank the technical staff at Fer-
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FIG. 7: Variation of the S1 scintillation yield for
10.8 to 49.9 keV nuclear recoils as a function of
drift field normalized to the value at null field.
Error bars on the data points taken at non-zero

field are statistical only and include the
uncertainty on the zero-field value.

milab, and A. Nelson of Princeton University and
E. Kaczanowicz of Temple University for their con-
tributions to the construction of the SCENE appa-
ratus. We thank Dr. G. Korga and Dr. A. Razeto
for providing the low-noise amplifiers used on the
LAr-TPC PMT signals. We thank Prof. D. N. McK-
insey, Dr. S. Cahn, and K. Charbonneau of Yale
University for the preparation of the 83mKr source.
Finally, we thank the staff at the Institute for
Structure & Nuclear Physics and the operators of
the Tandem accelerator of the University of Notre
Dame for their hospitality and for the smooth op-
eration of the beam.
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• 47.1 giorni vivi 

• LY: 

• ~7.9PE/keV @ campo 
nullo 

• ~7.0PE/keV @ 0.2V/cm 

• LSV con performance 
limitate dovuto a 
contaminazione 14C 

• Estrapolazione f90 ed 
energia rinculi nucleari 
ricavata da SCENE e 
validati con AmBe
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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 
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The first results (with atmospheric argon)  

Exposure: 1422 ± 67 kg x days  (47.1 days) 

1o risultato DarkSide-50 con AAr
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• Esposizione: (1422±67)kg∙d 

• zero eventi nella zona di interesse per materia oscura



1o risultato DarkSide-50 con AAr
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Fig. 5. Fits of f90 experimental distributions using the f90 model introduced in Ref. [44,45]. Left: fit for the lowest bin in the WIMP search region, 80 PE to 85 PE. Right: fit 
for a typical higher-energy bin, 180 PE to 185 PE.

Fig. 6. Nuclear recoil acceptance of the dark matter search box. Acceptance is fixed 
at 90% between 120 and 460 PE (54 and 206 keVr).

full search box, bounded by 80 PE<S1<460 PE (38 keV<Erecoil<
206 keV), of <0.1 events. The lower bound in S1 is chosen where 
the acceptance for WIMPs above the leakage curve drops be-
low 5% (see Fig. 6), while the upper bound is chosen to contain 
most of the integrated acceptance for WIMPs in the standard halo 
model discussed below. There are no events in the search re-
gion.

We observe 4 events passing all TPC cuts and with nuclear-
recoil-like f90, but with energy depositions in the LSV above our 
veto cut threshold. In coincidence with one of these 4 neutron 
candidates, we recorded signals near saturation in both the LSV
and the WCD, and therefore we classify that event as cosmogenic, 
leaving 3 radiogenic neutron candidates. This is to be compared to 
the ∼1.3 neutron-induced events expected from the Monte Carlo 
studies of PMT radioactivity discussed in Section 9.

To derive a dark matter limit from Fig. 4, we assume the 
standard isothermal-WIMP-halo model [46,47] with vescape =
544 km/s [48], v0 = 220 km/s [48], vEarth = 232 km/s [49], 
ρdm = 0.3 GeV/(c2 cm3) [47]. Given the null result shown in Fig. 4, 
we derive a 90% C.L. exclusion curve corresponding to the ob-
servation of 2.3 events for spin-independent interactions, and we 
compare it in Fig. 7 with limits from recent experiments.

11. Conclusions

We report on the first underground operations for physics data 
taking using the complete DarkSide-50 direct dark matter search 
detection system, including the LAr TPC, the liquid scintillator 
shield/veto, and the water-Cherenkov shield/veto. An innovative 
closed-loop argon circulation system with external purification and 
cooling allows the LAr TPC to achieve an electron drift lifetime of 
> 0.5 ms. Photoelectron yield of (7.9 ± 0.4) PE/keV at null field 
is achieved for detection of the primary argon scintillation, giving 

Fig. 7. Spin-independent WIMP-nucleon cross section 90% C.L. exclusion plot for the 
DarkSide-50 atmospheric argon campaign (solid blue) compared with results from 
LUX [50] (solid black), XENON100 [51] (dashed black), PandaX [52] (dotted black), 
CDMS [53] (solid red), and WARP [5] (dashed blue). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this 
article.)

the photoelectron statistics necessary for high performance pulse 
shape discrimination.

Fig. 4 covers the range of energies from 8.6 keV to 65.6 keV 
for 39Ar, and a total of 1.5 × 107 39Ar events were recorded over 
that energy range. Event selection based on the TPC cuts is shown 
to completely suppress 39Ar background events in the present 
(1422 ± 67) kg d exposure.

This exposure contains at least as many 39Ar events as
215 000 kg d, or 0.6 t yr, of running with UAr, proving that 
DarkSide-50 could run for two decades with UAr and be free of 
39Ar background. Alternatively, we note that the WIMP search re-
gion in even the longest contemplated DarkSide-50 UAr run, drawn 
to admit the same 0.01 events/(5–PE bin) of 39Ar as the analysis 
reported here, would move lower in f90, giving higher WIMP ac-
ceptance at low energies.

Although the liquid scintillator veto was compromised by a high 
14C content during this exposure, it was able to tag and remove 
the handful of neutron events expected. In the UAr run, we will be 
operating with a neutron veto that will be able to sustain lower 
thresholds, predicted to give considerably higher neutron rejection 
factor.

A WIMP search with the present dataset gives a limit as low as 
6.1 × 10−44 cm2 at 100 GeV/c2, the best result achieved to date 
with an argon target.
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• Ago. 2014 purificazione LSV e nuove calibrazioni in Nov. - Ott. 2014 

• Mar. - Apr. 2015 riempimento e inizio campagna con UAr
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• Primo risultato ottenuto con AAr e pubblicato 
Physics Letters B 743, 456 (2015) 

• Da Apr. 2015 è iniziata la campagna di presa 
dati con UAr 

• A breve pubblicazione risultati ottenuti con UAr


