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DARKSIDE

DARKSIDE PROGRAM
▸ Direct detection search for WIMP dark matter 

▸ Based on a two-phase argon time projection chamber (TPC) 

▸ Design philosophy based on having very low  
background levels that can be further reduced through  
active suppression, for background-free operation from 
both neutrons and β/γ’s
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DarkSide-50DarkSide-10 DarkSide-20k
and DarkSide-LowMass  

for low-mass dark matter searches



Liquid Xenon 

‣ Denser & Radio pure 

‣ Lower energy threshold 

‣ Sensitive to low mass WIMP

FEATURES OF NOBLE LIQUID DETECTORS
▸ Dense and easy to purify (good scalability, advantage over gaseous and solid target) 

▸ High scintillation & ionization (low energy threshold, not low enough to search < 1 GeV/c2 DM) 

▸ Transparent to own scintillation 

▸ No mechanical stress on target materials (one origin of low-energy  backgrounds) 

▸ Purification in situ after commissioning 

For TPC 

▸ High electron mobility and low diffusion 

▸ Amplification (electroluminescence gain) for ionization signal 

▸ Discrimination electron/nuclear recoils (ER/NR) via ionization/scintillation ratio
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Liquid Argon 

‣ lower temperature (Rn removal is easier) 

‣ Stronger ER discrimination via pulse 
shape 

‣ Intrinsic ER BG from 39Ar 

‣ Need wavelength shifter 

‣ Higher sensitivity at low mass WIMP



LAr AS A DARK MATTER DETECTION TARGET

UNDERGROUND Ar
▸ Intrinsic 39Ar radioactivity in atmospheric argon is the primary 

background for argon-based detectors 

▸ 39Ar activity sets the dark matter detection threshold at low energies 
(where pulse shape discrimination is less effective)  

▸ 39Ar is a cosmogenic isotope, and the activity in argon from 
underground sources can be significantly lower compared to 
atmospheric argon

1/1400
AAr 39Ar

39Ar reduction factor of  
~1400!
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▸ We deployed 157kg of 
underground argon in 2015.

Frank Calaprice



SENSITIVITY TO HIGH AND LOW MASS WIMPS 5

plot credit: http://resonaances.blogspot.ca

Number Density LowHigh

▸ Rise at high mass is due 
to fixed energy density 
of WIMPs. 

▸ Need large target mass. 

▸ Scalability is important!

▸ Sharp rise at low mass is due to detection 
threshold. 

▸ Need lower threshold          Ionization signal (S2)

DARK MATTER DIRECT DETECTION

Our 
target 
range



LAr AS A DARK MATTER DETECTION TARGET

LIQUID Ar TPC FOR DARK MATTER SEARCHES 

▸ Scintillation (S1) & Ionization (S2) 

▸ Pulse Shape Discrimination (PSD) 

▸ Drift time provides vertical event 
position 

▸ Electrofluorescence in gas gap lets 
us detect single e- with high 
efficiency.                                     
→Lower energy threshold 

▸ No PSD 

▸ No vertical position
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High Mass Search 
High Energy Events

Low Mass Search 
Low Energy Events
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DARKSIDE-50 LOW MASS

WHAT WE ACHIEVED IN DS-50 7

▸ Scintillation signal (S1): threshold at ~2 keVee / 6 keVnr   

▸ Ionization signal (S2): threshold < 0.1 keVee / 0.4 keVnr Can go lower threshold! 

▸ Ar has lighter mass than Xe. 
So, more efficient momentum 
transfer from low mass DM. 

WIMP spectra in Xe and Ar

▸ Use Ionization (S2) Only. 

▸ Amplified in the gas region (~23 PE/e- or more) 

▸ Sensitive to a single extracted electron! 

▸ The electron yield for nuclear recoils 
increases at low energy
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DARKSIDE-50 LOW MASS

WHAT WE ACHIEVED IN DS-50 8

Binomial  
Fluctuation

No Quenching  
  Fluctuation

XENON1T

PICO-60

XENON1T (Migdal)

DS-50 (2018)

CRESST-III

PandaX-4T The most stringent limit at 
Mχ = [1.2, 3.6] GeV/c2

Phys. Rev. D 107, 063001

Annual modulation analysis on arXiv!
arXiv:2307.07249

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.063001
https://arxiv.org/abs/2307.07249


BACKGROUNDS

WHAT LIMITS SENSITIVITY?

▸ Internal βs from 85Kr and 39Ar 

▸ 𝛾s from photosensors and 
cryostat 

▸ Spurious electrons (setting 
the energy threshold) 

▸ Limited understanding of LAr 
responses
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DarkSide-50 data

85Kr 𝝱
39Ar 𝝱

PMT 𝛄

Cryostat 𝛄

SE
β/γ backgrounds 



DARKSIDE LOWMASS

CRITERIA FOR FUTURE LAr TPC

▸ Low activity of 39Ar 

▸ Low impurity 

▸ good electron lifetime 

▸ low rate of the single 
electron events 

▸ Ultra-pure photo-sensor 

▸ Pure (or no) cryostat
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DarkSide-LowMass conceptual design4

noise, the near-perfect e�ciency for extracting elec-
trons from liquid to gaseous argon [23], the long drift
lifetime (enabled by excellent purity achievable in
LAr), and gas pocket amplification lets each ioniza-
tion electron be detected. As a result, the electron-
counting channel accesses energies near the work
function, lower than those reached by scintillation.

Dual-phase LAr TPCs benefit from scalability due
to LAr’s low cost and high transparency to photons
and electrons; their low temperature enables excep-
tional purity, as seen in DEAP-3600’s low 222Rn con-
centration [24] and DarkSide-50’s long electron drift
lifetime [25]. The relatively light nucleus also allows
light DM to produce higher-energy recoils.

These properties enable dual-phase LAr TPCs to
search for light DM into the solar neutrino fog. Max-
imizing sensitivity requires a dedicated detector op-
timized for electron-counting analyses by enhanc-
ing S2 and minimizing backgrounds that produce
<3 keV electron equivalent (keVee) signals, as ex-
pected from light DM. DarkSide-LowMass aims to
employ such a detector. This paper explores its po-
tential sensitivity, considering 2 and 4 e� analysis
thresholds and possible background levels and de-
tector response models. A conceptual design is pre-
sented in Sec. II; Sec. III describes response models,
and Sec. IV explores background scenarios. Finally,
Sec. V projects sensitivity with these models, and
Sec. VI discusses potential future improvements.

II. Conceptual detector design

Based on lessons from DarkSide-50 and progress
toward DarkSide-20k [14, 15, 20–22, 25–29], a con-
ceptual detector has been designed to optimize
DarkSide-LowMass for low-threshold analyses.

A. Lessons from DarkSide-50

While DarkSide-50 was designed for a high-mass
WIMP search using primary scintillation (S1) and
electroluminescence (S2), its sensitivity to light DM
elucidates how a dual-phase LAr TPC can be opti-
mized for an electron-counting analysis. This chan-
nel lacks S1, thereby losing the capacity to reject
electronic recoils (ERs) by pulse shape discrimina-
tion and to reconstruct interactions’ vertical posi-
tions [30]. DarkSide-50’s sensitivity was limited by
ERs due to �-rays from the photomultiplier tubes
and cryostat and �-decays of trace residual 85Kr
and 39Ar in the argon extracted from underground
(UAr) [31, 32]. At the lowest energies, spurious elec-
trons (SEs), not directly produced by energy depo-
sitions, dominate <4 e� backgrounds, imposing an
e↵ective analysis threshold. Mitigating SEs is key

Double walled cryostat

Structural supports

PDM Buffer Veto
(same at top)

TPC/Veto
optical barrier

Acrylic vessel

Veto photosensors

Bath Veto

Depleted argon
active(fiducial)

mass:1.5(1)t 

TPC photosensors
(same at bottom)

FIG. 1. Conceptual detector design: a 1.5 t dual-phase
LAr TPC in an acrylic vessel, viewed by two photosensor
arrays via 10 cm “bu↵er vetoes”, in a UAr “bath veto”
in a cryostat, immersed in a water tank (not shown).

to improving DarkSide-LowMass’s sensitivity.

B. Detector description

TABLE I. Conceptual detector design parameters.

Parameter Value
TPC active LAr mass 1.5 t
TPC fiducial LAr mass 1 t
TPC fiducial cylindrical radius 45 cm
TPC height 111 cm
TPC diameter 110 cm
TPC PDM number 864
TPC PDM peak e�ciency 40%
TPC gas pocket thickness 1 cm
TPC electroluminescence field 6.5 kV/cm
TPC drift field 200V/cm
Acrylic vessel mass 0.144 t
PDM dimensions 5⇥ 5 cm2

PDM bu↵er veto thickness 10 cm
PDM bu↵er veto total mass 0.3 t
Bath veto UAr mass 4.5 t
Bath veto minimum thickness 28 cm
Cryostat inner height 215 cm
Cryostat inner diameter 170 cm
Cryostat wall thickness 0.5 cm
Ti support structure total mass 0.1 t

Figure 1 shows a conceptual DarkSide-LowMass
design; Table I gives design parameters. The nested
structure isolates and vetoes against radioactivity.
The detector consists of the following elements:

a. Depleted Argon TPC: the inner detector is
a dual-phase TPC with an active (fiducial) mass of

Phys. Rev. D 107, 112006

Photo Detector Module (PDM)

~6 t of LAr

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112006


REDUCING β BACKGROUNDS

UNDERGROUND ARGON

▸ Urania (Extraction): 

‣ Expansion of the argon extraction 
plant in Cortez, CO, to reach 
capacity of 330 kg/day of 
Underground Argon 

▸ Aria (Isotope separation): 

‣ Very tall column in the Seruci mine 
in Sardinia, Italy, for high-volume 
chemical and isotopic purification 
of Underground Argon. A factor 
10 reduction of 39Ar per pass is 
expected with ~10 kg/day.
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DArT in ArDM

▸ DArT (assay): 

‣ A single phase low-background 
detector to measure the 39Ar 
depletion factor of different 
underground argon batches.

Seruci Wells
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R&D Column
30 cm diameter

350 m height

 

 

 

• Volatilità relative => 1.007 

• Valori tipici >1.5 

• Numero di stadi teorici => ordine delle migliaia 

• HETP = 10 cm 

• H=200-400 m 

• Usuali = 20-30 m 

• Fuori terra 

• A sezioni separate 

32
5 

m
 

Thousands of equilibrium stages reflects in a very tall column

~3
50

 m

ARIA column



BETA BACKGROUND

WHAT IF WITH HIGHER 39Ar CONCENTRATION?
▸ DarkSide-50 established 

we can achieve at least 750 
𝛍Bq. 

▸ With one path of ARIA (~75 
𝛍Bq), DarkSide-LowMass 
can search down to 
neutrino fog at 5 GeV/c2 
DM mass.  

▸ Lowering the threshold is 
more important to be 
sensitive to lower DM mass.
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9

tion in the bu↵ers from S2, and the fraction of light
concentrated in the top or bottom PDM array allows
these signals to be distinguished from S1.

C. �-decay backgrounds
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FIG. 7. Median 90% C.L. upper limits and 1� expecta-
tion band on 5GeV/c2 DM at varying 39Ar activity.

Two naturally-present �-emitters have been ob-
served in UAr: 39Ar, which DarkSide-50 measured
with a specific activity of (0.73± 0.11)mBq/kg, and
85Kr, at (1.9± 0.1)mBq/kg [25]. Improvements to
the UAr extraction facility [55, 56] are expected to
completely remove 85Kr and significantly reduce the
39Ar content relative to DarkSide-50’s measurement.

Residual 39Ar can be further suppressed using the
Aria facility [26], which will be capable of depleting
39Ar by a factor of 10 at a (8± 2) kg/d throughput.

Starting with an 39Ar activity comparable to
DarkSide-50’s measurement, the TPC can achieve
an activity of 73µBq/kg with one pass through Aria.
With improved UAr extraction and a second pass,
this activity may be brought as low as 7.3 µBq/kg.

Potential internal radioisotope activities are sum-
marized in Table IV. The e↵ects of varying the 39Ar
activity on the sensitivity to 5GeV/c2 DM with a
2 e� threshold are illustrated in Fig. 7, assuming
�-ray and neutrino backgrounds as discussed above.

TABLE IV. Internal radioisotope activities explored
here, with DarkSide-50 measurements for reference [25].

85Kr 39Ar
[µBq/kg]

DarkSide-50 1900± 100 730± 110
DS-LM 0 7.3–73

D. Cosmogenic backgrounds

Cosmic-rays create backgrounds by activating detec-
tor materials in transit and by producing prompt

muon-induced signals during operations. FLUKA [57]
simulations of muon-induced showers at Laboratori
Nazionali del Gran Sasso (LNGS) based on Ref. [58]
indicate that they pose a negligible background at
comparable or greater depths, such as at Boulby
Underground Laboratory or SNOLAB. Therefore,
these backgrounds are not considered further.

The dominant cosmogenic backgrounds are from
UAr activation. Calculations are performed assum-
ing the cosmic-ray neutron flux parameterized in
Ref. [59]; correction factors for di↵erent altitudes
and locations are obtained following Ref. [60]. Pro-
duction rates and cross sections are taken from mea-
surements and calculations in Refs. [61, 62] and
EXFOR [63] whenever available. Otherwise, cross sec-
tions are from the JENDL/AN-2005 [64], TENDL [65],
or HEAD-2009 [66] libraries or computed from the
COSMO [67], YIELDX [68], and ACTIVIA [69] codes.

TABLE V. Expected cosmogenically activated isotopes
in UAr, before isotopic purification of argon in Aria.

39Ar 37Ar 3H
[µBq/kg]

Urania!Aria 14.7± 1.3 806± 73 58± 12
Aria (1mo., surface) 2.57± 0.33 294± 39 9.0± 2.8
Aria!LNGS 0.86± 0.11 118± 15 3.00± 0.95
Aria!N.America 5.73± 0.73 483± 64 20.0± 6.3

Table V shows 39Ar, 37Ar, and 3H yields for trips
from the UAr extraction site at Urania (Colorado) to
Aria (Sardinia), from Aria to LNGS or North Amer-
ica, and per month outside the underground column
at Aria. Atmospheric argon has (40.4± 5.0) µBq/kg
of 42Ar [70], expected to be orders of magnitude
lower in UAr. At sea level, it is activated by suc-
cessive neutron captures on 40Ar and 41Ar and by
40Ar(↵, 2p)42Ar (14MeV threshold), at a rate 106 ⇥
lower than 39Ar [71]. Other isotopes have short half-
lives or will be removed by purification.

At Aria, (2.57± 0.33) µBq/kg/month of 39Ar will
be activated in UAr stored above ground dur-
ing distillation. For long campaigns, these e↵ects
can be mitigated by storing UAr underground. If
DarkSide-LowMass runs at LNGS or a lab compara-
bly far from Aria, (0.86± 0.11) µBq/kg of 39Ar will
be activated in transit. At North America, the yield
will be (5.73± 0.73) µBq/kg. Activated 3H is sepa-
rated from argon with SAES Getters [72] and will
be removed in situ while the UAr recirculates; 37Ar
will decay away with a 35 day half-life. Hence, nei-
ther isotope was included in sensitivity projections.

E. Neutrons

Radiogenic neutrons are produced by (↵,n) reac-
tions from trace 238U, 235U, and 232Th in detec-
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FIG. 11. Projected (Top) 90% C.L. exclusion curves for
the spin-independent DM-nucleon scattering cross sec-
tion with 73 µBq/kg of 39Ar, compared to (solid) current
and (dashed) projected limits. (Bottom) 3� significance
evidence contours with a (dashed) 2 or (dotted) 4 e�

threshold and (thick) 7.3 or (thin) 73 µBq/kg of 39Ar.
Binomial quenching fluctuations and 1 t yr exposures are
assumed. The neutrino fog in LAr, with n denoting the
impediment to a 3� DM observation, is in gray [13].
Limits from CRESST-III [84], DarkSide-50 [20], and
XENON1T [16] are shown, along with DAMIC-1K [86],
NEWS-G, and SuperCDMS [87] projections.

thresholds. In 1 t yr, a 4 e� threshold can reach the
n = 1.5 neutrino fog above 1.7GeV/c2, with signifi-
cant sensitivity down to 0.5GeV/c2. A 2 e� thresh-
old extends the reach to 0.3GeV/c2, with masses
above 0.7GeV/c2 within the fog. Decreasing the
39Ar activity improves sensitivity at all masses.

TABLE VII. DM masses above which evidence (discov-
ery) contours are within the n = 1.5 solar neutrino fog
at 3� (5�) significance, up to ⇠10GeV/c2.

Ne� threshold 39Ar activity 3� 5�
[e�] [µBq/kg] [GeV/c2]
2 7.3 0.60 0.68
2 73 0.68 0.79
4 7.3 1.42 1.67
4 73 1.71 2.12

An observation rejecting the background-only hy-

pothesis at 3� significance would constitute evidence
for DM, while 5� amounts to a discovery. Table VII
summarizes the masses for which 3� and 5� signifi-
cance is reached within the n = 1.5 neutrino fog.

D. Electron-scattering dark matter

DarkSide-LowMass will be sensitive to DM with
electronic couplings, via a vector mediator with mass
mA0 . As in Ref. [14], limiting cases of mA0 � 1/a0
(heavy mediator) and mA0 ⌧ 1/a0 (light mediator)
are considered, giving DM form factors FDM(q) of
1 or 1/(a0q)2, where a0 is the Bohr radius and q is
the momentum transfer. Fig. 12 shows the projected
90% C.L. exclusion curves and 3� evidence contours
with 1 t yr exposure. Sensitivity to heavy (light)
mediators with cross sections down to 10�42 cm2

(10�38 cm2) may be reached at 100MeV/c2.

TABLE VIII. DM masses where DM produced by freeze-
in (mA0 ⌧ 1/a0) or freeze-out (mA0 � 1/a0) may be ob-
served at 3� (evidence) and 5� (discovery) significance.

Ne�
39Ar mA0 ⌧ 1/a0 mA0 � 1/a0

thresh. activity 3� 5� 3� 5�
[e�] [µBq/kg] [MeV/c2] [MeV/c2]
2 7.3 13–1000 15–1000 9–317 9–293
2 73 15–1000 16–1000 9–291 10–270
4 7.3 66–404 — 27–256 27–236
4 73 — — 28–230 29–192

DM coupled to electrons via a dark photon with
↵D ⌘ g2D/4⇡, where gD is the U(1)D gauge coupling,
can be produced at the relic abundance through the
freeze-in mechanism if mA0 ⌧ 1/a0 and the freeze-
out mechanism if mA0 � 1/a0 [90]. Fig. 12 shows
the DM-electron scattering cross section �̄e that
gives the relic abundance for DM of mass m� with
↵D = 0.5 and either mA0 ! 0 or mA0 = 3m� for light
and heavy mediators, respectively. Away from reso-
nances such as mA0 = 2m�, these curves vary little
with choice of mA0 and ↵D [90]. Table VIII summa-
rizes m� ranges for which DarkSide-LowMass may
be able to observe DM with �̄e predicted by either
mechanism with at least 3� or 5� significance.

E. Solar neutrino sensitivity

CE⌫NS from solar neutrinos presents an oppor-
tunity to study solar neutrinos through a flavor-
universal channel. This reaction was first detected
by COHERENT [102, 103], enabling such studies.
With a 2 e� (4 e�) threshold, an 39Ar activity of
14.6 µBq/kg (7.3 µBq/kg) is required to detect solar
neutrinos with 5� significance in 1 t yr.

x0.1



LOW ENERGY BACKGROUND

WHAT CAUSE SPURIOUS ELECTRONS?
▸ From correlation with 

absence of a purification 
system etc., up to ~50% of 
SE can be impurity origin.   

▸ No identified SE events 
related to grid emission 
(seen in xenon-based 
detector). Wire vs plane 
(ITO) on the cathode and 
anode make difference? 

▸ Electron extraction efficiency 
is higher in Ar than Xe. 
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Emission of "hot" electrons from liquid and solid argon and 
xenon 

E. M. Gushchin, A. A. Kruglov, and I. M. Obodovskil 
Moscow Engineering Physics Institute 
(Submitted 7 December 1981) 
Zh. Eksp. Teor. Fi. 82,1485-1490 (May 1982) 

The dependence of the coefficient (probability) for emission of conduction electrons from condensed argon or 
xenon into the equilibrium gas on the external electric field strength and on the temperature is measured with 
a pulsed ionization chamber. The potential bamer at the interface is calculated by using the Lekner electron- 
energy distribution functions. The values obtained are 0.02,0.065,0.42, and 0.85 eV respectively for solid and 
liquid argon and for solid and liquid xenon. 

PACS numbers: 79.70. + q 

Emission of free electrons from solid argon was ap- 
parently observed back in 1948.' However, whereas the 
devices based on this phenomenon were already used in 
experimental physics2*' the emission process and the 
dependence of the coefficient of emission (of the escape 
probability) of electrons on such parameters a s  the 
temperature and the electric field strength remained 
practically uninvestigated. In earlier studies4* it was 
observed that in electric fields lower than 3 kv/cm 
there is no emission, and above 5-7 kv/cm practically 
all the free electrons a re  emitted in the gas phase. It 
was concluded therefore that the emitted electrons a re  
"hot," i.e., their energy E >> kT exceeds the work func- 
tion c,. An estimate of the emission time has shown 
that the electrons remain on the interface not more than 
0.1 psec. The results, however, were found to be con- 
tradictory and frequently were only estimates. Thus, 
e.g., the scatter of the results for different samples of 
crystalline xenon turned out to be very large, and was 
attributed by the authors of Ref. 5 to the difference in 
the quality of the grown crystals because of the differ- 
ent crystallization regimes. In our opinion, of much 
greater importance is the purity of the material, since 
the presence of insignificant amounts of molecular im- 
purities lowers greatly the energy, and consequently 
also the probability of escape of the electrons. In that 
case, even if the initial gas is of the same purity, dif- 
ferent crystallization regimes lead to different degrees 
of crowding out of the impurity from the crystal into 
the liquid in the course of the growth, and correspond- 

emission threshold i s  near 50-70 V/cm. In the crys- 
tals, furthermore, the emission coefficient was inde- 
pendent of the growth rate when the latter was varied 
from 1 to 10 mm/h. 

The electric field intensities corresponding to the 
emission threshold varied nonmonotonically with tem- 
perature, having a maximum near 120 K (Fig. 3). 

Oscillograms of the current and voltage pulses in a 
two-phase system offer evidence that the electron emis- 
sion from liquid argon is a complicated process that 
proceeds in two stages. At high temperatures the elec- 
tron emission is "fast," i.e., the electrons, while 
stopped by the interface, do not stay there more 0.1 
psec. At temperatures near the triple point, however, 
a "slow" component i s  observed. Par t  of the electrons 
is then emitted rapidly, and part stays for a relatively 
long time (20.1 msec) on the interface, and gradually 
escapes into the gas. Since the time constant RC of the 
employed amplifier did not exceed 400 psec, we were 
unable to carry  out detailed investigations of the slow 
component, and these have a semiquantitative charac- 
ter .  It was observed, in particular, that with increas- 
ing electric field strength the lifetime of the slow elec- 
trons on the interface decreases rapidly, a s  does also 
the contribution of the slow component to the overall 
emission coefficient, until only the fast component re- 
mains, a s  is seen from Fig. 1. It i s  possible that a t  

ingly to different purity of the produced crystal. K 
1.0 

In this connection, using a pulsed ionization chamber 
described in detail in Ref. 6, we have investigated elec- 
tron emission from condensed argon and xenon of ex- 

0.6 tremely low vol.%) density of extraneous impuri- 
ties. 

EXPERIMENTAL RESULTS 8.2 

Figures 1 and 2 show the emission coefficients o I 2 3 4 5 
(escape probabilities) of electrons from the condensed E, kvlcrn 

phase into an equilibrium gas, measured by us a s  func- FIG. 1. Dependence of the coefficient of electron emission 
tions of the electric field intensity inside the condensed from solid 80 K)  and liquid (.-fast component, o-fast 
phase. The emission curves have abrupt thresholds plus slow components, 90 K) argon, and solid ( A ,  160 K) and 
and a re  shifted in the case of the crystal towards lower liquid (0, 165 K) xenon on the electric field intensity. Solid 
values of E, especially in the case of argon, where the lines-calculations. 

860 Sov. Phys. JETP 55(5), May 1982 0038-5646/82/050860-03$04.00 O 1982 American Institute of Physics 860 
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REDUCING γ-RAY BACKGROUNDS

RADIOPURE DETECTOR
▸ Reduction of γ-ray backgrounds with 

improved radiopurity 

▸ SiPMs from DS-20k 

▸ Acrylic from DEAP 

▸ Radiopure cryostat away from TPC  

▸ Additional suppression with γ-ray veto 
system.
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backgrounds impede sensitivity [12, 13]. While so-
lar neutrinos limit the DM search, they enable solar
neutrino studies. The fog in Figs. 9 and 11 is given
for spectral indices n = �(d log �SI/d logMT )�1,
defining the gradient of the median spin-independent
cross section �SI that an experiment can observe at
3� significance with exposure MT [13].

B. �-ray backgrounds
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FIG. 5. Backgrounds from �-rays, 39Ar, and CE⌫NS,
compared to DarkSide-50. DM spectra for are shown
at 2.5, 5 and 10GeV/c2 masses with spin-independent
nucleon-scattering cross section �SI = 10�44 cm2.

Radioisotopes emit �-rays that scatter in the
TPC. Assays from DEAP-3600 [33] and DarkSide
are used to estimate the activity of all detector
components. Dominant backgrounds include X-rays
from the acrylic and �-rays from the PDMs, includ-
ing photosensors and their hardware—mostly from
40K and the 238U chain (238U to 230Th).

Radioactive decays in all detector components
were simulated using G4DS [41]. Energy depositions
were recorded in the TPC, bath veto, and PDM
bu↵er veto, and the expected signals were recon-
structed using the response model. The electron
drift time in the TPC was determined by the drift
speed and di↵usion in Ref. [47]. Events were re-
jected by a multiple-scatter cut if at least two S2
signals were separated by >4 µs. The reconstructed
position for events in the horizontal plane was de-
termined using the barycenter coordinates smeared
by a Gaussian to account for resolution. Varying
the smearing within the range in Fig. 3 changes the
observed background rate by <10%. Events out-
side of the inner 1 t core of the TPC, defined in the
horizontal plane, were rejected by a fiducial cut.

Events are rejected if more than 100 keV (50 keV)
of energy is deposited in the bath (PDM bu↵er) veto,
within an anti-coincidence window of tmax

drift = 1.18ms
preceding the S2 time. The use of UAr in the vetoes

allows thresholds below the 39Ar endpoint; account-
ing for energy depositions in both vetoes from �-rays
and 39Ar decays, a 3.5–4.0% dead time is expected,
depending on vdrift and the 39Ar activity.

Total background rates after selection cuts are
shown in Fig. 5, compared to DarkSide-50’s best-
fit backgrounds and example DM signals. Follow-
ing veto cuts, the total �-ray background rate at
Ne�<12 e� is below that from solar neutrinos. No
further R&D is needed to improve PDM radiopurity.

1. E↵ects of the PDM bu↵er veto
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FIG. 6. Energy deposited in (blue) the PDM bu↵er
veto and (green) bath veto for simulated �-rays from the
photoelectronics with <3 keV single-scatters in the TPC
fiducial volume, considering both vetoes independently.

The dominant �-ray background source is the pho-
toelectronics. Since fiducialization along the vertical
axis is not possible, low-energy X-rays and �-rays
that preferentially scatter in the first 10 cm of LAr
are not mitigated by fiducial cuts. Instead, the PDM
bu↵er shields the TPC from such backgrounds while
still allowing those that scatter in it to be tagged.

Figure 6 shows the energy deposited in the ve-
toes for simulated �-rays originating in the photo-
electronics that produced single-scatters below 3 keV
in the fiducial volume. Simulations indicate that
the bu↵er veto can achieve a light yield �4PE/keV,
making a 50 keV threshold realistic, and that lower
thresholds only marginally improve their e�ciency.
Since �-rays can be absorbed in inactive materials
after scattering in the TPC, only 51% are tagged
by the bath veto. However, since they must pass
through the PDM bu↵er veto before reaching the
TPC, 91% of the �-rays that penetrate the bu↵er
and produce a background event are tagged by it.

While the PDM bu↵er veto and TPC share in-
strumentation, optical simulations show that pulse
shape discrimination e�ciently separates scintilla-
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noise, the near-perfect e�ciency for extracting elec-
trons from liquid to gaseous argon [23], the long drift
lifetime (enabled by excellent purity achievable in
LAr), and gas pocket amplification lets each ioniza-
tion electron be detected. As a result, the electron-
counting channel accesses energies near the work
function, lower than those reached by scintillation.

Dual-phase LAr TPCs benefit from scalability due
to LAr’s low cost and high transparency to photons
and electrons; their low temperature enables excep-
tional purity, as seen in DEAP-3600’s low 222Rn con-
centration [24] and DarkSide-50’s long electron drift
lifetime [25]. The relatively light nucleus also allows
light DM to produce higher-energy recoils.

These properties enable dual-phase LAr TPCs to
search for light DM into the solar neutrino fog. Max-
imizing sensitivity requires a dedicated detector op-
timized for electron-counting analyses by enhanc-
ing S2 and minimizing backgrounds that produce
<3 keV electron equivalent (keVee) signals, as ex-
pected from light DM. DarkSide-LowMass aims to
employ such a detector. This paper explores its po-
tential sensitivity, considering 2 and 4 e� analysis
thresholds and possible background levels and de-
tector response models. A conceptual design is pre-
sented in Sec. II; Sec. III describes response models,
and Sec. IV explores background scenarios. Finally,
Sec. V projects sensitivity with these models, and
Sec. VI discusses potential future improvements.

II. Conceptual detector design

Based on lessons from DarkSide-50 and progress
toward DarkSide-20k [14, 15, 20–22, 25–29], a con-
ceptual detector has been designed to optimize
DarkSide-LowMass for low-threshold analyses.

A. Lessons from DarkSide-50

While DarkSide-50 was designed for a high-mass
WIMP search using primary scintillation (S1) and
electroluminescence (S2), its sensitivity to light DM
elucidates how a dual-phase LAr TPC can be opti-
mized for an electron-counting analysis. This chan-
nel lacks S1, thereby losing the capacity to reject
electronic recoils (ERs) by pulse shape discrimina-
tion and to reconstruct interactions’ vertical posi-
tions [30]. DarkSide-50’s sensitivity was limited by
ERs due to �-rays from the photomultiplier tubes
and cryostat and �-decays of trace residual 85Kr
and 39Ar in the argon extracted from underground
(UAr) [31, 32]. At the lowest energies, spurious elec-
trons (SEs), not directly produced by energy depo-
sitions, dominate <4 e� backgrounds, imposing an
e↵ective analysis threshold. Mitigating SEs is key

Double walled cryostat

Structural supports

PDM Buffer Veto
(same at top)

TPC/Veto
optical barrier

Acrylic vessel

Veto photosensors

Bath Veto

Depleted argon
active(fiducial)

mass:1.5(1)t 

TPC photosensors
(same at bottom)

FIG. 1. Conceptual detector design: a 1.5 t dual-phase
LAr TPC in an acrylic vessel, viewed by two photosensor
arrays via 10 cm “bu↵er vetoes”, in a UAr “bath veto”
in a cryostat, immersed in a water tank (not shown).

to improving DarkSide-LowMass’s sensitivity.

B. Detector description

TABLE I. Conceptual detector design parameters.

Parameter Value
TPC active LAr mass 1.5 t
TPC fiducial LAr mass 1 t
TPC fiducial cylindrical radius 45 cm
TPC height 111 cm
TPC diameter 110 cm
TPC PDM number 864
TPC PDM peak e�ciency 40%
TPC gas pocket thickness 1 cm
TPC electroluminescence field 6.5 kV/cm
TPC drift field 200V/cm
Acrylic vessel mass 0.144 t
PDM dimensions 5⇥ 5 cm2

PDM bu↵er veto thickness 10 cm
PDM bu↵er veto total mass 0.3 t
Bath veto UAr mass 4.5 t
Bath veto minimum thickness 28 cm
Cryostat inner height 215 cm
Cryostat inner diameter 170 cm
Cryostat wall thickness 0.5 cm
Ti support structure total mass 0.1 t

Figure 1 shows a conceptual DarkSide-LowMass
design; Table I gives design parameters. The nested
structure isolates and vetoes against radioactivity.
The detector consists of the following elements:

a. Depleted Argon TPC: the inner detector is
a dual-phase TPC with an active (fiducial) mass of
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backgrounds impede sensitivity [12, 13]. While so-
lar neutrinos limit the DM search, they enable solar
neutrino studies. The fog in Figs. 9 and 11 is given
for spectral indices n = �(d log �SI/d logMT )�1,
defining the gradient of the median spin-independent
cross section �SI that an experiment can observe at
3� significance with exposure MT [13].

B. �-ray backgrounds
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FIG. 5. Backgrounds from �-rays, 39Ar, and CE⌫NS,
compared to DarkSide-50. DM spectra for are shown
at 2.5, 5 and 10GeV/c2 masses with spin-independent
nucleon-scattering cross section �SI = 10�44 cm2.

Radioisotopes emit �-rays that scatter in the
TPC. Assays from DEAP-3600 [33] and DarkSide
are used to estimate the activity of all detector
components. Dominant backgrounds include X-rays
from the acrylic and �-rays from the PDMs, includ-
ing photosensors and their hardware—mostly from
40K and the 238U chain (238U to 230Th).

Radioactive decays in all detector components
were simulated using G4DS [41]. Energy depositions
were recorded in the TPC, bath veto, and PDM
bu↵er veto, and the expected signals were recon-
structed using the response model. The electron
drift time in the TPC was determined by the drift
speed and di↵usion in Ref. [47]. Events were re-
jected by a multiple-scatter cut if at least two S2
signals were separated by >4 µs. The reconstructed
position for events in the horizontal plane was de-
termined using the barycenter coordinates smeared
by a Gaussian to account for resolution. Varying
the smearing within the range in Fig. 3 changes the
observed background rate by <10%. Events out-
side of the inner 1 t core of the TPC, defined in the
horizontal plane, were rejected by a fiducial cut.

Events are rejected if more than 100 keV (50 keV)
of energy is deposited in the bath (PDM bu↵er) veto,
within an anti-coincidence window of tmax

drift = 1.18ms
preceding the S2 time. The use of UAr in the vetoes

allows thresholds below the 39Ar endpoint; account-
ing for energy depositions in both vetoes from �-rays
and 39Ar decays, a 3.5–4.0% dead time is expected,
depending on vdrift and the 39Ar activity.

Total background rates after selection cuts are
shown in Fig. 5, compared to DarkSide-50’s best-
fit backgrounds and example DM signals. Follow-
ing veto cuts, the total �-ray background rate at
Ne�<12 e� is below that from solar neutrinos. No
further R&D is needed to improve PDM radiopurity.

1. E↵ects of the PDM bu↵er veto
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FIG. 6. Energy deposited in (blue) the PDM bu↵er
veto and (green) bath veto for simulated �-rays from the
photoelectronics with <3 keV single-scatters in the TPC
fiducial volume, considering both vetoes independently.

The dominant �-ray background source is the pho-
toelectronics. Since fiducialization along the vertical
axis is not possible, low-energy X-rays and �-rays
that preferentially scatter in the first 10 cm of LAr
are not mitigated by fiducial cuts. Instead, the PDM
bu↵er shields the TPC from such backgrounds while
still allowing those that scatter in it to be tagged.

Figure 6 shows the energy deposited in the ve-
toes for simulated �-rays originating in the photo-
electronics that produced single-scatters below 3 keV
in the fiducial volume. Simulations indicate that
the bu↵er veto can achieve a light yield �4PE/keV,
making a 50 keV threshold realistic, and that lower
thresholds only marginally improve their e�ciency.
Since �-rays can be absorbed in inactive materials
after scattering in the TPC, only 51% are tagged
by the bath veto. However, since they must pass
through the PDM bu↵er veto before reaching the
TPC, 91% of the �-rays that penetrate the bu↵er
and produce a background event are tagged by it.

While the PDM bu↵er veto and TPC share in-
strumentation, optical simulations show that pulse
shape discrimination e�ciently separates scintilla-

PDM buffer

Photo Detector Module (PDM)

PDM buffer

100x 
suppression

Phys. Rev. D 107, 112006

γ rate is estimated starting from measured activity 
of current DS-20k pro-production light detectors.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112006


REDUCING γ-RAY BACKGROUNDS

PHOTO SENSOR
▸ Custom cryogenic SiPMs developed in collaboration with 

Fondazione Bruno Kessler (FBK), in Italy. 

▸ Key features 

▸ Photon detection efficiency (PDE) ~45%  

▸ Low dark-count rate < 0.01 Hz/mm2 at 77K 

▸ Mass production of the raw wafer in LFoundry company 
and assembly in a dedicated facility at LNGS (NOA). 

▸ SiPM with integrated electronics (ASIC) will reduce 
radioactive components.

Single SPADs 

~25-30 μm2

Single SiPM 

~1 cm2

Photo Detector Module (PDM) 
= matrix of  24 SiPMs, 5 x 5 cm2 

4 PDUs are summed and read as a single channel  
(largest single SiPM unit ever!) 

Photo Detector Unit (PDU) = matrix of  16 PDMs 
20 x 20 cm2
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DARKSIDE-LOWMASS

SENSITIVITY PREDICTION

▸ With 1 t yr exposure, 𝛎-fog is reachable!
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FIG. 11. Projected (Top) 90% C.L. exclusion curves for
the spin-independent DM-nucleon scattering cross sec-
tion with 73 µBq/kg of 39Ar, compared to (solid) current
and (dashed) projected limits. (Bottom) 3� significance
evidence contours with a (dashed) 2 or (dotted) 4 e�

threshold and (thick) 7.3 or (thin) 73 µBq/kg of 39Ar.
Binomial quenching fluctuations and 1 t yr exposures are
assumed. The neutrino fog in LAr, with n denoting the
impediment to a 3� DM observation, is in gray [13].
Limits from CRESST-III [84], DarkSide-50 [20], and
XENON1T [16] are shown, along with DAMIC-1K [86],
NEWS-G, and SuperCDMS [87] projections.

thresholds. In 1 t yr, a 4 e� threshold can reach the
n = 1.5 neutrino fog above 1.7GeV/c2, with signifi-
cant sensitivity down to 0.5GeV/c2. A 2 e� thresh-
old extends the reach to 0.3GeV/c2, with masses
above 0.7GeV/c2 within the fog. Decreasing the
39Ar activity improves sensitivity at all masses.

TABLE VII. DM masses above which evidence (discov-
ery) contours are within the n = 1.5 solar neutrino fog
at 3� (5�) significance, up to ⇠10GeV/c2.

Ne� threshold 39Ar activity 3� 5�
[e�] [µBq/kg] [GeV/c2]
2 7.3 0.60 0.68
2 73 0.68 0.79
4 7.3 1.42 1.67
4 73 1.71 2.12

An observation rejecting the background-only hy-

pothesis at 3� significance would constitute evidence
for DM, while 5� amounts to a discovery. Table VII
summarizes the masses for which 3� and 5� signifi-
cance is reached within the n = 1.5 neutrino fog.

D. Electron-scattering dark matter

DarkSide-LowMass will be sensitive to DM with
electronic couplings, via a vector mediator with mass
mA0 . As in Ref. [14], limiting cases of mA0 � 1/a0
(heavy mediator) and mA0 ⌧ 1/a0 (light mediator)
are considered, giving DM form factors FDM(q) of
1 or 1/(a0q)2, where a0 is the Bohr radius and q is
the momentum transfer. Fig. 12 shows the projected
90% C.L. exclusion curves and 3� evidence contours
with 1 t yr exposure. Sensitivity to heavy (light)
mediators with cross sections down to 10�42 cm2

(10�38 cm2) may be reached at 100MeV/c2.

TABLE VIII. DM masses where DM produced by freeze-
in (mA0 ⌧ 1/a0) or freeze-out (mA0 � 1/a0) may be ob-
served at 3� (evidence) and 5� (discovery) significance.

Ne�
39Ar mA0 ⌧ 1/a0 mA0 � 1/a0

thresh. activity 3� 5� 3� 5�
[e�] [µBq/kg] [MeV/c2] [MeV/c2]
2 7.3 13–1000 15–1000 9–317 9–293
2 73 15–1000 16–1000 9–291 10–270
4 7.3 66–404 — 27–256 27–236
4 73 — — 28–230 29–192

DM coupled to electrons via a dark photon with
↵D ⌘ g2D/4⇡, where gD is the U(1)D gauge coupling,
can be produced at the relic abundance through the
freeze-in mechanism if mA0 ⌧ 1/a0 and the freeze-
out mechanism if mA0 � 1/a0 [90]. Fig. 12 shows
the DM-electron scattering cross section �̄e that
gives the relic abundance for DM of mass m� with
↵D = 0.5 and either mA0 ! 0 or mA0 = 3m� for light
and heavy mediators, respectively. Away from reso-
nances such as mA0 = 2m�, these curves vary little
with choice of mA0 and ↵D [90]. Table VIII summa-
rizes m� ranges for which DarkSide-LowMass may
be able to observe DM with �̄e predicted by either
mechanism with at least 3� or 5� significance.

E. Solar neutrino sensitivity

CE⌫NS from solar neutrinos presents an oppor-
tunity to study solar neutrinos through a flavor-
universal channel. This reaction was first detected
by COHERENT [102, 103], enabling such studies.
With a 2 e� (4 e�) threshold, an 39Ar activity of
14.6 µBq/kg (7.3 µBq/kg) is required to detect solar
neutrinos with 5� significance in 1 t yr.

Phys. Rev. D 107, 112006▸ Assumptions 
▸ 85Kr: expect to fully remove 
▸ 73 μBq (1/10 of DS-50) of 39Ar 
▸ γ rate based on measured DS-20k PDM 
▸ 1 t yr exposure

90% CL upper limits 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112006


DARKSIDE-LOWMASS

LOCATIONS

Candidate locations: 

▸ The Gran Sasso National Laboratory (LNGS), Italy 

▸ The China Jinping Underground Laboratory (CJPL), China 

▸ Boulby Underground Laboratory, UK (SOLAIRE, DRD2 
proposal) 

▸ Any other place? 
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Figure 13: Measurements of the vertical intensity (a) and total muon flux (b) at di↵erent underground sites. The red dashed

line in (b) is the empirical formula for the down mine shaft case. The blue dashed line and shade in (b) are the fitting result

and uncertainty for the factor F .
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LOW ENERGY NUCLEAR RECOIL CALIBRATION

ReD EXPERIMENT
▸ Low energy Nuclear Recoil 

calibration is necessary to 
model DM signals. 

▸ A small TPC with SiPM 
readout 

▸ Finished the directionality 
study and prepare for low 
energy NR calibration 

▸ New results with a Cf 
neutron source is underway. 

▸ Calibration point down to 
1-2 keV.
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Neutron Source:
252Cf, AmBe capsule

Tagger:
 YAG:Ce cell  D=6 
cm H=3 cm

Collimator (HDPE 5% B):
Inner R   0.4- 6.6 cm 1.5 mm SS

11.3 cm

100 cm 100 cm
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    4 deg
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Figure 2: Sketch of the experimental set-up described in the text for Ls=100 cm and ✓cone=4 [deg]. LTPC
y is 16 cm.
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OTHER LAr DM DETECTOR

SCINTILLATING BUBBLE CHAMBER

▸ ER free bubble chamber + good 
energy resolution of liquid 
scintillator. 

▸ No bubble formation from ERs via 
this heat channel. 

▸ BG free even at low energy NRs (<1 
keV). 

▸ 1 ton-yr exposure with BG free could 
be achievable with extrapolation of 
the current technology.
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Liquid-noble Bubble Chambers for Dark Matter and CE⌫NS Detection

certainties in the solar neutrino model exceed the statistical uncertainty in the measured
scattering rate. In other words, at a ton-year exposure, SBC shifts from performing a
dark matter search to exploring solar neutrino physics through the CE⌫NS channel. This
complementarity has been explored in [21].
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Figure 1: Left: Current limits and projections in the search for GeV-scale dark matter. All curves
are 90% C.L. limits (solid lines [6, 10, 11, 22, 23, 24, 25, 26, 27, 28, 29, 30]) or projected limits
in the absence of a dark matter signal (dotted lines [5, 18, 31, 32, 33]) on the spin-independent
DM-nucleon scattering cross section. Additional projections circulated during the Snowmass pro-
cess are collected at [2]. The dashed brown curves are benchmarks indicating the exposure and
threshold necessary to reach the solar CE⌫NS floor, assuming no background except for the CE⌫NS
signal, which is subtracted assuming zero uncertainty on the CE⌫NS rate. The neutrino (CE⌫NS)
floor is taken from [1], where “n = 2” indicates the point at which sensitivity grows with the
square-root of exposure, or roughly where systematic uncertainties in the CE⌫NS signal overtake
statistical uncertainty in the measured CE⌫NS rate. Right: Sensitivity to a new B�L coupling for an
argon nuclear-recoil detector with 100-eV threshold measuring coherent scattering rates of reactor
neutrinos, showing exclusion limits at 95% C.L. in the g0 � MZ0 plane. Setup A refers to a 10-kg
chamber 3 m from the 1-MWth research reactor at ININ near Mexico City. Setup B refers to a 100-kg
chamber 30 m from a 2-GWth power reactor. Both curves include background models (excluding
electron-recoil backgrounds) and neutrino flux uncertainty. Current limits from the CONNIE reactor
CE⌫NS search [34], stopped-pion-decay CE⌫NS measurements [35, 36, 37], collider experiments
[38, 39, 40], and beam dump experiments [41, 42, 43, 44, 45, 46, 47, 48, 49, 50] are also shown.
Plot published in [51].

1.2 Coherent Neutrino Scattering at O(1 MeV)

The CE⌫NS interaction was first observed by the COHERENT collaboration, measuring
neutrinos produced by stopped-pion and -muon decay at the Oak Ridge National Labora-
tory’s Spallation Neutron Source (SNS) scattering off cesium and iodine nuclei, producing
recoils with momenta of ⇠50 MeV/c (⇠10 keV recoil energy) [35]. COHERENT has since
measured this process on argon nuclei as well [36], but the CE⌫NS process from either
solar neutrinos or nuclear reactor anti-neutrinos has yet to be measured.

6

Liquid-noble Bubble Chambers for Dark Matter and CE⌫NS Detection

Figure 6: Schematic (left) and annotated solid model (right) of the SBC-LAr10 detector.

3.2 Thermo-mechanical design

As in other bubble chamber dark matter detectors, the SBC-LAr10 chamber must hold the
target volume in the desired superheated state with at at least ±0.5 K and ±0.1 bar preci-
sion (corresponding to a ±5 eV Seitz threshold at the target operating condition), waiting
for a bubble nucleation event. When bubble nucleation does occur, the chamber is recom-
pressed within a fraction of a second to drive the fluid volume back to an entirely liquid
state. Both the precision regulation and fast compression must be achieved without expos-
ing the superheated liquid to rough surfaces that can lead to spurious bubble nucleation.
SBC-LAr10 adopts a buffer-free, dual-temperature-zone strategy to achieve this, as is also
used by PICO-40L and PICO-500 [19] and has been implemented successfully in SBC and
PICO test chambers [71, 73, 74, 92, 93].

3.2.1 Pressure Control

To avoid surface nucleation, the superheated fluid target is contained in a radiopure, UV-
transparent, fused silica vessel (Hereaus Suprasil 310), with a second concentric, smaller-
radius vessel acting as a piston to control the pressure of the target fluid. Both vessels are
sealed to a stainless steel bellows with spring-energized polytetrafluoroethylene (PTFE)
seals. The bellows, seals, and connected stainless steel piping are held at a lower tempera-
ture than the target fluid, such that the fluid contacting them is a stable liquid even in the
depressurized state, with a temperature gradient (130 K to 90 K for LAr) in the annular
space between the fused silica vessels. A test assembly of the complete vessel-and-bellows
system is shown in Fig. 7 (left).

Typical operating pressures in SBC-LAr10 are 1.4 bara and 25 bara in the superheated
and compressed states, respectively, well above the ⇠1.3 bar differential pressure rating of
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SUMMARY
▸ LAr-based detectors have several advantages for low mass DM searches. 

▸ DarkSide-50 has established the sensitivity of LAr for low mass dark matter.  

▸ DarkSide-LowMass has a clear path to the 𝛎-fog with the technologies 
developed for DarkSide-20k.  

▸ Significant γ-ray background reduction due to radio pure materials and the veto 
system. 

▸ Room for additional sensitivity gains from:  

▸ 39Ar reduction: Improvements in UAr extraction with the Urania plant and 
isotopic purification with the Aria cryogenic distillation column,  

▸ Lower energy threshold: Lower SE backgrounds, better UAr purity, and 
optimized field design.  

▸ Ongoing R&D for spurious electron suppression, low-energy recoil calibration 
measurements, and further energy threshold reduction.

20
DARKSIDE-LOWMASS

Please check Phys. Rev. D 107, 112006 for more details!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112006


Backup



BETA BACKGROUND

COSMOGENIC ACTIVATION IN TRANSIT
▸ Cosmogenic activation in transportation is inevitable. 

▸ Detail activation calculations for plausible 
transportation paths, UAr purification at Aria.
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tion in the bu↵ers from S2, and the fraction of light
concentrated in the top or bottom PDM array allows
these signals to be distinguished from S1.

C. �-decay backgrounds
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FIG. 7. Median 90% C.L. upper limits and 1� expecta-
tion band on 5GeV/c2 DM at varying 39Ar activity.

Two naturally-present �-emitters have been ob-
served in UAr: 39Ar, which DarkSide-50 measured
with a specific activity of (0.73± 0.11)mBq/kg, and
85Kr, at (1.9± 0.1)mBq/kg [25]. Improvements to
the UAr extraction facility [55, 56] are expected to
completely remove 85Kr and significantly reduce the
39Ar content relative to DarkSide-50’s measurement.

Residual 39Ar can be further suppressed using the
Aria facility [26], which will be capable of depleting
39Ar by a factor of 10 at a (8± 2) kg/d throughput.

Starting with an 39Ar activity comparable to
DarkSide-50’s measurement, the TPC can achieve
an activity of 73µBq/kg with one pass through Aria.
With improved UAr extraction and a second pass,
this activity may be brought as low as 7.3 µBq/kg.

Potential internal radioisotope activities are sum-
marized in Table IV. The e↵ects of varying the 39Ar
activity on the sensitivity to 5GeV/c2 DM with a
2 e� threshold are illustrated in Fig. 7, assuming
�-ray and neutrino backgrounds as discussed above.

TABLE IV. Internal radioisotope activities explored
here, with DarkSide-50 measurements for reference [25].

85Kr 39Ar
[µBq/kg]

DarkSide-50 1900± 100 730± 110
DS-LM 0 7.3–73

D. Cosmogenic backgrounds

Cosmic-rays create backgrounds by activating detec-
tor materials in transit and by producing prompt

muon-induced signals during operations. FLUKA [57]
simulations of muon-induced showers at Laboratori
Nazionali del Gran Sasso (LNGS) based on Ref. [58]
indicate that they pose a negligible background at
comparable or greater depths, such as at Boulby
Underground Laboratory or SNOLAB. Therefore,
these backgrounds are not considered further.

The dominant cosmogenic backgrounds are from
UAr activation. Calculations are performed assum-
ing the cosmic-ray neutron flux parameterized in
Ref. [59]; correction factors for di↵erent altitudes
and locations are obtained following Ref. [60]. Pro-
duction rates and cross sections are taken from mea-
surements and calculations in Refs. [61, 62] and
EXFOR [63] whenever available. Otherwise, cross sec-
tions are from the JENDL/AN-2005 [64], TENDL [65],
or HEAD-2009 [66] libraries or computed from the
COSMO [67], YIELDX [68], and ACTIVIA [69] codes.

TABLE V. Expected cosmogenically activated isotopes
in UAr, before isotopic purification of argon in Aria.

39Ar 37Ar 3H
[µBq/kg]

Urania!Aria 14.7± 1.3 806± 73 58± 12
Aria (1mo., surface) 2.57± 0.33 294± 39 9.0± 2.8
Aria!LNGS 0.86± 0.11 118± 15 3.00± 0.95
Aria!N.America 5.73± 0.73 483± 64 20.0± 6.3

Table V shows 39Ar, 37Ar, and 3H yields for trips
from the UAr extraction site at Urania (Colorado) to
Aria (Sardinia), from Aria to LNGS or North Amer-
ica, and per month outside the underground column
at Aria. Atmospheric argon has (40.4± 5.0) µBq/kg
of 42Ar [70], expected to be orders of magnitude
lower in UAr. At sea level, it is activated by suc-
cessive neutron captures on 40Ar and 41Ar and by
40Ar(↵, 2p)42Ar (14MeV threshold), at a rate 106 ⇥
lower than 39Ar [71]. Other isotopes have short half-
lives or will be removed by purification.

At Aria, (2.57± 0.33) µBq/kg/month of 39Ar will
be activated in UAr stored above ground dur-
ing distillation. For long campaigns, these e↵ects
can be mitigated by storing UAr underground. If
DarkSide-LowMass runs at LNGS or a lab compara-
bly far from Aria, (0.86± 0.11) µBq/kg of 39Ar will
be activated in transit. At North America, the yield
will be (5.73± 0.73) µBq/kg. Activated 3H is sepa-
rated from argon with SAES Getters [72] and will
be removed in situ while the UAr recirculates; 37Ar
will decay away with a 35 day half-life. Hence, nei-
ther isotope was included in sensitivity projections.

E. Neutrons

Radiogenic neutrons are produced by (↵,n) reac-
tions from trace 238U, 235U, and 232Th in detec-

▸ 37Ar: (EC, x-rays+e- ~ 277 or 2829 eV) t1/2 = 35 days → Good calibration, removes itself


▸ 3H: (β-, Qβ = 18.6 keV) t1/2 = 12.3 years → Remove w/ chem. purification (ex situ: Aria, 
in situ: Getter) 


▸ 39Ar: (β-, Qβ = 565 keV) t1/2 = 269 years → Sets floor: Hard to go below ~1 μBq/kg. 
For reference, 100× reduction relative to DS-50 gives 7.3 μBq/kg 


