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Outline

 Introduction

e The Dark Matter problem

e Direct Detection of DM

e Current experimental results

* Prospects
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The Dark Matter problem

e The ACDM model has been
successtul explaining CMB,
large scale structure etc..

e [t fits all the observations with
only 6 parameters

e A Cold Dark Matter model 1s
necessary for the formation of
structure and galaxies in the

Universe
Angular scale
900 18° 1° 0.2° 0.1° 0.07°
6000 ‘ ‘ ]
_— Planck 2013 .
4000
o
~
= 3000
a
2000 | ‘
1000 fHLL‘H “ M\/\/\,\_\‘
0= s 500 1000 1500 2000 2500

Multipole moment, £
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The Dark Matter problem

Ordinary Matter
4,9%

Dark Matter
26,8%

e Invisible dark matter makes up most of the universe —
but we can only detect 1t from its gravitational effects

e The nature of dark matter 1s one of the most
fundamental problems in modern physics and
cosmology
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More evidences

(1E 0657-558) Bullet Cluster

Dark matter (blue)
Luminous matter (red)

Stars at high radius are
faster than expected

T T T T ] T T T T T T . : i I
observed H (&R . ——
I B : %{ _
| B g P e
P - oot B
expected . 3 {‘a\o —
from =
luminous disk =
M = "'I{,IIII.IIOII
iy ]
10
R (kpc) | I
10 15
R(kpc)

M33 rotation curve

E Corbelli, P Salucci. MNRAS 311, 441-447, 2000




What 1s Dark Matter made of?

MOND has problems with weak lensing and CMB
MACHOs mostly ruled out

Constraints from astrophysics and
searches for new particles:

up CHARM TOP [
1,275 GeV/c 173,07 Gev/c*

% %
Y2 ¥

RANGE BOTTOM

* No color charge K| e ||

* No electric charge

e Non-relativistic

Z0nommacr>ni

TAU
NEUTRINO NEUTRINO
<0,17 Mev/c* <15,5 Mev/c?

0 0
2 7]

* No strong self-interaction

e Stable, or very long-lived

Not a particle in the Standard Model of particle physics!!!!

Roberto Santorelli — Winter Meeting Benasque 19/3/2015



Roberto Santorelli — Winter Meeting Benasque 19/3/2015

.Dark Matter

-
-




1011

Detect

N
/q
AN

g,!

Above ground

Underground

Collider




Detection
4

Nl Ny

q

Above ground



The Galactic DM Halo

 Dark Matter distributed in a

spherical halo around the
Milky Way

e Jsothermal Maxwell-

Boltzmann velocity
distribution 220 km/s and
V...=544 km/s

* V.~245 km/s WIMP velocity
relative to Earth

* Local density = 0.3 GeV/cm?
J.Bovy S.Tremaine APJ 756 2012

(1e’ cm?s! for My, =100 GeV/c?)
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Dark Matter direct detection

GOAL: Detection of the WIMP collisions with atomic nuclei

Weakly e stable
Interactive * slow
Massive e relic from the Bing Bang
Particle  with the “right” mass and abundance
./ Possible scalar (coupling to the mass of the nucleus)
and spin-spin interactions (coupling to the nuclear spin)

ArXe,Ge...Nuclei

.— (at rest) _ 2 Ny pw _MZNAZ
WIMP B~103 Ry = R Am OnVo ON~z_ 47 On
(Flux ~10° p/cm?/s) E w n
My~100GeV recoil

. D N, = Avogadro number
Scattering non relativistic :

coupling spin-dependent / spin-independent A= atomic mass
my, = WIMP mass

po = local WIMP density (p,~0.3GeV/cm?—3000 wimp/m?, my,=100GeV)
6 = WIMP-nucleus and WIMP-nucleon scattering cross section (<107pb)
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The Galactic DM Halo

] ‘q ‘ m’V
Recoil E, = =7 (I1—cos@) <1+10keV J.D. Lewin, PF. Smith, Astropart. Phys. 6 (1996),87
energy 2my  my

- 2y72
‘q‘ =21V (1—-cos@) momentum transfer = 4meN/(mW + mN)2 Kinematic factor
_ 1 >
m.=mymy / my, +m,  reduced mass Eo — E my, v, Most probable energy
> 10'25 —
3 E — Ge
. . . 2 —Ar
Differential Recoil 310°2 N
Energy spectrum e
@ 10°= ——
E C
dR R, &, o
=—Le " F(q) :
dE, E,r i
10'55—
Other Corrections: -
» Earth annual modulation wE
 Finite Galactic escape velocity -
10-8_
Illlll\JIl\JII{IIII\JII!IJIIlI]IIlJIIlIJIIlJlI\ il

* Finite Energy range

S

50 60 70 80 90 100
E, [keV]
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Integral rates for different My and targets

Integral rate in the range [E_-1000 keV] ’

Integral rate in the range [E_-1000 keV] |

-1 -1
é‘ 10 — Xe _E‘ 10 - WIMP mass (GeV)
:é’ MW - 100 GeV :ire ;6_, N Jg = 10_7pb — 100
w —N ] —— 50
g g, =107 7pb - 5 X
> > — 2
w w
— 10
102 1072 !
i\\ B
10° 10°—
- «Heavier target - ,
- - — Heaviex WIMPs
104 — 104
- | | | 1 | | | | 1 | C | | | | | |
0 20 40 60 80 100 0 20 40 60 80 100
Eg [keV] Eg [keV]

e Heavy target and lower threshold favored but only at low WIMP mass
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Experimental signature

* Nuclear recoils ~ 10s keV
e Featureless recoil spectrum (no bump)

e Single scatters (uniform throughout the detector volume)

Motion of the Earth e Rate variation (June — December ~2-10%)
respect to the halo: e Direction asymmetry (Daily rotation)
30 km/s .

Earth
Annual modulation (~7%)— Additional signature
o0 . N t — 1525
un,: 230 km/s ve(t) [km/s] = vg + 15c0s0 = 232 + 15cos (21r 36525 )
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R R R R R RRRRRRRRRRRRERRRRRERRIZDIRI=RRE=,
Direct Detection - backgrounds

e o : higher energy depositions :
s syaer Extremely low background technique

* il : underground + veto . S
required and good discrimination NR-ER
%[ : ER — shielding + discrimination

o L , — Underground experiments
en : NR —shielding + multiple interactions

WIMP 6 GeV/¢*

ax107 em?®
Cosmic rays and activation of the detector
materials (°Ar, 22N)

WIMP 40 GeV/¢?

-1 -
2x10  ¢cm*

WIMP 100 GeV/c?

2x 10 em?®

Natural (238U, 238Th, 4'K)

Anthropogenic (3°Kr)

Rate [evts x 1! xy!' xkeV')

Ultimately: solar, atmospheric and SN v N .

4x 10" ] i 3 45 é 7 8910 20
Energy [keV]

L.Baudis et al., JCAPO1 (2014) 044
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XENONI00

PMT 62.6 % Teflon, 7.9 %

Background
typically
dominated by the

" PMT Glass PMTs (glass)

W PMT Base

*, 1.7 %
ases, 12.2 %

B PMT Electrodes

m SS Dewar

B HV Resistors

m Borotron

m SSTop Flange

3,7 %
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ArDM measurement campaign with
HPGe detector @L.SC.

Screened samples:
*  PMT: glass, electrodes, base, holder
components (SS, PE).
*  HV resistors for field cage.
* Polyethylene for neutron shield.

*  Perlite
hbkN
§ E Entries 8192
g 2 Polyethylene “R"hj%" é"gf;
3t
10} Background
_1
i
il
.1%,‘”
1= 1»,,’_,
: ‘“‘i’“"m
B l",
_ "ﬂ'
107 llu
3 m .“““'1 W'W‘P“M”HMM |
] || LI Inmm
0 500" 1000 1500 2000 égg?gy ol
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Evaluating the neutron flux inside
the detector
(irreducible background)

238U + 232Th + 235U [1ppb] in Poly

------ S.E total
Fa — (a,n) total
—tan iy
e —(a,n) “°Th
P (a,n) U

204




The dream of the experimentalist

* Large Exposure (Mass X Time) : 100s ton X year

* Low Energy Threshold . ~10keV

* Event topology

 Low Background Rate : <0.1 evt in the exposure

* Discrimination between Signal and Backgrounds
> 99.9%

([
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Underground Experiments

Greenland

Canada

@ Poland
; LC Kazakhstan Xy
neq [ Mongolia
ort h United States Turkey ' ; @Mn N
icific South Korea g

North P
Atlantic Afghanistan X
cean Ir3q"  1ran 0
Ocean Pakist
Algeria Libya Egypt akistan

Mexico -:- Saudi Arabia India

F: SNOLab Mali nger.- e Sudan Thailand
DEAPCLEAN Venezuela Nigeria Ethiopia

Colombia
- Kenya

Picasso > by woness I YangYang
COUPP pery s As (GranSasso: KIMS

Bolivia

DAMIC con e XENON an A

Chile

ustr

C: Boulby .., CRESST H: Kamioka
G: Soudan Apep Drift DAMA/LIBRA XMASS
SuperCDMS DarkSide Newage
CoGeNT D: Canfranc

ArDM B: Modane J: Jinping
E: Homestake Rosebud EDELWEISS Panda-X
LUX-LZ ANAIS MIMAC CDEX




l jnaergrouna Laboratories

106 — Depth, meters of standard rock
0 1000 2000 3000
— L
WIPP
00 =
Canfranc
7 Boulby ®
o 104 - ) Gran Sasso
5
L7
2
: H take* @ Maodane
e .3
3 100 —
= Baksan -
102 - Sudbury 2
*2007-12 SD support
1
10 T | | | |
0 2000 4000 6000 8000

Depth, meters water equivalent
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DM experlmen%s senmhwzy

L.Baudis Physics of the Dark Universe, 2014

o 1 I 1 | 1 1 1 1 I 1 1 1 | | 1 I
§. 10"0._ C I -
3 ” e o
3 . e s °
= 1092k ? g e -
3 ° ) 5
!
?-; 10 ) ’ e
R L3 "
S ® Csland Nal XENON P -
§ < @ mk-Ge current s
o°f o s sENONTT TMMSSTS
3] ©® XENON
H ® LUX N

10“* “ mK-Ge future -

) noble liq. single XENONDT 5

£ ) noble liq. double
é 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1
% 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026

Time [year]

About an order of magnitude increase in every ~2 years

Roberto Santorelli — Winter Meeting Benasque 19/3/2015 21



ﬂurrent scenario

WIMP—-nucleon cross section [cm2]

10~% .
W CoGeNT
10~40} t\\\ Y
\ 3¢ ) COMS S
Q\ 2013 /
A 012)
107 \ 3R i __oMPE? op 202
42 \\\ G- 20A2
IO- CN\ \ 7 P\,\ - “o
)
10_43 L _'L\‘,F\-C'S (2011 CD/
] A
- 0 (20‘\‘2\
IO 4“4 "b %ENON \20\ 2)
-45 Neutrinos ‘B8
107" Neutrinos
04 |
-47 ] Asymmetric DM \ ’
10 E Magnetic DM / ’
Extra dimensions
10-48 D SUSY MSSM \ ’DSNB Neumnos
,l’). and
IO-SO 1 aasat 2 a A a2 s aaal e WP L
1 10 100 1000 108
WIMP Mass [GeV/c?)
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Hurrent’ﬁluture scenario

S peeCOMS Soodan QOME-Ie
SupeeCD)

13 Soodan Low Theeshold
1073 — 4 oGl ey 443
: CoGeNT
40| - R012) l1a0-4
10 : COMSSI 10
" N 201 21 _
NE 10_41 i DA ‘,_..// S\MPLE'\ - M 10 3 3
- QUES~#= a2 [=",
Q T 201 o=
- Al _
10724 'Z.'E?UN = 110 6 o
8 "_Sb ON\S \Ga aat 2
8 103} SRowarSs 2ol eI 11077 B
3 10—44,_ - --‘8 jl'-'..__,p- 10_8 8
ST "Be  mme @ B, G NAL e oo m 0N -t B
v Neutrinos e A e -
£ L0 e e SN T BEEET 0 g
. : b--\h-a-- - 00 ’.1."' e v L
- P36 “.’d-:- = T -
© 107} e B e T BEET 10710 G
: T o0
| R TRV o _
By 10_47 M [Green ovals) Asymmetric DM ‘ _’_,..--""’ ’ # 10 1 E
(viclet oval) Magnetic DM S e ’
E 10-48 | (Blue oval) Extra dimensions # DS | 10_12 E
(Red circle) SUSY MSSM ’oSNB et
A MSSM: Pure Higgsino ’) er'u:a“d
10749} @ mssm: Afunnel \ e axrnosP® {1071
& mMSSM: Binc-stop coannihilation
(~S0 DA S e A A ey

1 2 Ty N
WIMP Mass [GeV/c?]
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Annual modulation - DAMA/LIBRA

DAMA/Nal

:~100 kg Nal(TI)

0.29 ton/y over 7 annual cycles

DAMA/LIBRA: ~250 kg Nal(Tl) — 25 crystals

0.53 ton/y over 4 annual cycles

Total exposure : 0.82 ton y
Modulation in the range 2-6 keV

0-1 F—————"DAMA/Nal (0;29 fonxyr) -

008 B & ! (target mass = 87.3 kg)
0.06 AN R N S
0.04 F
0.02 F

0 EpA~
-0.02 EL i
-0.04 E
-0.06 E
-0.08 E

Residuals (cpd/kg/keV)

: <DAMA/LIBRA (0.53:tonxyr)>
- (target mass =2328 kg) |

i

Toq B b sy
500 1000 1500 20

e Correct phase and period

00 2500

* Modulation only in the low energy bin
e No modulation in the multi-hit events

Roberto Santorelli — Winter Meeting Benasque 19/3/2015

4600 l :450
Time (day)

: ., ' :
3000 3500

R(t)=Acosat-t,)
T=ar2n=1y
ty=152.5d

A=(0.02152£0.0026) cpd/kg/keV (8.30 CL)
Eur.Phys.J.C.(2008)56:333-355

Eur. Phys. J. C 73 (2013) 2648. 2013
Total Exposure: 1.33 tony (9.3 CL) 24



Low Mass Region

10—37.
* Interest triggered by DAMA/LIBRA with the 10-38
summer / winter modulation: solid evidence but . 10°%

wide suspicion that is an instrumental effect.
* (Close to the detector threshold, however no
convincing explanation so far!)

1

10—41
10—42
10-43

cﬁ;
_,44 7
1044 7B Sy

-45 8
10 Neutrinos

* Additional evidences during the last years from
CoGeNT, CRESST, CDMS-Si1: excess of events

WIMP-nucleon cross section [cm?

above the expected background 1072 ‘
10-47
e Light DM interpretation disfavored by many other e !
experiments: XENON100, LUX, SuperCDMS 1074
S1 [PE] 10730 : el
0 5 10 15 20 25 30
T 02f M daesety, BT . Assuming:
Ik 0"3' 'a.- v dufdai e A ) g
, i3 ﬁﬁgh‘ﬁ?“ﬁr;%?&‘ f My,=8.6 GeV and 6=1.9 x 10*! cm?
A LA L A — 220 events expected

m,=86GeV o= 1.9x10%" em?

'l NS IS ST AT SV AN S SRS AVEUE i S

15 20 25 30 35 40 45 25
E, [keVnr]




ANAIS

Annual modulation studies: Data taking @ LSC from Dec 2012

Detectors: 2Nal(T1) cylindrical modules, 12.5 kg each (Alpha Spectra - USA)
Shield: 10cm roman lead 20 cm low activity lead
Active veto scintillators

Radon free box
1 keV,, threshold achievable

NEW 12,5 kg ULTRAPURE Nal(TI)
Goals: Crystal radiopurity (40K) DECTECTOR at LSC since March 2015

Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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Bkg: pessimistic approach (ANAIS25) Bkg: ANAIS250 model

Exposure: 250 kg x 5y Exposure: 250 kg x5y
W .. 2 - 6 keVee

3 10‘ HEREEL] H M

2 i ' — 1-6 keVee

e 10° H i

10.7 HEHIE N B $ 3 3 123431 HE ....3
1 10 10° 10
Wimp mass (GeV) Wimp mass (GeV)
Exposure: 250 kg x5y Exposure: 100 kg x5y
ANAIS2ZS measured bkg ANAIS2S measured bkg
= 10% ANAIS25 model bkg 10? —  ANAIS25 model bkg
'9': ANAIS250: PMT + Nal “’K + Nal “Na ANAIS250: PMT + Nal  “K « Nal “Na

10* 10° _
M. Martinez 11t
10° 10° MultiDark meeting
Nov,2014
10°

107

1 10 10° 10° 1 10 10° 10°
Wimp mass (GeV) Wimp mass (GeV)
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z!ryogemc experiments at T~-mK

SuperCDMS:

low temperature Ce/Si detectors at
SNOLab. Rejection through ionization
and phonos.

Focus on low mass WIMPs.

*SNOLAB 6010 mwe

GeiZIP 14 kg

e 6 towers (=50 kg) Ge with NR
discrimination through ionization +
phonons

e 1 tower (3Ge+3Si from CDMS). No
discrimination. Background limited
after ly Payload 50 kg of

« Start data taking 2018. Ultimate goal = Ge & Si - capacity 400 kg Ge
8x 1047 (SI)

Ge Tower 8.4 kg

* Potential future increase with multi-target approach (EURECA). Cryostat able to
host up to 400 kg

Roberto Santorelli — Winter Meeting Benasque 19/3/2015 28



* low energy threshold

(high scintillation/ionization yield)

e large mass
(available in large quantity/affordable)

o ultra low background

(radiopure and clean)

oble liquids technology for particle physics

» background rejection
(pid through pulse shape, light/charge, dE/dx)
Element Z(A) Boiling Liquid Energy Radiation | Collision | lonization | Scintillation Cost
point (Tb) density loss length length [e/keV] [ykeV]
@1bar [k] @Tb dE/dx X,(cm) A(cm)
[g/cm?3] (MeV/cm)

Ne 10(20) 27.1 1.21 1.4 24 80 46 7
Ar 18(40) 87.3 1.40 2.1 14 80 42 40
Kr 36(84) 119.8 2.41 3.0 4.9 29 49 25
Xe 54(131) 165.0 3.06 3.8 2.8 34 64 46 v

Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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JuidS 1CCIINOIOEY 101 Particic piy

» High atomic number and density good for compact and flexible
detector geometry. Good stopping power (i.e. self shielding
active volume)

» “Easy” cryogenics
» High scintillation yield with fast response (yield ~80% of Nal)
» High ionization yield and small Fano factor for good AE/E
» Available in large quantity and “easy” to purify with a variety of
methods (~2k$/kg for Xe).
S
50:_ —600)
"
Overall bkg in the fiducial - {300/
volume ~0.6 dru o o
- 100
-I(iﬂj -

1 1 1 | 1 1 1 1 1 ! 1 1 1 1 1 1 1 1
-100 -50 0 50 100
Vx(mm)
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Xl’ scm!1“a!10n

* LAris an Excellent scintillator: W.= 19.5 eV — ~ 5000 photons/mm/m.1.p.

* Singlet (T ~ 6ns) and triplet (T ~ 2 Us) excimers giving a spectrum peaked at
128 nm

e Transparent to its own scintillation light: 9.7 eV not enough to cause
secondary scintillation/ionization.

e Light propagation governed only by Rayleigh scattering (purity dependent).

Pulse height [p.e.]

(= 2 U

Time [ns]
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EVEHE alSCl'lmlnaEIOll !ec“nlque mn Xl’

* Noble liquids detectors effective particularly at higher WIMP masses
Preferred option because of event selection / background rejection

El. recoil like event N.recoil like event

“nm’ L | 1) T

Slow component = 10 %

&

AL B

.05

PMNT pulse (V)
&
a
=]
PMT pulse (V)

&

0.1

&
@&

Slow component = 70 %

&
o

|IIIIIIlllllllllllIllllllllllllllllllllll

.25

03

[III|IIII|IH||IIII|IIIl||III|IIII|III| T

035

1 L s L L L L PR ]
107 10 time(ns) 04

TR - |
" time(ns),

-
a
o

Pulse shape discrimination of primary scintillation: very large difference in decay times
between fast (= 7 ns) and slow (~2 us) components of the emitted VUV light.
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W

Nuclear recoil energy calibration Single-phase LXe scintillation detector
(>95% light coll efficiency — 25pe/keV)
S S — Neutron scattering experiment
E - 1 X e
" L L S
y eﬂ r m M Paraffin
. . E, =E —"—"—(1-cosb)
S,= signal in pe (m,+M,)
L=light yield @122 keV (pe/keV)
L.x=NR scintillation efficiency rel. to 122keV (0 field) TouHe
S.=quenching of scintillation yield @ 122keV due to the field o] 60 cma
S;= “ “  for NR P i

 Results consistent with previous data for E>10keV
* Average value E<10keV : L_4=0.14

(discrepancy with other data but consistent with the best fit on Xel0 neutron calib. )
05 : :
This Work (2008) ‘

045 Chepel (2006)
Aprile (2005)

0.4 Akimov (2002)

X< pPboo

Bernabei (2001)
035 5 v Arneodo (2000)

03

02 | e =Y XL td L <
st 4y I ;‘*

Phys.Rev.C 79-045807

C;H
2
I
=
—gir—
%‘I

0.1
0.05

- e -]
Nuclear Recoil Energy [keV] o 33



W

LXe: Density x  Price

~50% odd isotopes ( 1°?Xe, 1’1 Xe ) % ER discrimination
for spin dependent interactions

No long-lived radioactive isotopes

% Radioactive isotopes
Y9Ar — 1.01 Bg/kg
(NIM-A 574 (2007) 83-88)

LAr: Available in large quantity
ER background discrimination

Additionally: Scintillation wavelength

100

\ o
———SAPPHIRE \\ SYNTHETIC
SILICA

S/ / / yd
/ // / /

Apxe~175 nm £ [ [ LXe : No need for
~ &) ’ TRANSMITTING .
7»7641, 128 nm E . - | cass sorosicare | Wavelength shifter!

~77.5nm = — O -
( LNe ) 2
o

Hamamatsu:
” Photomultipliers tubes ”
3 edition

120 160 200 240 300 400 500
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RK contamination in “aEKr

* 39Ar and ®Kr “Activity in the atmosphere ~10mBg/m?

NIM-A 574 (2007) 83-88

0.009
Isotope Half-life (y) B end-point (keV) B mean energy (keV) I

PAr 269 565 220 el
85Kr 10.8 687 251 [

0.007 [k
0.006 |

0.005 |

PAr: (1.4110.11) Bg/l ~ 1.0 Bg/kg

counts/(keV s)

SKr: (0.1650.13) B/l ~0.1 Ba/kg o

0.001

100 200 300 400 500 600 700
Energy (keV)



Underground Experiments

Greenland
l‘ Finland
”
Iceland Sweden
Norway
Unltgi
Canada @ K Poland
: ~ ; @ LT Kazakhstan
. ne t
< ta
Spain

orth United States North Turkey
iCCFl —l:!n(‘ Atlantic R Cireq Afghanistan

£: Iran 1

Ocean Eavpt Pakistan
Algeria Libya | =9YP
** wico -- Saudi Arabia india
F: SNOLab
~
DEAP/CLEAN Venezuel e e
Colombia y
. C— L Kenya
Picasso PR Conget
Brazil

COUPP &

DAMIC

G: Soudan
SuperCDMS
CoGeNT

E: Homestake
LUX-LZ

i) Souh
C: Boulby
Argentine Drift

D: Canfranc
ArDM
Rosebud
ANAIS

meon A GranSasso:

“"s XENON

wn CRESST
DAMA/LIBRA
DarkSide

B: Modane
EDELWEISS
MIMAC

Ruseia
Mengolia
09. ;
@" South Korea P
0
Thailand
indonesia I: YangYang
| KIMS
ian
an Austi

H: Kamioka
XMASS
Newage

J: Jinping
Panda-X
CDEX



g!elxgg a! Ramloka

850 kg (~100 kg fiducial?) single phase LXe detector

e LXe in copper vessel, water tank
* 62% active surface (632 high QE, HEX PMTs: 13 PE/keV)

e 1 yrof data after refurbishment to reduce surface background
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W

3.6 ton (1 ton fiducial?) LAr single phase

e Acrylic vessel, water tank

e 255 8” high QE, round PMTs
e Steel containment sphere immersed in 8m water tank
e Commissioning 2014. Physics 2015

e Goal ~10% cm? (SI) for M, ~100 GeV after 3 y

A 7 —
r |
B




“utlook for the single phase

XMASSI1.5 : 5 ton total mass (~3 ton fiducial)

New PMTs to achieve 10~ eve/keV/kg/day

Projected Sensitivity: og= 1047 cm? @50 GeV

Status: start in ~2017 ?
XMASSII => 24 ton total mass (~10 ton fiducial)

DEAP - 50T => 150 ton (~50ton fiducial)

Proposal only

Depleted Ar in acrylic vessel

New 4400 PMTs (development)

Projected Sensitivity og ~ 10*® cm?
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W

e LAr ionization: W,~23.6 eV — low detection thresholds

* Possible electron/ion recombination suppressed by E ., (absent for mip’s at E ., = 10KV/cm)

* Dirift velocity parameterized and measured in LAr-TPC’s:

t—electron lifetime
p—0O, concentration

e Oxygen (nitrogen) impurities capture free electrons: T, [Us] ~300/p [ppb]
— crucial issue for LAr

e Diffusion effects are small for E ., ~1 kV/cm:
transverse ~ mm’s longitudinal « uncertainty on V j.q

e —
t Ts00data

.5 —— W.Walkowiak, NLM. A449 (2000) 288 ]

~ Drift velocity [mm/us]

2.0% (.04 mmd s
178 0.04 mmies ]
1.6%0.03 mmis
75KV | 153003 mmis |
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event_id: 26
total_pe: 1654
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|llwo pﬂases Kr ana ge Illﬂ!s currently 1|n operation

XENONI100 LUX Panda-X ArDM DarkSide50

LNGS Homestake CJPL

161kg 370 kg LXe 125 kg LXe
~50 kg fiducial 100 kg fiducial 37 kg fiducial Canfranc: LNGS
242” PMTs  1222” PMTs 143 1” PMTs 850 kg LAr 50 kg LAr
37 3” PMTs ~500 kg fiducial 33 kg fiducial
28 8”7 PMTs 38 3-inch PMTs
New DM data Physics run and First results in . .
still blinded  firstresultsin ~ Aug 2014 Filled in Feb 15. 2014 First result
Modulation 2013 80 days DM data ~ Fast 2015 First run
studies 2015 new data  still blinded science run in depleted Ar

(300d blinded) 20157 43



o [em?)

- o\ e | " PR " PRPR | " PR
10 30 . X
1 10 10? 10 10
M, [GeV/c®]
XENON100 XENONIT
LXe Mass (kg) 161 kg 3300 kg
ER Bkgnd (evts/keV/kg/d) 5x 10-3 ~3 x 10°°
Kr Concentration (ppt) (19 £ 4) < 0.2
Rn Concentration ( uBq/kg) ~65 ~1
Charge drift (cm) 30 100
¢ Cathode HV (kV) -16 —50 to —100
LXe Purification Several Months Few Months
Cryogenics ~1 year run ~2+4 year run '
Storage/Recovery GXe LXe

Roberto

XENONI00
still taking data during
Release 20157

Testing calibration sources

XENONIT

Extensive material selection
248 x 3” PMTs (R11410-21)
Average QE (178nm) 34%

Under construction (Design completed)

Install June 20157

44



* 10 m high — 9 m diameter Water tank

e 84 high QE 8” Hamamatsu R5912 PMTs

e U-induced background < 0.01 evt/yr

» Trigger efficiency >99.5% for neutrons with
L in water tank , ~78% with L outside

Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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Coms nco | | (a) Tr]tiLl|m ER Calibrati(;n
e DAMA;LIBRAFachc Homestake
% i 370 kg LXe %
S 100 kg fiducial §
g 12227 PMTs z
é N L 22¢ §:
{LUX (201385 ive g3 e g
S1 x,v,z corrected (phe)
E Measured ER background 3.6+0.3 mdru
B
e
8 (1 dru =1 count / [keVee x kg x day])
3 . 230 pe (S1) ROI
ao * 160 events observed
g * (.64 events expected from ER leakage
below the NR mean
] event observed in the box

0 10 20 30 40 50
S1 x,y,z corrected (phe)

Roberto Santorelli — Winter Meeting Benasque 19/3/2015 46



: +

At Homestake . Approved in mid-2014 as DOE-only supported
project. (Total cost ~55M$)

Instrumentation conduits

Detector:

* Dual-phase TPC with
« 7tLXe viewed

* 488 3-inch PMTs

Water tank

Gadolinium-loaded
liquid scintillator vet¢

Shield: roudivouon
* Gd-loaded liquid scintillator
« LUX water shield

Liquid xenon
heat exchanger

120 veto PMTs —

e Status: start in 20187

7 tonne liquid xenon

* Projected Sensitivity: 1043 time-projection chamber 485 photomultiplier tubss (PMTs)
cm? for 50 GeV WIMP with OSSN S SOl Sl
1000 live days
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arKkdiac
e DS50: results published in October 2014 (1.422 kgxday, no background)

e Depleted (UG) Argon run in 2015
e (G2 phase O(5 ton) within the existing active veto

* (3 phase planned O(100 ton) to reach the neutrino floor (~400 tonXyr with no
background) — —
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First results from Atm-Ar, 1422 kg d 10
6.1 X 10** cm? at a My~100 GeV 10 i
Rejection factor ~107 at 36 ke Vr threshold **

o [cm?)

Results interpreted as a zero background run
in 0.6 ton X yr with Ug-Ar o i

f90

.. Neutrino Limit |
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10°% | _ : |
1 10 10? 10 10°
M, [GeV/c']
4500
4000
-~ —{3500
— 3000
.................................................................................................. —2500
......... 2000
1500
R Sr— : : 1000
- e B S B TR | 500
1 iq-l 1 1 i 1 1 1 1 i 1 1 1 1 i 1 1 1 11: 1 1 1 1 i 1 1 1 1 i 0
100 150 200 250 300 350 400 450
S1 [PE]
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Lab. space = 4000 m? (main hall).

Gamma flux = 2x1072 y/cm?/s.

~ 2450 mwe
Neutron flux = 10-° n/cm?/s (CUNA). 1ot 3
Radon = 50-100 Bq/m? : '
Temperature, pressure and humidity %l X
monitored. ] :
E w0y 3
Z g
E.’ Gran Sasso
g Homestake CI-Ar
2 107 3
10° 3 E

| | 1 1 I-
0 2000 4000 6000 8000

Depth, meters of water equivalent
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* ~2000 kg Ar mass double-phase (~850 kg in the target, > 500 kg fiducial)

* Cylindrical volume 80 cm diameter, ~120 cm max drift
e ~1 kV/cm drift field
* Cryogenic low radioactivity PMT (Hamamatsu R5912)

12 X 8 top (first phase)

- T e v 12x%x8 bottom
= == b !
= =

Top PMT array
in vapour phase

’
{

AR

Drift cage
(field shapers)

=1’ lined with
side reflectors

ST LT
H""ﬂ'v 11

|
|

Drift length ~1 [0 cm

SULLLITTTTTR

Abalaaa .

U

Cathode grid

=
~—
=
-
e
~
S
VR
~
N
.
\\\

Bottom PMT array
immersed in liquid
argon
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ArDM Phases of the project

Surface operation :
Building the ArDM prototype v/

Commissioning the detector cryogenics, purification, HV, electronics,
light readout and software v

Underground operation I:
Construction and installation of the passive neutron shielding v/
Installation of ArDM and its infrastructures v/
Warm gas argon runs and test of the light readout system v
83mKr source calibration — v/
Material screening — Ongoing

Neutron flux measurements — Ongoing

Underground operation II :

First Liquid argon run (commission HV, purification, cryogenics, ...).
— Ongoing

Physics runs (—20157)

ArDM: First 1-ton scale double-phase TPC in operation!!
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» 83Kr data: Verified LY and energy threshold
» Peak width well described by photons .

CLCCLOT L al1oration

I" = 512"

83Rb

= . 0,
samK /,, 86.2d (EC); 77.6 %

conversion

. . . . . . T,,=1.83h electrons | Ev., = /]
statistics (10% intrinsic resolution) | oz e Faintf i
x AE = £ ke ';:, L .
. . . . .o . =772 - S _[E.=30.420 kev
e Uniform light collection (vertical distribution) ot Y ro=18ev |
Y AE =9.4keV Mo E,,=30.472 keV
IF=a2* TIr,=12ev
* Expected threshold for DM search ~30keV, ]
c Run 1677, with Kr-83m rate typ.: S0Hz
:g 10° .2 -
= g 2% - Kr-83m data
8. = W 1800}
- - — Gauss+poly fit
':1—'_3' - =z- 1600t~ )
2 ,g = LR o 77 ndf = 10907240
=4 12001— po -19.39:0.82
= 8 - p1 6.443:0.166
= 1000} p2 «0.08775+ 0.00301
b - p3 0.0004339+ 0.0000181
= 800} P4 -7.247e-07:3.513e-08
= - 1 : ps 1769+ 13.7
. 600} pé 43.26:0.05
= —t p7 7.52:0.05
= == 32| "°V;' LY = 1.04 + 0.01 PE/keV
"800 % 0 DS IS

total light (PE)

Threshold for DM search of ~30 keV,; within reach

(trigger on fast component of NR = 75% of signal)
Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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* Control of the cryocoolers and cryogenic system fully
integrated in the existing PLC

* Reduced manpower requirements during the data taking

* 4x ADC V1720, 8ch, 12bit, 2Vpp, 250MS/s.

* handling up to 2.2 kHz trigger rate (289 MB/s — 8 pus
digitalization)

PMTs

* 1 -ARDM_BAT182_Heater1PID Hegulation PWM Heater 1

DAQ software

- Writing : 500MB/sec
4 Reading : >1GB/sec

Lafeliine

DAQ manager

”

il

Each digitizer are connected wth only one link
to the CAEN PCle board
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Detector in operations @ LSC since November
2013.

« Two BC501A liquid scintillators — fast
neutron spectroscopy.

« 3He proportional counter — thermal
neutron background.

Periodical calibrations with gamma sources
and a neutron source

Data taking of several months is foreseen in
collaboration with the Nuclear Innovation Unit
from CIEMAT and CUNA.

- 1 .
T 160
8 UG - Calibration run
E 0.8 140
3
o
Eos —120
g
o
204 —{100
3 , Neutrons
0.2 | —80
0 —60
40
-0.2
20
-0.4
saaa oo Lo Lo g Lo a Lo Lo s el 0
0 1000 2000 3000 4000 5000 6000 7000 8000
Energy [keVee]
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1 L Illllll
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10

s
)

0.4
LllllilllllllllllllllLllllll'l]l ll
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P
Plans

 Commission the detector 1n liquid

e Assess the LAr purity

* Explore the light yield for the full target

e Measure the *°Ar background

e Measure the rejection power for electron background

 Measurements of the neutron background from multiple scattering

x103 Number of elastic scatterings > 2 keV
w200F
+

g 180

>

Mi160
140
120
100
80
60

40

% ©.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 20
Fprompt

74.2 percent scatter more than once

Entries
-4

§§§§§§§§

Multiple scatters

-

-

M

T[T T[T T[T [T [T [T I [T ITT 77T

0

1 L
1 1 1<t 10 15 20 25
Simulation based on photon statistics . S
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qxpec!ea sen&ﬁw’y

ArDM: 508kg FV, ly exposure, 50 < E < 100 keV

~10
s LR XE'DN‘wzzsd
~107"
a B 1ot et a1 2008, CMSSM Bayesian: 95% contour
o
g 107" - Trotta et. al., 2008, CMSSM Bayesian: 68% contour
s — ArDM, (0.22 + 0.08) n/day, 907 CL
o -42
@10
0
vl
o -43 [
10 X
-44 .'..
10 =
-4% ML LT TIIITD
10 -
107"
no systematic error included
-47
10 1 2 4 4 4 l 1 ) ) 1 1 ) |

100 - 200 300 1000
b (GeV/c )

UTND

20 30 40

50<E <100 keV

Projected sensitivity with (2.2+0.08) n/d
From MC and screening results
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raacs
* New field cage (Fully manufactured, stored at LSC)

* New reflectors
e Upgrade of the light readout with SiPMTs
2000 SiPMTs (7x7 mm? - SENSEL) necessary for the same light readout

* Arrecovery system = PMT Glass

m PMT Base

p Q 2,0% ® PMT Electrodes

3‘7 % m SS Dewar

B HV Resistors

= Borotron

800 mm u 5SS Top Flange
Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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Argon over Xenon?

What is required to explore dark matter to the “Neutrino
Floor” well above 100 GeV?

(“Neutrino Floor”: dark matter sensitivity level where neutrino-induced
coherent scattering by atmospheric neutrinos provide one count in
given exposure)

o [cm?] 1 TeV 10 TeV

LUX [4]
[10k kgxday]
XENON [2]
[7.6k kgxday]

DS-50 !
[1.4k kgxday] 2.3x1043 2.1x1042

XENON-1t [3] 46 45
[2.7 tonnexyr] 3.0x10 3.0x10

4.8x1047

1.1x1044 1.2x1043

1.9x1044 1.9x104

[15 tonnexyr]

DarkSide-5k
[20 tonnexyr]

Neutrino Floor
[Xe: 300 tonnexyr] 2.6x1048
Ar: 400 tonnexyr
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Argon over Xenon?

Complete exploration requires a background-free
exposure of

300 tonnesxyr for xenon

400 tonnesxyr for underground argon

Can an Argon experiment be background free at that exposure?
YES thanks to pulse shape discrimination!!!

Can an Argon experiment be background free at that exposure?
VERY tough job! Background need to be reduced to <30 pdru
(1 dru =1 count/ [keVee x kg x day])

XENON100 [2012]: 2 leakage events over 400 in ROI
LUX [2014]: 1 leakage events over 160 in ROI
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Cooperation between DarkSide and ArDM

e Cooperation on depleted argon for ArDM at LSC
e Cooperation for a Sk detector at LNGS
* Cooperation on technology (S1PM)

e Joint letter of intent for 100 tonnes detector

Roberto Santorelli — Winter Meeting Benasque 19/3/2015
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Conclusions

* Direct detection experiments have excluded WIMP-nucleon cross
sections down to 108 pb

* Tension in the low WIMP mass, but some claims rejected

* Double-phase liquid noble TPCs best prospective for the
100 GeV + 1 TeV WIMP mass region

* Program of strong cooperation between DarkSide and ArDM
* G3 Argon detector proposed to reach the “neutrino floor”

* Exciting times for dark matter...
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Cryogenic design

PDewar: TE4L TEAQ TENS: ARdAE— b N T - “]‘ : L
Fraarl= e sl= el
vac = IR

Bath design in a modular design :M [ S 2

- “clean” and “dirty” LAr volumes :r

- no direct heat load to the clean LAr : ; ' e

- bubble free ?

SRR
-

- 3 x 300W Gifford-McMahon
cryocoolers (Cryomech AL300)
- Heat influx from the env. ~350 W

- Third cryocooler for redundancy

12.12.2V14 UDS meeung ArDM 5



Experiment - fully remotely controlled

ArDM Control Center CERN

Webinterface

Audio visual contact with shifters at LSC




Polyethylene neutron shield

50 cm thick
17 ton total (12 + 2x2.5)

~10° reduction of the neutron flux
of neutron ( <1 MeV)

Installed: bottom + side

Top part: pending.

Roberto Santorelli - DM2012 UCLA 28/02/14

Safety (fire protection)
* Fire-retardant paint.

* Insulating layer +ext. aluminum sheet.
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e,51: CDMS,
: EDELWEISS

LAr: ArDM
LAr: WARP
LXe: XENON
LXe: LUX

CaW04,A1203: C




Corrections

e Form factor
]1(1 n) ((“)2/2

qm

o(qr,) = o,F*(qr,) Flgn) =3——

» Earth velocity: annual modulation
t — 152.5)

_ Camefl — 7727 Erncl®
ve(t) [km/s] = vs + 15c0s0 = 232 + 15cos (an 36575

» Finite galactic escape velocity
Vpse = 600 kms™!

» Finite energy range

dR(Vg, Vesc) _ ko Ro [V v

[ VUmin + Vg A Vmin =™ Vp 2 2
ert( min t) - ert( nin L)l -— O Vesc/Vo
Vo Vo

dEg ki Eor| 4 ve
1 Vmin V E /E r'Vy
kO o _f(ve'.';t‘) 2 Vese _K‘%
k] o Vo \/F Vy i erf(vnsr) - ;’f esc/vo
=) i



The double phase EL-TPC

Wimps (or neutrons) — Slow nuclear recoils

Y, etc —>  Fast electron recoils
—_— Xet
lonisation =, . o . _
_— +Xe Applying a drift field fewer and fewer electrons recombine with the
Electron/nuclear recoil parent ions : recombination light suppressed.
+
Ex&ation Xe, Different track structures of recoiling electron and nuclei
' +e- —> two different amount of quenching
/"__—74 .Wﬁ-.—
e (atinin)
Xe* <g== Xe™ + Xe
Different ionization/scintillation ratio for electron
+Xe and nuclear recoil
L . — Event by Event discrimination
A1sm e Xe, B ;r“;m
S/ Triplet /sm,-,u)
L 2ms 4\ 3ns .. . .
=-.. 3 — Ionization signal from nuclear recoil too small
Xe  2Xe """"'---fiigeﬂmﬁms to be directly detected
on gas
eg. Xe 31279:s
Ar 10/1500ns | |
DUAL PHASE DETECTOR

Ultra pure liquid necessary to preserve small electron signal (~10 el)
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