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DArKSIDE STRATEGY

Multi-stage program searching for dark matter direct
interactions in low-background detectors deployed at Gran
Sasso underground lab.




DArKSIDE STRATEGY

Multi-stage program searching for dark matter direct
interactions in low-background detectors deployed at Gran

Sasso underground lab.

Two-Phase Time Projection Chamber
* Detect scintillation and ionization channels (S1 and S2).

* Provides 3 tools for identifying nuclear recoils (NR) among
the overwhelming electron recoil (ER) background.

+ Pulse Shape Discrimination (based on S1)
+ Ratio of ionization/scintillation (based on S1and $2)
+ 3D reconstruction (based on S2)

Low-Radioactivity Underground Argon (UAr)
« <6.5 mBg/kg of Ar, <1/154 of atmospheric argon (Ar)




DArKSIDE STRATEGY

Multi-stage program searching for dark matter direct
interactions in low-background detectors deployed at Gran

Sasso underground lab.

Boron-loaded organic liquid scintillator detector
» 30 tonnes: 50% PC and 50% TMB

* Readout by 110 low-radioactivity PMTs

Passive shield against neutrons and gammas

Efficient tagging of neutrons through n-capture
* Emitted gamma+alpha (94%) and alpha (6%)
Designed to host DS-20 and DS-G2




DArKSIDE STRATEGY

Multi-stage program searching for dark matter direct
interactions in low-background detectors deployed at Gran

Sasso underground lab.

Water Cherenkov Muon detector
* 1000 tonnes of pure water

* Readout by 80 PMTs

Passive shield against neutrons and gammas

Detects muons to tag cosmogenic-neutrons

Designed to host DS-20 and DS-G2




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about o0 kg of argon.

0CT 2013: LAr TPC, NEUTRON VETO and MUON VETO commissioned

Operating since then with all three detectors active, as intended for dark matter search




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about 90 kg of argon.

NOV-JAN 2014: DAQ, DATA HANDLING and PROCESSING improvements while taking AAr data

Unique opportunity to collect large statistics of ER to study rejection performance for DS-90 and DS-G2.
DAQ based on ARTDAQ and OFFLINE based on ART framework (FNAL).
Developed and tested a dedicated smart FPGA-based trigger for down-scaling high energy events (FNAL).




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about o0 kg of argon.

UP to 20th of FEB 2014: collected 6.3 live days of AAr.

Results presented today refer to 6.3 live days (278 kg - day fiducial).

Collected as many *Ar events as expected in 2.6 year of UAr DS-50 run.*
Studied the rejection of the expected dominant ER background with UAr.

Current analysis does not exploit S2/S1 and x-y reconstruction, requires additional in-situ calibrations.

Electron Recoil background fully suppressed even WITHOUT S2/81 and x-y reconstruction
but using S2 - S1 timing for z determination and rejection of multiple interactions.

*if BArin UAr is assumed at the level of the present upper limit (6.5mBg/kg)




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about o0 kg of argon.

APR-MAY 2014: Exchange of TMB in the LS VETO

Observed high "C rate in the LS VETO due to TMB
Developed a LOOP procedure to separate PC from TMB using Borexino distillation plant™®

|dentified a new batch of TMB with low "*C content
Repeat procedure (used the first time) for mixing new TMB with PC

*No need to empty WT detector or TPC




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about 90 kg of argon.

MAY-JUN 2014: increase **Ar statistics and perform in-situ calibrations

Considering injection of **Ar in recirculation to increase the rate of %*Ar decays (source already available)




DArKSIDE-50: STATUS & PROGRAM

First WIMP-sensitive detector of the DarkSide family.
TPC active mass of about 90 kg of argon.

JUN 2014: Switch to Underground Argon for 3-year dark matter search




Two-phase Argon TPC: concept

Interactions in LAr excite and
ionize the medium.

According to the nature and
energy of the ionizing particle the
primary scintillation signal and
the ionization signal have
different features.




B
Two-phase Argon TPC: concept

Primary scintillation in argon passes through the formation of Ary” dimers
that can be formed as singlet (6 ns) or triplet (1.5 us). The relative
population of singlet and triplet is strongly correlated with ionization
density and hence is function of energy, nature of the particle and field.

High energy ER typical
F90 ~ 0.3
The PSD parameter F90 is
defined as the fraction of
scintillation light detected
in the first 90 ns.
NR

typical F90 ~ 0.7




Two-phase Argon TPC: concept

By applying a drift electric field
ionisation electrons are drifted
towards the gas pocket, extracted
and accelerated.

This leads to the emission of
electroluminescence, called
secondary scintillation.
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Two-phase Argon TPC: concept

The secondary scintillation is associated to the drifted ionization electron
cloud. lts delay with respect to Sl and its distribution on top PMTs
provides 3D localization of interaction and rejection of multiple
Interactions.
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Two-phase Argon TPC: assembly

High QE PMTs
(RTI065 and RTI065-10)

TPB wavelength shifter

(coatings to convert UV light into visible)
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Fused Silica Window

ITO electrodes (15 mm thick)
(XX nm thick coatings of Indium Tin Oxide

on both faces) PTFE PMT holder

(serving as reflector between PMTs)




Two-phase Argon TPC: assembly

HR PTFE Side Reflector

>

;s
TPB wavelength shifter

(coatings to convert UV light into visible)

k \

ITO electrodes
(XX nm thick coatings of Indium Tin Oxide

on both faces) PTFE PMT holder

(serving as reflector between PMTs)




Two-phase Argon TPC: assembly

HR PTFE Side Reflector

Copperfield shaping ring .
(For a uniform drift electric field) PTFE PMT holder

(serving as reflector between PMTs)




Two-phase Argon TPC: assembly

Metal mesh

(For splitting drift and extraction fields)

HR PTFE Side Reflector

TPB wavelength shifter

(coatings to convert UV light into visible)




Two-phase Argon TPC: assembly

TPB wavelength shifter ITO electrodes

(coated on internal face to convert UV light into visible) (XX nm thick coatings of Indium Tin Oxide
on both faces)

Fused Silica Diving Bell
(15 mm thick)

GAr bubbler

LAr boiler (for maintaining liquid/gas interface at fixed, desired level)
(for producing the gas pocket)




Two-phase Argon TPC: assembly

Cold Amplifier

(allow to operate the PMTs at a gain of 3%10°) :
High QE PMTs
(R11065 and R11065-10)

PTFE PMT holder

(internal face serving as reflector between PMTs)




Two-phase Argon TPC: assembly
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LAr TPC: COMMISSIONING

 PMTs: all 38 Hamamatsu R11065 PMTs are operating steadily

since October 2013. PMT Gain
1-2%. Flasher issue fully fixed

fluctuations with time are within
y using cold amplifiers on PMT

voltage dividers and operating PMTs at lower HV and gain.




LAr TPC: COMMISSIONING

 PMTs: all 38 Hamamatsu R11065 PMTs are operating steadily
since October 2013. PMT Gain fluctuations with time are within
1-2%. Flasher issue fully fixed by using cold amplifiers on PMT
voltage dividers and operating PMTs at lower HV and gain.

» HHV: Operating the TPC at nominal electric fields (Es=200 V/cm,
Eext-2.8 kV/ecm). HHV has not shown any instability since
commissioning (Oct 2013).




LAr TPC: COMMISSIONING

 PMTs: all 38 Hamamatsu R11065 PMTs are operating steadily
since October 2013. PMT Gain fluctuations with time are within
1-2%. Flasher issue fully fixed by using cold amplifiers on PMT
voltage dividers and operating PMTs at lower HV and gain.

* HHV: Operating the TPC at nominal electric fields (E;=200 V/cm,

Eext-2.8 kV/ecm). HHV has not shown any instability since
commissioning (Oct 2013).

EREFLERETLL LL

* Ar purity: An electron-lifetime larger than 9 ms has been
achieved and maintained for a few months. This is to be
compared to the maximum drift time of 370 us.




LAr TPC: COMMISSIONING

* PMTs: all 8 Hamamats
since October 2013. PM
1-2%. Flasher issue full ‘ ‘

voltage dividers and ope | o™ lifetime > 5 ms
* HHV: Operating the TPC ¢ T

Eext-2.8 kV/ecm). HHV
commissioning (Oct 201

* Ar_purity: An electron-
achieved and maintaing
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LAr TPC: COMMISSIONING

 PMTs: all 38 Hamamatsu R11065 PMTs are operating steadily
since October 2013. PMT Gain fluctuations with time are within
1-2%. Flasher issue fully fixed by using cold amplifiers on PMT
voltage dividers and operating PMTs at lower HV and gain.

» HHV: Operating the TPC at nominal electric fields (Es=200 V/cm,
Eext-2.8 kV/ecm). HHV has not shown any instability since
commissioning (Oct 2013).

* Ar purity: An electron-lifetime larger than 9 ms has been
achieved and maintained for a few months. This is to be
compared to the maximum drift time of 370 us.

* Cryogenics: The cryogenic system is highly stable and with low
power consumptions.




LAr TPC: COMMISSIONING

¢ PIVlTS: a” 38 Hamamat ;ooer ! MaIContm"erCryogeni?gtsstigri?(S)implified)
since October 2013. PM —
1-2%. Flasher issue full

voltage dividers and ope

* HHV: Operating the TPC

Eex-2.8 kV/ecm). HHV
commissioning (Oct 2013

o0

M Nitrogen Loop
B Argon Loop

Developed by UCLA and FNAL

DS50 LAr TPC D
Scintilator

* Ar_purity: An electron-

* Cryogenics: The cryogen
power consumptions.



OUTER DETECTORS: COIVIIVIISSIONING

« VETOES FILLING: 14 days 24/7 for LS VETo and 40 days for WC
VETO.
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QUTER DETECTORS: COMMISSIONING

« VETOES FILLING: 14 days 24/7 for LS VETo and 40 days for WC
VETO.

* PMTs: 108 PMTs out to 110 survived the filling of the LS VETO. 76

PMTs out of 80 survived the filling of the WC VETO. PMTs look
stable at the level of 1%.




OUTER DETECTORS: CONIIVIISSIONING

« VETOES FILLING: 14 days 24/7 for LS VETo and 40 days for WC
VETO.

* PMTs: 108 PMTs out to 110 survived the filling of the LS VETO. 76
PMTs out of 80 survived the filling of the WC VETO. PMTs look
stable at the level of 1%.

« BATE: The background studies in the LS VETO evidenced a high
rate due to "*C.

- Identified the ™C is from TMB (“C content measured at LLNL via
accelerator mass spectroscopy);

- Identified and assayed a new batch of TMB with low C content:
- Test of TMB removal process to begin next week.




OUTER DETECTORS: CONIIVIISSIONING

« VETOES FILLING: 14 days 24/7 for LS VETo and 40 days for WC
VETO.

* PMTs: 108 PMTs out to 110 survived the filling of the LS VETO. 76
PMTs out of 80 survived the filling of the WC VETO. PMTs look
stable at the level of 1%.

« BATE: The background studies in the LS VETO evidenced a high
rate due to "*C.

- Identified the ™C is from TMB (“C content measured at LLNL via
accelerator mass spectroscopy);

- Identified and assayed a new batch of TMB with low C content:
- Test of TMB removal process to begin next week.

* Light Yield: Measured in the LS VETO a LY of about 0.5 PE/keV
(satisfactory for VETO requirements).




OUTER DETECTORS: COMMISSIONING

« VETOES FILLING: 1 .
VETO. o A 60,

¢ m 108 PMTs o 0]5]]71037] gg/ll\;le‘\llee
PMTs out of 80 s (117 and 1.33 MeV)

stable at the level
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_ _ Fit spectral features of the scintillation spectrum detected in the LS VETO.
* Light Yield: Measu + Gammas from %’Co (known to be present in SS of the TPC cryostat)

(satisfactory for VE -+ Confirmed by ™C and 2T/ fits as well.




2 DETECTORS: COINCIDENT EVENT
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LSV Waveform

200 300
LSV Cluster Relative Arrival Time [mns)

Multi-Compton interaction in the TPC (4 hits) and LSV.



3 DETECTORS: COINCIDENT EVENT

=
miw! |

Integral [photoelectrons]

Muon crossing the J detectors.
|deal for timing of the three data streams




TPC: ER calibration @ null field

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron
statistics can limit the rejection of electron recoils.

L il o 39Ar End-point Background run
R N 6o keVee | :
10 Dominated by 39Ar decays (464 Hz)

Uniformly diffused in the volume

Events/livetime/ (10.0 PE)
[
o
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s Found to be higher than what
- - was assumed in the past for
T s S e L DS-50 PSD extrapolations.
o 1000 2000 3000 4000 5000 6000 7000

S1 [PE]

AVERAGE LIGHT YIELD: 8.040 * 0.006 (stat) PE/keV..
(systematic errors still under evaluation)




TPC: ER calibration @ null field

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron
statistics can limit the rejection of electron recoils.

Events/livetime/ (10.0 PE)

[
<
[y

[
<
N

1073

104

F, 83Kr peak
- i i

',.w' ey ' 4] 5 kEVPP
Ex / ndf 495.5324 / 597 T} ‘

i ob . 0.999 )

ELight Yieldé Mean [PE/keVé] 8.03!'?) + 0.013

: eli Vaériance [PE]"ZE 59943.492 154962.171

§1nmane """""""" 0.000 s 0.001 | |
:Ar t Ragte [Hz] 46.643; + 0.123 \
[PV S SRS PR S— ||M l|
= 1 I I I I

0 1 2 3

S1 [PE]

xlO3

Injected gaseous 3Kr

Two sequential decays producing IC
electrons, gammas or x-ray (194 ns).

Total energy 41.9 keVee
Half-life = 1.83 hours




TPC: ER calibration @ null field

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron
statistics can limit the rejection of electron recoils.

/\ Injected gaseous ™Kr

o
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N
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R Two sequential decays producing IC
L e s e e e A T electrons, gammas or x-ray (194 ns).
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Expected to be slightly

higher since concentrated

0" Too 200 300 200500606 700 800 near the bottom of the TPC
S1 [PE]

AVERAGE LIGHT YIELD: 8.071 + 0.012 (stat) PE/keVee
(systematic errors still under evaluation)




TPC: ER calibration @ null field

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron
statistics can limit the rejection of electron recoils.

SR e S e S e

; 10 — ----------------- ---------------------- -------------------- ---------------------- --------------------- Two sequential decays producing IC
-§ electrons, gammas or x-ray (194 ns).
107 =

; ;o = 0. : : :

: | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 1000 2000 3000 4000 5000 6000 7000
total_sl [PE]

39 Ar .|.83mKr AVERAGE LIGHT YIELD: 8.043 + 0.005 (stat) PE/keVes

(systematic errors still under evaluation)




TPC: ER calibration @ 200 V/cm

The scintillation light yield is a critical parameter for argon detectors exploiting PSD. Photoelectron

statistics can limit the rejection of electron recoils.

o
N
T

Events/livetime/ (10.0 PE)

Injected gaseous 3Kr

Two sequential decays producing IC
electrons, gammas or x-ray (194 ns).

Total energy 41.9 keVee
Half-life = 1.83 hours

100

200

300

400

500 600 700 800
total_sl [PE]

AVERAGE LIGHT YIELD: 717 * 0.01 (stat) PE/keVee

(systematic errors still under evaluation)




TPC: NR calibration - SCENE

SCintillation Efficiency of Noble Elements

TPC design resembles DarkSide family
Tunable, low-energy neutron beam

|deal to collect pure samples of low-energy NR

AAMAAAAS

—
-
—
-
—
-
—
—-
—

* Need to study the response of the TPC to single nuclear recoils (expected from WIMPs);

* Neutron calibration in large detectors can be affected by multiple interactions of neutrons (normally accounted
by means of detailed Montecarlo and a series of assumptions);




TPC NR calibration - SCENE
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« SCENE has collected extremely pure samples of single nuclear recoils in a small TPC resembling DS-50 TPC design.
We opted to use SCENE data @ 200V/cm, which we have access to. We have extrapolated the quantities of interest
to the present analysis and, equally important, the associated systematics.




TPC: NR calibration - SCENE

§14°;_ 2nd campaign S— -
= 120 SCintillation Efficiency of Noble Elements
N
100
8ol TPC design resembles DarkSide family
sor Tunable, low-energy neutron beam
40—
20 |deal to collect pure samples of low-energy NR
% "0.170.2 0.3 0.4 0.5 0.6 0.7 0.8 0.5 1
£90
1000 V/cm
§o 8 | ‘

Measured NR F90 means. Identified dependance
from energy and field.

g 5 Measured NR F90 acceptance curves for different
RSP 2nd campaign Tt~ felds and energies.
_Ilgl — IZBI — I3BI — I4BI — I5BI — I60

Recoil energy [keV]

« SCENE has collected extremely pure samples of single nuclear recoils in a small TPC resembling DS-50 TPC design.
We opted to use SCENE data @ 200V/cm, which we have access to. We have extrapolated the quantities of interest
to the present analysis and, equally important, the associated systematics.




AAr RUN: 6.3 days - event selection
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Selected only single-hit interactions in the TPC fiducial volume (44.1 kg) with no energy deposition in the veto




AAr RUN: 6.3 days - F90 vs SI

1

F90

0.9

total_sl_corr_f90 after lsv_cuts_hist

Entries 2.119474e+07
Mean x 346.6
Mean y 0.2939
RMS x 154.6

RMS y 0.03621

500 600
S1 [PE]

Selected only single-hit interactions in the TPC fiducial volume (44.1 kg) with no energy deposition in the veto
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AAr RUN: Background free exposure

1 10 PE ~ 35 keVg (Nuclear quenching from SCENE @ 200 V/cm)
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AAr RUN: Background free exposure

F90

3 “ $2) can efficiently suppress the dominant ER background ===

.2

1 10 PE ~ 39 keVg (Nuclear quenching from SCENE @ 200 V/cm)
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We PROVED that PSD @ 200 V/cm (+ z fiducialization from

that we expect in 2.6 years of DS-90 UAr run, while

maintaining high acceptance for WIMPs.
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AAr RUN: Background free exposure

F90
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0.9
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DS-90 projected sensitivity (90% C.L.)
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Experimental limits
DarkSide50 - 3 y
==== DarkSide50 - 2.6 y

==== XenonlOO

[ | pMSSM (post LHC)

Threshold 35 keVg

Fiducial mass 44.1 kg

1Y=8.0 PE/keVee @ null field

NR Quenching from SCENE

F90 NR acceptance function of Er

10°
M, [GeV]

Projected sensitivity evaluated
assuming:

- the measured PSD performance;
- no rejection from S2/SI:

- fiducialization along z axis-only;
- zero neutron-induced events;

- NR quenching and F90 acceptance
curves from SCENE @ 200V/cm

Present systematics on NR Quenching and
F90 NR acceptance curves cause a ~10%

variation of the projected sensitivity
around 100 GeV/c2




PSD Model for DS-G2 extrapolation

Model the statistical properties of the F0 discrimination parameter using statistical distributions of the
underlying processes with parameters taken from data. The model accounts for macroscopic effects related
to argon micro-physics, detector properties and reconstruction and noise effects.

110 PE < S1 <115 PE

Entries 2.454012e+09

10 Entries 9881
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RMS 0.05111 0.5

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 % 100 120 140 160 180 200 O
F90 S1 [PE]

Simulated F90 distribution for DS-G2 3 years run,
assuming the ER background in the fiducial volume
will be dominated by %Ar @ its present upper limit.

Excellent agreement between data and model

through several orders of magnitude




PSD Model for DS-G2 extrapolation

F90

120 PE ~ 59 keVr

100 PE ~ 47 keVg
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DS-G2 projected sensitivity (90% C.L.)
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Assumed:

- Same LY as in DS-50:

- PSD as per F90 model based on DS-50;

- no rejection from $2/S1:

- fiducialization along z axis-only;

» NR quenching and F90 acceptance
curves from SCENE @ 200V/cm

- zero neutron-induced events according
to present background MC study;




DS-50 detector is running @ LNGS since Oct. 13;
» LAr TPC successfully commissioned:

DArR:

Vetoes (designed to host 0S-G2) successfully commissioned:
- Scheduled to use Borexino distillation plant to separate PC from TMB and insert the

new TMB with low "*( content :

Demonstratec

(at the level of

PSD performance needed to reject the expected background from *Ar

oresent upper limit) in 2.6 years of DS-20;

Plan to calibrate DS-90 and to further study PSD until June when we will switch to UAr
and to WIMP search mode;

DS-50 results extrapolated conservatively to DS-G2 indicate the possibility of running
for 5 years “Ar-free.



