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Dark Matter

Dark matter has already been indirectly discovered through:
e Galaxy clusters
 Galactic rotation curves
* Weak lensing

 Strong lensing ) Bk Mot
* Hot gas in clusters
* Bullet Cluster

* Supernovae
« CMB

Before Planck After Planck
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Dark Matter Candidate

It interacts through gravitational force
It is electrically neutral collider production

no other long range interaction is allowed,
otherwise it would have formed “atoms”
and , hence, stars etc.

It does not strongly interact _
direct

otherwise it should have already been detection

detected

D)

It may weakly interact

WIMPs indirect detection
Weakly Interacting Massive Particles
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WIMP Direct Detection Ingredients

Large masses

e Low rate (~1 event/ton/yr @ 10" cm? in noble liquids)

Low energy thresholds
* Low energy nuclear recoils ( < 100 keV)

Background suppression
* Deep underground
* Passive/active shielding
* Low intrinsic radioactivity
e Gamma background discrimination



Direct Dark Matter Search
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Noble Liquids

Relatively inexpensive and dense

Easy to purify

- most impurities freeze out

- low surface binding

- purification easiest for colder liquids

Rate [counts/ton—day]

Ar

Ionization electrons and scintillation photons: ol ‘ . , . ‘
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- complementarity on particle energy Recoil energy threshold [keV]
- 3D localization when used in TPC s e Sa N A A
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Noble Liquids

LAr LKr LXe
Atomic number 18 36 54
Physical Boiling point at 1 bar, T}, (K) 87.3 119.8 165.0
properties Density at T, (g/cm?) 1.40 2.41 2.94
W (eV)! 23.6 20.5 15.6
Fano factor 0.11 ~0.06 0.041
Tonisation Drift velocity (cm/us) at 3 kV/cm 0.30 0.33 0.26
Transversal diffusion coefficient
at 1 kV/em (cm?%/s) ~20 ~80
Decay time?, fast (ns) 5 2.1 2.2
slow (ns) 1000 80 27/45
Scintillation Emission peak (nm) 127 150 175
Light yield® (phot./Mev) 40000 25000 42000
Radiation length (cm) 14 4.7 2.8
Moliere radius (cm) 10.0 6.6 5.7

V

Excellent discrimination power!

Radiopurity:

- LXe: excellent radio-purity

- Atmospheric LAr: contaminated by cosmogenic 3°Ar
- Underground LAr: 3°Ar depleted
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Underground Argon
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Atmospheric argon  39Ar f decay
S~———_ Underground Argon  Q-value: 565 keV
Half life : 269 y
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Atmospheric Ar:
“Ar/*Ar =8 x 1071
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Rate ~ 1 Hz/kg o ;‘m\
Underground Argon: 5 ' %Nfﬂ
FAr < 6.5 mBg/kg B ?
(arXiv:1204.6011) -
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Tomavrmers /Lbaty

Depletion Factor > 150
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The DarkSide program at LNGS

Double Phase Liquid Argon TPC

DarkSide-10 DarkSide-50 DarkSide-G2
2011-2013 2013-201x 2016-2020
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The Dark Side Collaboratio

CHINA
IHEP — Beijing

Ukraine
KINR, NAS Ukraine — Kiev

POLAND

Jagiellonian University — Krakow

FRANCE

Université Paris Diderot, CNRS/IN2P3, CEA/IRFU, Observatoire de Paris, Sorbonne Paris Cité — Paris
IPHC, Université de Strasbourg, CNRS/IN2P3 — Strasbourg

USA
Augustana College — SD
Black Hills State University — SD
Fermilab — IL
Princeton University — NJ
SLAC National Accelerator Center — CA
Temple University — PA
University of Arkansan — AR
University of California — Los Angeles, CA
University of Chicago — IL
University of Hawaii — HI
University of Houston — TX
University of Massachusetts — MA
Virginia Tech — VA

ITALY
INFN Laboratori Nazionali del Gran Sasso — Assergi
Universita degli Studi and INFN — Genova
Universita degli Studi and INFN — Milano
Universita degli Studi Federico II and INFN — Napoli
Universita degli Studi and INFN — Perugia
Universita degli Studi Roma Tre and INFN — Roma

RUSSIA
Joint Institute for Nucelar Research — Dubna
Lomonosov Moscow State University — Moscow
National Research Centre Kurchatov Institute — Moscow
Saint Petersburg Nuclear Physics Institute — Gatchina



DarkSide Guidelines

Background suppression

Ultra-low background materials
* Depleted liquid argon
* Low background photo-detectors

* Low background material components

Active shields

» Water Cherenkov against muons

* Borate scintillator against mu and n
* Multiple scattering with the TPC

Residual background identification

Background identification

* Pulse shape discrimination

* S1/S2 discrimination

* Neutron flux with borate scintillator

* Position reconstruction



Double Phase TPC

- ——

{ } f \
PMTHEMT ﬂf) I'PMT




Liquid Argon lonization and Scintillation

Light Emission via Excitation |

e+ Ar— Ar*+e¢ Jl_P !L_P
lonization Excitation

Ar* + Ar —» An*

Ar* — Ar + Ar + photon
Electrons A Ar’
A P Ary

r+
Light Emission via Ionization ro*
e+ Ar— Art+2e

Art + Ar + Ar —» An* + Ar Ar
e + A" — Art* + Ar Singlet || Triplet

Ar®¥* + Ar - Ar* + Ar + heat
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Background Discrimination:
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D. Franco - APC

ral [photoelectrons]

D
-
(=3
o

)
(=1
o
Integral [photoelectrons]

Y
& n A &
> =3 S S
S =3 =3 S

-
(=3
o



Excitation P

Electronsi A P Ar’

lonization P

rt
F ol A

w w

Amplitude [arb]
w

Ar” _
Singlet || Triplet

Recombination P Q

D. Franco - APC

Rejection Factor: 108

WARP Astr. Phys 28, 495 (2008)
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Particle Discrimination in LAr

S1/S2
PSD

Expected BG discrimination > 10!
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Position Reconstruction
TPC multi-site event

LoglO(82/81) corrected for drift

Logl0 (82/81) corrected for drift

Run 1282 - Log(S2/S1) vs F90
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Active neutron veto:

- 20 ton boron-loaded scintillator
- 50% PC + 50% TMB

- 2 m radius sphere

- 110 Low Background PMTs

Active muon veto (passive neutron veto):

- 1000 ton ultra pure water
- 10 m height, 11 m diameter
- 80 upwards oriented PMT's

Rejection efficiencies:
- >99.5% against radiogenic neutron
- >95% cosmogenic neutrons

D. Franco - APC
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DarkSide-10

Two phase argon TPC prototype at Princeton:
* 10 kg active mass of Atmospheric LAr

* Passive water veto

e 7 top + 7 bottom R11065 HQE 3°° PMTs
 Electric field: Edrift = 1 kV/cm, Egas ~ 3 kV /cm
e 20 cm diamater, 20 cm height

e 2 cm gas gap

Goals:
* High LY: 8.78 £0.01 p.e./keVee @ null field T T T T T T T T 511 kv e
— 1.2} ?Na Spectrum ¥/ndf 201.2/180
e Stable HHV at 36 kV d N Nean e £ 2.5
e Good discrimination g | 1274 KoV Line
. D 0.8 ¥X*/ndf 189.1/145
RGooEy Ly e T
e Electric field settings £
Soaf
s |
5 0.2 [~
o TS T N S SN TN (NS SR NN NN SN SR TR (S S T |

0- - .2000 4000 6000 8000 10000 120(;0
Detected scintillation light [p.e.]
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DarkSide-50

e 50 kg active mass of UAr
* 19 top + 19 bottom R11065 HQE 3°° PMTs

e 36 cm height, 36 cm diameter Outer GAr

 Lateral walls covered by high reflectivity

polycrystalline PTFE

e All inner surfaces

coated with TPB
* Fused silica diving bell

M

(top) and windows
(bottom) in front of the
PMT arrays, coated

W

FieldRings
Reflector+TPB

=
—
-

AR

with ITO

]
- .
=
=

Outer LAr




DarkSide-50

DS50-TPC
Assembled,
Deployed




DarkSide-50
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The DarkSide MonteCarlo

800

~ S0 o =
400 25
200 20
Full geometry description of: % ::
- DarkSide-10 ! ; P
- DarkSide-50 [ SO wvrvevorver ST B T
- Multiple DarkSide-G2 designs Kl i)
- Neutron Veto T z
- Muon Veto = S w0
Single photon tracking 100}~
Full description of the optical properties 0
Several generators 100
Two energy response model 200
g e
> 200r-
1oof-
I
00
0056200~ ~106 01020300
 [mm]
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G4DS Single Photon Tracking

D. Franco - APC
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DarkSide-50 Optical Tuning

Tuning of the main 36 optical parameters
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Few percent accuracy
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The LAr Low Energy Response
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Scintillation Models in LAr

LY per keV relative to the 122 keV line

x5 | _ ® MicroClean
°© | ® DarkSide
16— # Regenfus
| ~—— Thomas-Imel
| — Doke-Birks
14—
— L ]
1.2—
L * +
. -— . -
1 P— . o
0.8—
m ] ] I | - ! ] ] ] Lo
3
10° Ene1r8y [keV]

MicroClean: PRC81, 045803 (2010)
DarkSide: arXiv:1204.6218v2
Regenfus: arXiv:1203.0849v1
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Electron Drift Lifetime

Achieved drift lifetime of

4733 +/- 90 us :
7000 DS-50 DATA

Maximum drift time of the
TPC 1s ~370 us at 200 V/cm

drift field. _ H Iﬂﬂ {
= | |

Lifetime [us]

N 2]

o u

© o

© o

| |

—_—
’—I—‘
R SE—

—_—

m

4500(— l l l o _(_ :
Demonstrates: 4ooo§— ']' +
- high purity of argon 3500/ | + | | l 1
- Stable operation of electric flelds  qucl nouss siise stare o220n (1ivervine) comuiss
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Outer Veto Commissioning

Light Yield: —————————————
liquid scintillator VETO LY of ~ 0.5 - 80
PE/keV.., satisfactory for VETO 0.1 Co
requirements. - 0.51+0.07 PE/keVe
20 (1.7 and 1.33 MeV)
Rate: a
The background studies in the LS 3 . 06: N
VETO evidenced a high rate due to © o oab
14C g T
= 0.02 L
- Identified 14C from TMB B
- Identified and assayed a new batch ol b e
of TMB with low 14C content 400 600 800 000 A0 ree [PE]

- TMB presently removed
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TPC: ER calibration @ null field

Light yield: critical parameter for argon detector exploiting PSD

@ F : ' -
s J9Ar End-point
o
S ol 565 keVe
~ = :
.g : w2/ nu 57.. /32a
Atmospheric LAr I : , :
0 - Light uf-u Mean u-zn%.vl 7.992 = 0.010 -
39Ar rate: 46.4 Hz g T i |
z, - Base. ariance [ ] P . : |
. . . . 10—3 :'_MI.L!'V“IMN’ ......... o..‘o.o“!’.i.{a;m,o,,H.A:...A...A...,u. g R RS i1 . M-
Uniformly distributed in the volume E ; ; 7 by 111 |
0 1000 2000 3000 4000 5000 6000 7000

S1 [PE]
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TPC: ER calibration @ null field

Light yield: critical parameter for argon detector exploiting PSD

Injected gaseous 83MKr

£ i : 83Krpeak‘
i o [ i_ i i
Two sequential decays Sl v 5 i _ 415 kel
producing IC electron, gammas JAOTET e ey T
o) - ; : :
Or X-ray (1 54 nS) E | %* / naf css.;u / 597
g —Prob 0.999 : :
10-2 e ...................... .....................
TOtaI energy 41 '5 kevee § El.ight !lelﬂi Mean [I!lkaVJ 8.03; + 0.013 ; :
: , _
&

|- Baseline Variance [PE)"2 59943.492 + 4962.171

Half-life: 1.83 hr 1073

= s e S e S
Q,ﬂ? 86.2d - i i :
D P 52 9 - : : : |
& A \Q/ 83 i3 - Ar Event Rate [Hz) i 46.643 + 0.123 :
‘?9;\' 0y & Rb | i 5 5 :
P oty o Q=910 : f | ;
AN NI &y ECT 4 |_Constant : 0.000 + 0.000 - | | | [/
LA~ o?:gg_,’o, . E 1 1 1 [ T B | [ T | [ T | | | Il
1.7 ps St QU7 i S ooer 7989 090% 68
' TSSS b By . 0 1 2 3 4 5 6 7
10 ps 52 990 o;ggé)le\h 690.15 0.137% 8.3
- AT "
1252% 3 1 R 562.025‘M S1 [PE]
&%
} £
1,83 hA2 Fo 41.543
147 m\ &® [ 939 64% 7.9
stable 32 — 0 _<50% >85']
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TPC: ER calibration @ null field

o
.
w

s nM : is.oa / a1

o
.

N
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U N S S S T S S . S—————

i prob ! : ¢ 0.9187

| Light Yield Mean [PE/keV] 8.071 + 0.012 |

o
.

[
wu

o
N
Illllllllllllllllllll

Events/livetime/ (10.0 PE)

! Constant § o.oon::o.ooué

of}# ++{:*H{ + T ................... ...... L }H#++ +i' }#{1

_l 1 1 1 i Il 1 L i 1 1 1 1 i 1 L ' L i 1 1 Ll i L 1 ' 1 I 1 L 1 |l 1 l
0 100 200 300 400 500 600 700 800

S1 [PE]

Average Light Yield: 8.040 + 0.006 (stat) pe / keVee
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Background free exposure of 280 kg x'day

o 1
2 total_sl_corr_£90_sfrer_lev_cwts_hist
Entries 2.119474e+07
0.9 Mean x 346.6 140
Mean y 0.2939
0 * 8 RMS x 154.6 120
RMS y 0.03621 |
100
800
{600
400
200
0 | I 1 1 1 | I 1 1 | 1 | 1 1 1 | l 1 1 | 1 | 1 1 | | o
100 200 300 400 500 600
S1 [PE]
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NR calibration @ 200 V/cm

—
o
w

< 49.9 keV
v 29.0 keV

20.8 keV
* 15.2 keV
* 10.8 keV

—

S1 Mean Relative to Null Field
- =)
=)
@ W

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

o

v

w
\

o
0
]’ §

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)

(=]

~

w
f
J

(o]
~
/

-

(=]
an
w

0 200 400 600 800 1000
Electric Field [V/cm)

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.
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Background free exposure of 280 kg x'day;

PoS R /0 PE ~ 35 keVp (Nuclear quenching from SCENE @ 200 V/cm)
2 F 700
0.9
- F90 NR Acceptance Curves from
0.8 125 PE ~ 5T keVa SCENE @ 200 V/em 600
= o 50% |
0.7— - ¥/
R ¢ 6;% % —500
0.6m"F, i -
Conservative —{400
0.5 - -
0.4 1300
0.3F 00
0.2
100
0.1f
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S1 [PE]
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I 1 1 1 I | 1 1 I 1 1 1 l | 1 1 l

o 1
0.9 =
0.0 | ElEry
0.7 ;,w,/ T s
' 80%
0.6y i o
0. T LR N
B We PROVED that PSD @ 200 V/em (+ z fiducialization from
W] S82)can efficiently suppress the dominant ER background ==
o that we expect in 2.6 years of DS-50 UAr run, while
) _ maintaining high acceptance for WIMPs.
0.

1 : 1 l 1 1 1 1 1
%0 80 100 120 140 160 180
S1 [PE]
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To comparison: discrimination in X

Electron Recoil and Nuclear Recoil Bands

Tritium provides very high statistics electron recoil calibration (200 events/phe)
Neutron calibration is consistent with NEST + simulations

‘1. e N T T T
2-5 - ‘\,x?' ,._-'. e
B R (a) Tritium ER Calibration
.". .‘ > “ - M l '. % . - * ! o IL " . ]
i - - + o (3 X

log . O(SZbIS1 ) X,y,z corrected

S1 x,y,z corrected (phe)
Gray contours indicate constant energies using a S1-S2 combined energy scale
UX Dark Matter Experiment / Sanford Lab 23 Rick Gaitskell (Brown) / Dan McKinsey (Yale)

23
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DS-50 projected sensitivity

o~ - Experimental limits . P . .
g F Darksideso - 3 3 Projected sensitivity evaluated assuming:
5 ---- Darksideso - 2.6 y - the measured PSD performance;
10742 ---- Xenonl00 _ _
- --e- LUX - no rejection from S2/S1;
i [ ] pMSsM (post LHC) . ) ’
i - fiducial volume along z axis-only;
" Threshold 35 keVa ]
10-43 1 Fiducial mass 441 kg - zero neutron-induced events;
E LY=8.0 PE/keVe @ null field )
Y NR Quenching from SCENE - NR quenching and F90 acceptance curves
LN F90 NR acceptance function of Eq
i from SCENE @ 200V/cm
-443 . .
10 Present systematics on NR Quenching
a and F90 NR acceptance curves
- responsible of ~10% variation of the
107 projected sensitivity around 100 GeV/c?
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DarkSide-G2

Scaled and improved inner detector, and
cryogenic/purification systems.

Goal: high light yield and radio/chemical-purity
Radio-pure material selection ongoing

Stainless steel (cryostat, PMT support)

Copper field cage

PTFE for segmented reflective cylinder

Fused silica for windows/diving bell

Wavelength shifter on reflective surfaces

D. Franco - APC
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PSD extrapolation in DS-G2

Model the statistical properties of the F90 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 9881

13
E
E

Mean 0.3063
10° RMS 0.05193

Entries 286346

10 Mean 0.307

RMS 0.05111

107

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
F90

Excellent agreement through several
orders of magnitude
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. SIMULATION
(18 tonne*year)
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L L o -
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Simulated F90 distribution for DS-
G2 5 years run, assuming the ER
background in the fiducial volume
will be dominated by 3°Ar @ its
present upper limit.
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PSD extrapolation in DS-G2

D. Franco - APC

100 PE ~ 47 keVs 120 PE ~ 55 keVn
1

| E— -
1

|IIII|IIII|IIII

SIMULATED DATA
(5 years of data taking with DS-G2)

%0 100 120 140 160 180

S1 [PE]
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DS-G2 Sensitivity

Fiducial volume 3.6 ton

LY=8.0 PE/keVee @ null field

NR Quenching from SCENE

F90 NR acceptance function of Er

‘g Experimental limits .
3) - Assuming:
—ain-42 Darkside50 - 3 y ,35 keV, .
ol0E |+ Same LY as in DS-50;
e L DarkSideG2 - 5 y ,47 keV
- arieiee Y21 %€ . PSD as per F90 model based on DS-50;
108\ TTTTTC ParksideG2 - 5 ¥,55 keVa| g rejection from S2/S1;
- Fiducial volume 3.6 ton . ] .
- LY=8.0 PE/keVie @ null ield - fiducial volume along z axis-only;
S NR Quenching from SCENE .
ol B F30 NR acceptance functon of s - NR quenching and F90 acceptance curves
S from SCENE @ 200V/cm
I - zero neutron-induced events according to
10045 W present background MC study;
= " et
- \“ gs”
I~ ‘|“‘ s‘s$’
10—46 E_ \“‘ ==sﬁs
10—47 | | | 1 lll.ll.----l | 1| IIlIl | | |
10 10 10° 10*
M, [GeV]
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Conclusions

DS-50 detector 1s running @ LNGS since Oct. 13:

* LAr TPC successfully commissioned

* Vetoes (designed to host DS-G2) successfully commissioned

* Scheduled to use Borexino distillation plant to separate PC from TMB and insert

the new TMB with low 14C content

Demonstrated PSD performance needed to reject the expected background from 3°Ar
(at the level of present upper limit) in 2.6 years of DS-50

Plan to calibrate DS-50 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-G?2 indicate the possibility of
running for 5 years 3°Ar-free
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LUX WIMP Search, 85 live-days, 118 kg

281 ; Profile-Likelihood Ratio used to determine

o4l & nWIMP 90% CL upper limit
B T Value ranges from 2.4 events at low mass tc
Q +, ++ +u
§ 22 ¥+ 5.3eventsat highest masses
§ 2r L e |
>:’ "'+::+++ * :
x L A A + + i
:: 18 \ +1+ + ‘-+ .’i + ++"-t+ ++ > + .
CL) ' N " #+i:' ’. +¥ .;-:: " : + < +
ND 1-6 K + * +L by * o4 t**'*t :.:#"' +* + .‘,t:'i' 1!_:. f++ +; ++ -
(\D/ .:-++ N +t+ +++ +4'++ -:'.ﬂ' < *+++ )

= * e, +-I"+-:-+ ++++#.,¢':

8) 1.41 + # + ++ g — .
- E

1.2t :

1 | | | |
0 10 20 30 40 50

S1 x,y,z corrected (phe)

-UX Dark Matter Experiment / Sanford Lab

Rick Gaitskell (Brown) / Dan McKinsey (Yale)
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Double Phase TPC

gZza)

XN =>XN
elastic scattering off nuclei

B= 103 :
m, = 100 GeV :
2!
Ye=ye 3
nN = nN x|
gug
i N= N +q,e of
a,n :
nuclear recoils v

Py € omnaozanes peseeen T

electron recoils
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