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Outline

DarkSide-50 (DS50) detector concept

Recent results:

Blind analysis of 532 live days of Underground Argon data (S1+S2),
target high mass WIMP

Low mass DM searches interactive through electron or nuclear
recoils with a ionization only measurement (S2-only)

Future DarkSide program:
DS-proto
DarkSide-20k

Conclusions
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DarkSide-50

Top PMT array

| = PMT mount and
/ reflector

Diving bell

LAr feed /

e
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Extraction grid

Boiler for gas pocket

Field cage rings
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ITO cathode
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Cathode window

Bottom PMT array

-
35.6 height diameter x 35.6 cm height TPC
46.4 Kg of Active Liquid Argon

Filled with Low Radioactivity Argon (150 Kg
total) tapped from underground CO, wells

in Cortez, CO (UAr)

Viewed by 38 Hamamatsu R11065 PMT

1,000 tonnes of ultrapure water
instrumented with 80 photomultiplier

tubes as Cherenkov veto for cosmic rays.

4-m diameter liquid scintillator sphere
equipped with 120 photomultiplier
tubes as a high-efficiency neutron veto.
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Two Phase (LAr) TPC

THE TIME-PROJECTION CHAMBER (TPC)
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and Pulse Shape Discrimination (PSD)
WIMPs are nuclear recoils
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Two Phase-TPC fiducialization
method

top hit pattern:

Dual phase TPC x-y localization
allow precision
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ER rejection using PSD in LAr

Bkg rejection in LAr based ¢
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PHYSICAL REVIEW D 93, 081101(R) (2016)
Results from the first use of low radioactivity argon in a dark matter search
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First blind analysis of UAr data
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Design of an analysis delivering a signal region with
less than 0.1 bkg events expected

Use data driven measurement and methods to identify and
reduce background sources

First use of radial fiducialization in addition to the usual in Z
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[50 PE X kg X s]

Events /

DS50 Background modeling

3Ar emits B~
Activity in atmospheric Argonj
~1 Bqg/Kg

Reduced by a factor 1400

using Argon from
underground sources

85Kr also found in the tapped
source 15~

Events / [2 ke

L Ldeh 1 | 11 1 1 X103

10"

AAr Data at 200 V/cm
(LSV Anti-coinc.)

10,2 UAr Data at 200 V/cm
(LSV Anti-coinc.)

s ——— %Kr (Global Fit)
10

X1/1400

———— *Ar (Global Fit)

10
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0 1000
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TABLE I. TPC component activities, estimated by fit-
tlng 232ThPMT7 238U10§16Tr7 4OKPMT, and GOCOPMT in se-
quence, followed by 3 Upm, 238U;ﬁ)¥ while *’Kr and
39 Ar are fixed at their measured rates as reported in [15].
Cryostat activities (.) are summed across all cryostat lo-
cations, and fixed at their respective measured rates from
assays. PMT activities (,) are summed across all PMT
locations, and across all 38 tubes.

Source | Activity [Bq] || Source | Activity [Bq]
2Th, [ 0.27740.005 || **Th, 0.19+0.04
K, 2.74+0.06 K. 0.1670:02
®Co, 0.15+0.02 Co, 1.440.1
PUY0.8440.03 Bylow| 03787094
28yue 4.240.6 238yyup 1.3702
5y, 0.19+0.02 25U, | 0.045700%
®Kr |1.940.1 mBq/kg|| **Ar |0.7+£0.1 mBq/kg
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Blind Analysis/Neutron bkg

Neutron veto cuts:

* Prompt: 1PE in [-50,250] ns of the TPC 0.8
S1 trigger

* Delayed: 6PE in 500 ns sliding window ~_ o.1s

in [0,185] us of the TPC trigger u
0.7
Prompt cut only|Delayed cut only| Combined N
0.9927 £+ 0.0005 | 0.9958 + 0.0004 [0.9964 + 0.0004

N )
N
N

]‘J\Illllllllllllllllll

Radiogenic
Cosmogenic

Fission candidate

------ 50% NR acceptance

Neutron Veto efficiency from
AmC / AmBe calibrations

X
oy
<

0.1+ 10B — o +7Lj Data
C MC
0.08— / | 241Am_13C
o.oe:— || \data
0.0a ||| .
C | n+"B—a+7Li*+y
o.ozi i II |
) I L R T
R N B R BN B B R B

350 400 450 500
Energy [PE]

50 100 150 200 250 300

o

250 300 350 400 450

S1 [PE]

VETO PROMPT TAG (pass all cuts
but fail veto prompt selection)
sample with neutrons identified
by the late coincidence

Only 1 neutron consistent with
radiogenic origin
Scale 1 event with data driven

efficiency to estimate final
neutron background

200

150
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Scintillation +
Cherenkov

==

S,
i
Unresolved
multi-scatters
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Single Scatters
(y'sorP's)

Blind analysis/ER+Cherenkov




Events / [0.01 fg]

Blind analysis/ER+Cherenkov

— Single-Scatter I
10* — Unresolved Multi-Scatter —
E ~— Scintillation + Fused-Silica Cherenkov 103 E_ 39Ar
10° =5 — Scintillation + PTFE Cherenkov =
= B Data VPT
2
10E > 10° = Model VPT
10 _E :
- 10=
1 = =
10t B ‘
N e
! L L - | )
0o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.1 0.2 0.3 0.2 0.5 0.6 0.7
£90 £50

Making an hybrid model using Ar39 data (model pure ER) + Cherenkov light in
PTFE and Fused Silica (simulation)

Check rate and shape with a background enhanced sample from Na22 source
Final check/normalization in VETO PROMPT TAG sample
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Blind analysis/unblinded data

f90

Energy [keVmJ
40 60 80 100 120 140 160 180 200

500

400

—300
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0 50

100 150 200 250 300 350 400 450
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Blind analysis/results
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S2-only/S2 Pulse Shape

==

Electrons extracted from the liquid and

accelerated through a ~¥6 mm gas volume.

Proportional emission of VUV photons
amplify signal.
Rise-time is influenced by diffusion of the
charge cloud in the liquid and transit time
through the gas
Decay constant of light in gaseous Argon
different then in liquid (t_,,~3.2 us)

—> Slow signal !
We are looking for very small excitations!

slow

Top PMT array

PMT mount
reflector

__/ Diving bell 5o

ITO anode ,,

Extraction g
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FIG. 8: Examples of S2 pulse shape fits for the
electron diffusion measurement. Left: Event with a
22 ps drift time. Right: Event with a 331 ps drift
time. The waveforms have been re-binned to 32 ns
sampling, and the x-axes redefined such that t =0
is at the S2 start.
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S2-only/ S2 PE per extracted e
from S2 echoes

. fermilab-thesis-2017-11
380 us = max drift length
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S2-only/ S2 PE per extracted e
from impurities

* Electronegative molecules
(e.g. O,, H,0), might be
present at the ppb levels in
LAr

| * lonization electrons might
primary attach to impurities during

scintillation 3 3
=7

drift and later be released
with time scales of O(10 ms)

* Signals are time/spatially
correlated with preceding
ionization events

* Rate increased significantly
during the several days where
filter (getter) was excluded

due to servicing
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S2-only/ S2 PE per extracted e
from impurities

— = 8
— DS-50 DATA 5 G
— Center PMT §E
10% — o Getter Off = .
[ = e Getter On §9
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S2-only/Detection Threshold

Sensitiveto 1l e |

0.5

0.45 N o
Fid. Vol. 43% 0.4 ‘ /
~20 Kg 0.35

events within
the inner circle
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S2-only/ER scale
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Events / N_

S2-only/NR scale (in situ)
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S2 only/NR scale (external)
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S2-only/ NR scale
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S2-only/ Ne spetrum
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S2-only/ Result

Dark Matter-Nucleon Gy, [cm?]
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x kg x day]

x kg x day]

Events / [N_

Events / [N_

Sub GeV DM interacting with e’
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- : = 1000 MeV/c? —— *Ar + ®kr
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o B DM spectra G.=10"%° cm? Data
e : >
10— : Fou & 1/q2 G4DS MC All
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Interpretation of the same

spectrum in the context of DM

coupled to light mediators.

Masses below 1 GeV of interest

Generally have couplings to
electrons = easier to detect

Require evaluation of atomic
physics effects for the exact
orbitals of the target material.
First calculation for Argon in this

paper (M.Lisanti et al.)

Two kinds of form factors
generally employed:

Constant (high mass mediator - top)

am,/q? (low mass mediator -
bottom)
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Sub GeV DM interacting with e’
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Background parkside-50 \Wicler e” recoil spectrum

= XENON100
= XENON10

Dark Matter-Electron G, [cm?]
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Fou * 1/9°
—— DarkSide-50
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DS50 + ReD and future LAr DM
program

Main thrust on improved calibration for low energy nuclear recoil

A significant reduction in Q, uncertainty and “some” indication of the
underlying distribution of the number of ionization electrons at very low

recoil would allow significant improvement in the sensitivity at lower
masses (1-2 GeV/c?)

DS50 will be extremely valuable to perform a number of optimization
studies for low energy ionization search: optimize fields, recirculation,
trigger

Reduction and/or modeling of the single-electron background would

allow to move the analysis threshold down to 1-2 e corresponding to
2-300 eVnr and possibly extend the sensitivity well below 1 GeV/c?
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Darkside-Proto is around the corner in the path towards the
construction of Darkside-20k (20 Ton Fiducial Mass dual phase TPC) )
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ReD experiment

M

* ReD experiment has first beam in June @ LNS TANDEM

M.Rescigno - 7th Workshop | workshop on Theory,
Phenomenology and Experiments in Flavour Physics

* Original goal is the directionality measurement (high
energy nuclear recoils), now aiming also at a direct

. . 32
measurement of low energy nuclear recoil with same TPC
by tuning appropriately the beam and geometry setups .



A physics-case for a ton size LAr
TPC (DS-proto)

Background limited in DS50 S2-only =8
analysis. £ éi‘;
Potential breakthroughs: LN S 5
* Urania/Aria program %D gri
* Use of SiPM = Sy
* Larger mass in Ds-Proto g %%
Investigating the possibility to use DS- = 28
proto for a physics run % “é
Bkg [0-50 Ne] composition ; g
o £

7% Test bed for DS-20k technology

®PMTgamma 370 SiPM tile photo-sensors
200 Cryogamma  Low backround SS cryostat

M Kr85 Possible installation in LNGS in s
9% m Ar3g late .2019. ? -
Runin 2020: INEN



39Ar depletion in Urania+Aria

Urania plant is able to remove &Kr S

By design more air leak tight wrt to
DS50 plant (also possible a reduced 3°Ar

content)

e

k 4
4
Y

Relative volatility b/w 3%Ar and #%Ar is %“;-i-g i
1.0015+0.0001" 5 g

Thousands of distillation stages in a 350
m tall column (Seruci I) under
construction in Nuraxi-Figus mine
(Sulcis Iglesiente)

Would allow reduction of 3°Ar content 1
by a factor 10 per pass

Seruci | production rate is calculated at
10 kg/day, perfectly matching the ¢
capacity needed to feed Ds-Proto (800

Kg total LAr) ﬁ_ﬁ_ﬁ
‘Reboiler I

*from calculations
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Low radioactivity photo-sensor

5x5 cm SiPM tile with a front-end
amplification & summing stage in an
acrylic cage: a Photo Detector
Module (PDM)

Intrinsically radio-pure Silicon

Screening of cryogenic electronic
components and substrates to
achieve the lowest possible
radioactivity

Current estimate — including all
services—is about 2 mBqg/PDM,
dominated by Arlon 55 NT
substrates (for SiPM and front-end)

On-going fused silica substrates
R&D can achieve factor 10
reduction (200 uBq/PDM)

Remind, even 2 mBqg/PDM much
better than current DS50 PMT
(compare to ~200 mBg/PMT)!
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First PDM performance (prelim.)
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Future Darkside Low-Mass Searches

10738

10—39

107%°

10—41

.
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10—42 === DS50 Expected Limit & ! .,

== 0.7 mBq/kg *Ar, 2 mBq/PDM ~, ")
111 0.07 mBq/kg *ar, 2 mBq/PDM N ‘,

90% CL upper limit on og; [cm?]

=9
(%]
S =
;_C
|_Q_
—
c s
© o
o >
o ©
< o
2 =
S u
o+
2 c
— o
8.8
=
S o
L a
o X
oLl_l
;13
c
£ ©
>
™ &
o 2
c O
W G
58
o
=5
S c
o

[ = .0.007 mBq/kg *°Ar, 0.2 mBq/PDM & 0, N_ = ——m— e
_43 —— NEWS-G 2018  .:eue LUX 2017 & ‘o,
10 = —— XENONIT 2017 —— PICO-60 2017 & ",
— PICASSO 2017 -+ - CDMSLite 2017 " ‘v, N
b= CRESST-III 2017 - - - PandaX-II 2016 S M, .
X XENON100 2016 DAMIC 2016 ~ o - "u.......‘r,‘ Garinngnnttt
1044 }:—- - cDEx 2016 CRESST-II 2015 ~ - 2 -
= LB -
= - .= SuperCDMS 2014 CDMSlite 2014 3
— COGENT 2013 CDMS 2013
- CRESST 2012 DAMA/LIBRA 2008 .~
10—45 . Neutrino Floor s 1 - el ' S
1 ) 10
M, [GeV/c”]

1 year data taking with DS-proto underground vs 38

radiopurity levels of target and electronics (ambitious).
INFN
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DS20K conceptual design/
Proto-Dune Cryostat

Fe
structu

Insulation

Two identical cryostats already built
@CERN in ~40 weeks
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About 8x8x8 m3 inner volume,
750 ton of LAr

Cryostat technology and expertise
from Liquefied Natural Gas indUstry i meicicommeonmmen st maart sy i rorcdsoraatean INFN

tl
04 containment) : triplex Aluminum (5-6 W/m?), 90 kg/m3 ‘ y
based



sa1sAyd Jnoaej4 ul syuswiadx3y pue ASojouswouayd

41

)
INFN

‘Asoay] uo doysyiom | doysy4oAn Y1z - oudIsay A

11

/

ign

Hall-C Limit

52m
AAr Shield
Cryostat

Relative sizing of
the DarkSide-20k
system in Hall-C

Temporary
TPC Test
Dewar

DS20K conceptual des

Hall-C




DS20K conceptual design/PS
veto

TPC thin copper vessel to be

surrounded by an active plastic
scintillator layer as a neutron veto

* Considering options to load with
Boron or Gadolinium for increased
capture cross section

* Cryogenic SiPM sensors in Liquid
sensors similar to those developed
for the TPC

* Detector concept minimize
internal neutron background
sources and allow easier scaling for
bigger target mass
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DS20K sensitivity prospects

WIMP-nucleon o, [cm?]

WIMP mass [TeV/c?]

M.Rescigno - 7th Workshop | workshop on Theory,
Phenomenology and Experiments in Flavour Physics
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[cm?]

90% CL upper limit on oOg,

Summing up
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Conclusions

A new search window from DS50 S2-only search for LAr
Threshold in sub keV range
Background at ~1 count/keVee/day (to be reduced further)

More data in hands:

In total almost 3 annual cycle for the S2-only analysis, with a quite
stable detector

Working on an improved analysis including all data

A clear path to approach the neutrino floor with the next
generation of Liquid Argon dark matter experiments for both the
low and high mass WIMP searches
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Blind analysis/Radial cut

Keep 84% signal/Reject 50% backgroggd

350—
- = = " ] | - -
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N | 300— . o -3 2z
: - -- f.-f - | - S
- " gm®™_" ° 3
B = "o ™ - = [ | o >
—_ - = =g =, KL o 2
7)) 250— ] - = ] ] ﬁ =
— = o= - =
= - - " m - o 4
Q - mm " - - --- ) —8 E é
E | 200— """ . w "= 9
+ B - - Ll'-- - [l %’ :‘J-
P - LR S I DL - —6 =
A | 150 L T 2z
H [ - - - " - -- - :J "o [ | ~ &
A B = = -.---- --- )
- - Bm = mg W 279
100— e " - " mm = g
C L Fea i g " g
- B e L i s .- -
50— = =« . f "°.0 I - i
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0 2 4 6 8 10 12 14 16 18 20
o Recc_mstructed radius [cm] . _
Non trivial x-y reconstruction for Ds50 geometry and optics. Algorithm 47
find best position based on expected light sharing among the PMT on the
top plane. Resolution ~¥6 mm for large enough signals. )

In addition usual 40 us cut in Z direction from anode and cathode (~4 cm) C



Blind analysis/acceptance & bkg

Energy [kevnr]

10. I20I _ 40I . I60I . I80 . I100I . .120. . 140 . I160I 180I : 200I
Cut Livetime/Acceptance = I I =8
All channels 545.6 d o'gg_ o _;>’~
Baseline 545.6 d 0.8 = a
Time since prev 545.3 d o O7E 5 2
Veto present 536.6 d 8 o.6F ) g %
Cosmo activ 532.4 d B o sE -
Muon signal 0.990 § Total cut acceptance % @
Prompt LSV 0.995 = 0. E ‘g
Delayed LSV 0.835 ® o foo MR Receptance g E
Preprompt LSV 0.992 0.2 Overall NR Acceptance J’-/:’ g”_
N pulses 0.978 0.1 'g &
S1 start time 1 ) = o
S1 saturation 1 % 5o Too 150 200 250 300 350 400 450 = §
Min uncorr S2 0.996 S1 [PE] i o
Xy-recon 0.997 EC’D S
S2 F90 1 X g
Min corr $2/S1 0.995 Background Events surviving all cuts gs
ggafgosfﬁaii/ S 0-991 Surface Type 1 0.0006  0.0001 s 2
S1, max frac 0.948 Surface Type 2 0.00092 £ 0.00004
S1 TBA 0.998 Radiogenic neutrons <0.005
II;LOI;F 131 t?ﬂ 0698847 Cosmogenic neutrons <0.00035
adial cu : :
S1 NLL 50,99 Electron recoil 0.08+0.04 48
Combined 0.609 Total 0.09 £ 0.04
/')
INFN



S2-only/ER scale
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Compare with Xenon100 -
ionization onlv

Energy [keV] 10?

E [keVnr]
1 2 3 4 5 6 7 8 9 101112131415

. 2 3
0.7 1.7 3.4 5.3 7.2 9.1 P E [keVeel | o
T T T T T —_ . . DM spectra <s>(=10"lo cm? Data _?:102 _ Et 8
> 10 : 2.5 Gev/c? G4DS MC All >3 3 o ‘7>’~
60 B WIMP-SpCCtmm -1 © e Cryostat y-rays 2"1 — © g =
X M,=5.0 Gev/c’ PMTs y-rays 10 :,?10 ; - o
— 50} I Search data i -E’ 1 ~ M,=10.0 Gev/c? BAr + ®Kr 3 = g
| , s ] o >
E 40 - T ) 1 E’ = E ‘F?, u_ﬂ_s
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10[ tt****#t##t_ ~ 310 Elofz %’ 2—
0 I ] ] ] 10° - .50 § %
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Tonization signal [PE] K. %>5
B =
c ©
% S
FIG. 4. Energy distribution of the events remaining in S g
the data set after all data selection cuts. As an exam- - o
ple, the expected spectrum for a WIMP of 6 GeV/c? and a 3 = O
spin-independent WIMP-nucleon scattering cross section of Bkg 0.5 in 0.2 @ = o
1.5 x 10~*! cm? is also shown. The corresponding nuclear re- [ev/keVnr/kg/d] [0.7,1.7] keV 1.1 keV
coil energy scale is indicated on the top axis. The charge yield
model assumed here has a cutoff at 0.7 keV, which truncates Bk 0.07 in 0.4 6 keV
the WIMP spectrum. The optimum interval (thick red line) is g ) ) @
found in the S2 range [98, 119] PE and contains 1173 events. [ev/keVn r/kg/d] [34-91] keV

50

Phys. Rev. D 94, 092001 (2016) Analysis 0.7 keVnr 0.6 keVnr
Threshold A

INFN



Compare with Xenon100 -
ionization only
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Low Mass Region Projections

%2020
DAMIC/SENSEI CCD
NEWS-G (Spherical Proportional Counter)
Low temperature calorimeters: SuperCDMS, CRESST, Edelweiss)
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48|
107 v 10 ‘enn.

_39 -50 1 L L
107 10 0.5 5 10 50

- Dark Matter Mass [GeV/c?]

—40
10 :g 13 B.Sadoulet
10741 = e
10—42 B DS50 Expected Limit‘\ :“ql'"

= 0.7 mBq/kg *Ar, 2 mBq/PDM ~.

‘s
‘.

1111 0.07 mBq/kg *°Ar, 2 mBq/PDM ‘~ )
= 10.007 mBq/kg **Ar, 0.2 mBq/PDM & “,

’
g
~ Y

s

43 —— NEWS-G 2018  «..enn LUX 2017 3
10 —— XENON1T 2017 —— PICO-60 2017 & 7 52
PICASSO 2017 - . - CDMSLite 2017 -
*~ === CRESST-III 2017 =- - - PandaX-II 2016
. XENON100 2016 DAMIC 2016

= = CDEX 2016

= : = SuperCDMS 2014
COGENT 2013
CRESST 2012
Neutrino Floor

CRESST-II 2015
CDMSlite 2014
CDMS 2013
DAMA/LIBRA 2008

1

M, [GeV/c?]

INFN



PR 2
imit on Oy [cm?]
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Nuclear recoil spectra

-y

M,=1.5/5.0 GeV og=1e-41

~a,
-y
-
-
-
....
»
»,
3
~
-
~
~
“

.........
g,

Xenon
Argon

Low Thr. 4e
High Thr. 7e

.
| | s1 1 1 1 1

2
g 10 2
> B
% B
<X
> e
o 10:
= C
|
((})
o
'
L 1=
s
o B
10_15—
10_25—
10

Ene 10
[keV]

recoil

=9
(%]
S =
;_C
|_Q_
—
c s
© o
o >
o ©
< o
¥ =
S u
o+
2 c
— o
8.8
=
S o
L a
o X
OLI_I
;13
c
£ ©
>
™ &
o 2
c ©
W G
58
o
=5
S c
o




Ar39 and Kr85 forbidden
spectra
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FIG. 12. Updated energy spectra of *?Ar (red curve)
and ®*°Kr (blue curve). The dashed curves represent +1c
theoretical uncertainties. The z-axis is units of MeV.
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Prompt and delayed Veto signals

Borated-liquid-scintillator neutron veto
* (a,n) from PMT U and Th are the dominant neutron source.

» Separately detect both thermalization and capture signals from neutron.

» Rejection measured with AmC neutrons giving WIMP-like TPC signature.
* Rejection for radiogenic neutrons ~500.

* Also effective for il
cosmogenic neutrons.

neutron

interaction giving
nuclear or e recoil

% neutron thermalization

\\
\% * neutron capture
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ADC*ns

ADC*ns

Single Electron Response
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Fighting ER+Cherenkov

1 “ thick PTFE coated with TPB
WLS used as a reflector in DS50

Cherenkov from electrons in
Teflon produce visible light that
can be seen in the TPC,
dangerous bkg when a coincident
ER recoil occurs

For DS20k replace PTFE with a
SandWiCh Of thln acryliC FIG. 15. 3D model of the individual acrylic and ERS
transparent sheets and 3M I

enhanced specular reflector foils s wwendaecors s oen

PTFE has high (o,n) cross due to
Fluorine. Reduces also second
largest radiogenic neutron source
in the original Ds20k design
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FIG. 16. Cross-sectional view of the reflector panel cor-

ner joints. e )



S2-only/ NR scale
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