% > cg. , i X
INFN Wo;kshop‘ onFuture j -‘.“ RS
16-18 D.ecembgr 2015 To mo.-*r

- .

) *I ’ O- 1& “ - .f."l,.",.'é
Lan‘franglﬁ)ratory" N

o A /
. e = .
5 " - :

- o, '
1> 4% 2
-




Outline

* Introduction
—Direct Detection of Dark Matter
— WIMPs search for low and high masses

* A “not exhaustive” review of present
and future detectors for WIMPs search

* Conclusions and perspectives
* Many backup slides for discussions ...



The quest for Dark Matter

INDIRECT COLLIDER

X\ /q q\‘/’X
X N9 a/ \g

DIRECT
‘ ¥ = DM particle
\

/7 g = Standar Model particle
q
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DM particle candidates

 WIMPs

— Weakly Interacting Massive Particles:

for the last ~ 20 years the main scenario for DM
— Mass ~ 1 -100 GeV/c?
— Local number density ~ 10° - 10’ cm™3

* Axion-like particles
— the interest in these particles as DM candidates

is growing O ~ (10_5 eV)Z
, =

My

— QCD axions as DM with mass ~ 1 —100 ueV
— Local number density ~ 10?2 — 10% cm?3
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The quest for axions as DM

(see Caterina Braggio this meeting)

The only experiment in operation at present is Axion DM eXperiment

(ADMX) a cryogenic microwave cavity in 8T magnetic field sensitive to
~100 MHz

— Cavity haloscope: axion-photon conversion enhanced in resonant cavity
— improving performances for GHz range sensitivity
CAST-CAPP and RADES (UZ and IFIC Valencia)
— Microwaves cavitities in CAST magnet with GHz sensitivity
— Prototypes installed and tested in 2016

Dielectric resonant cavities with sensitivity at 10-100 ueV (mainly
MPI, Munchen)

— Reflecting surfaces convert axion-like particles into photons
— More broadband effect than from resonant cavities

Quest for Axions (QUAX) at INFN and Univ. of Padova

— Probe axion-electron coupling by detecting spin flip induced in a
magnetic field on a target “magnetic sample”

Dec. 18th, 2015 A. lanni 5



“Standard” cross-section

Spin Independent interaction: (g )¢
r p

2 2

ﬂ Fgl(Er)

Hy

Z+(A-Z))£

p

So for the “standard” f = f, , 0° ~ A?

Spin Dependent interaction: % (f)- GSDEJ_”(<SP>+<SH>L)

O-SI/O-SD ~ AZ

Deviations from the “standard” scenario are being considered:
Isospin Violating Interactions, fn/fp ~-0.7
reduces the coupling with Xe target
fn/fp ~ -0.8 reduces the coupling with Ge target
Electromagnetic coupling

Important to use different target detectors
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WIMPs Detection Methods

phonons
CDMS Y
EDELWEISS CRESST
charge <« ——> light pAMA
NEWS-SNOIlab DEAP
DAMIC XMASS
CDEX Xenon, LUX,PandaX, KIMS

ArDM, DarkSide

Dec. 18th, 2015 A. lanni 7



Background for WIMPs search

Dec. 18th, 2015

Distinguish background in:
Electron Recoils and Nuclear Recoils

U,Th,Rn

A. lanni 8



An active Neutron Veto for WIMPs
search: general idea

LS veto

A radiogenic neutron
from the cryostat steel
or PMTs makes an interaction
in target (WIMP-like) and later
is captured in the LS veto.

This type of event is rejected.
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“Neutrino floor” for DM

100g
101
1072+
1073
1074
107
107°

0y [107% cm?]

1077 -
1078
1070

10—10:

T T T LA B R R T T LI |

Neutrinos of different sources make an irreducible background

- to DM direct detection by means of:

neutrino-electron ES
neutrino-nucleus coherent interaction

«« 104 cm?

low

Atmospheric and DSN

10°

Dec. 18th, 2015
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Background rejection:
an example with CRESST

N Neutron Calibration
. thermometer TranSItlon-Edge-SensorS |ight 1'5“ L L ) I
§|Ight absorber — - 2independent calorimeters Fat N
| | (s Bg A
s heat X " f%‘w; Y e
S g D Aepriiesy [
9 v :
0.6 >~.
04 -
; < !
0.2: .,O..D ) i
Phonon detector (Cawo,) . |
* Threshold: E,>300 eV A | neutrons
* Resolution: o =60-200 eV | |
4 L1l | | I I L1 1 1 I L1 1 L1l
Light detector (SOS) 0 R 100 150 20 250

* Threshold Ey, = 5eV Energy [keV] \\ea‘
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Residuals (cpd/kg/keV)

DAMA/LIBRA: results

o © A ® ) o
O 8) o 8) (8 N
'vq' 4 'L’LQ '»'Lo 'Lq'o 'vq'o 'vq' 4 '\xq' 4
5"(\0 5"(& s’o 2-6 keV 5\’0@ b"(\o 5\’(&
0.06 . , . . . - ; , . y ;
< i DAMA/LIBRA = 2350 kg (1.04 ténxyr) | >
0.04 E | E
0.02 |

2
o
;’%
-
5
b

—0.02

—0.04

S {o

4
é
{

L : |
—0.06 £ 1 1 H

Time (day)

 Modulation observed over 14 cycles

 Cumulative exposure = 1.33 ton-year

e Significance of modulation signal is 9.30

* Modulation amplitude in [2,6]keV = 0.0112+0.0012 cpd/kg/keV
* Phase =144+7 days

* Period =0.998 + 0.002 year
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DAMA/LIBRA: present and future

* High purity Nal(Tl) crystals + light guides + PMTs in
passive shielding

 Upgrade end of 2010 to replace all PMTs with new
ones with high QE to lower the detection threshold

* Fall 2012 upgraded electronics with new preamplifiers
and trigger modules

e Detector running with new configuration
— LY improved to ~ 10 pe/keV
* Further improvement to increase light yield:

— Reduce radioactivity of PMTs

— Remove 10cm long light guides and couple crystals to
PMTs

Dec. 18th, 2015 A. lanni 13



Nal(Tl) detectors for DM search

DAMA/LIBRA in operation
— Total rate in ROl ~ 1 cpd/kg/keV (1 DRU)
ANAIS at Canfranc
— 112 kg of Nal(Tl) in 2016
— Crystal arrays in passive shielding + muon veto
SABRE at LNGS and Stawell (Australia)
— ~60 kg Nal(Tl) + Liquid Scintillator active veto
— 2016 crystal characterization
KIMS-Nal

— 200 kg x 3 years in Yangyang (Korea)
— Liquid Scintillator active veto
— 2016 crystal characterization

PICO-LON in Kamioka
— 200 kg Nal(Tl) target mass
— 2016 crystal characterization/run
ALL efforts have
— >10p.e./keV yield
— Issues with intrinsic radiopurity from 4°K, 219Pb, ...

— Cosmogenic background will delay physics run by 1-2 years since t,

Important goal: ungerground crystal production

Dec. 18th, 2015 A. lanni
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Diurnal Modulation of DM

Diurnal modulation ~ x 0.02 vs annual modulation
Carbon NanoTubes (CNT) lattice for DM search (DCaNT)
— aligned CNT as target (~ g/cm?3)
— scattered C ions escapes (channeling) parallel to
central axis; anisotropy give key for diurnal modulation
detection
— Cions detected in low pressure gas TPC
— Cion energy and direction measured
— Goal: test channeling idea
Nuclear Emulsions for DM search
— NE as target and tracking device

WIMP-nucleon cross section [cm?]

1 0—39
10~
10—41
1074

10-8] 7%y

10-%
10-%
10746
1047
10748
10-%

10—5() -

— Rotating structure holding the target-detector and shileding

Anisotropic Detectors for Dark Matter Observation (ADAMO)

30 kg-year, 1 keV Th

Q
Neutrinos

[ Asymmetric DM
[ Magnetic DM

[Jextrad W e
Ssosvmssw -\ No XENONNT  pARM “GRERE S eutfino®

23\
T 3
COngrenT SON P A

Neutrinos

e, -
................... i
o
e ——" 13‘“””‘:(\0 and
Nmosp\"e

oo Nev

10 100 1000 104
WIMP Mass [GeV/c?]

— Light output depends on direction of incoming particle wrt crystal

axes

— ZnWQO, taken into consideration for low background and large A

TPC which exploit incoming particle direction wrt electric field

direction

Dec. 18th, 2015 A. lanni

15



Low Mass WIMPs

m Ppm/ P, 5GeV/c?

SuperCDMS/EDELWEISS (SNOlab/Modane)
— phonon + charge on Ge and Si (> ~150eV)

CRESST (LNGS)

— phonon + light on CaWO, (>300eV)

CDEX (CJPG)

— Charge on Ge + Nal(Tl) anti-compton (>~100 eV)

DAMIC (SNOIlab)
— Charge on CCD at -150C in Cu+Pb shielding (>~40eV)

NEWS-SNOIlab
— charge on Ne or He (>~100eV)

Sensitivity to low masses ~10 GeV/c? with LXe



CRESST-II
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CRESST @ LNGS: next steps

* Background from clamps (*1°Po->2%¢Pb(103keV)+a.(5.3MeV))

— To improve rejection of this background avoid non-
scintillating materials in crystal housing. Use CaWQ, sticks

 Make crystal at TUM to improve radiopurity

— Already working very well
* Improve light detector due
to smaller volume of crystal
housing and new light absorber
design

Dec. 18th, 2015
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CDMS/SuperCDMS

Ge single crystals (620g each)
Read-out: Superconducting Phase Transition Sensor (T.=50-100 mK)
Basic configuration: low voltage (4V)
One detector: high voltage 70V

+2V oV

Basic configuration

- mm momomom - Detector configuration at Soudan Lab:
Y stack 3 detectors in a “tower”
5 towers for 9.3 kg

shielding with Pb+PE+muon-veto
at 2 keVe 100% trigger efficiency

CDMSlite configuration

- mm mEm mm mm CDMSlite ~ 170 eVee threshold

-70V
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China Dark Matter EXperiment (CDEX)
@ CJPL

e China Jin-Ping Laboratory (CJPL)
— 2400 m depth with 6 u/m?/month
— 6x6x40(L) m3 Hall in operation

— new excavation underway
* Four 14x14x130(L) m3 Halls ready in 2016

* CDEX

— 1kg p-type point-contact Ge detector with Nal(Tl)
anti-compton, Cu+Pb shielding and muon veto

— Next future development
* 10/100 kg Ge detector in LN or LAr

Dec. 18th, 2015 A. lanni 21



CDEX sensitivity

Search for low mass WIMPs

* Use background subtraction based on
— muon veto + very low muon flux at CJPL
— anti-compton veto
— PSD to reject surface background from pulse timing amplitude features

* Sensitivity
— CDEX-1 (current result) with threshold at 500 eV and 4 cpd/kg/keV: ~10-4!
cm? @ 8 GeV/c?

— CDEX-1 with threshold at 100 eV and 1 cpd/kg/keV: ~3x1042cm? @ 2-10
GeV/c?

— CDEX-10 with threshold at 100 eV and 0.1 cpd/kg/keV: ~3x1043cm? @ 2-10
GeV/c?

— CDEX-1000 with threshold at 100 eV and 0.01 cpd/kg/keV: ~104cm? @ 8
GeV/c?

* Implies underground Ge growth

Dec. 18th, 2015 A. lanni 22



DArk Matter In CCD (DAMIC)

DAMIC 2011 test run at FNAL with 0.5 g CCD and 107 g x
day (CCD made at LBNL)

CCD at -150C in Cu+Pb shielding
40 eV detection threshold

Event simulation based on model for diffusion of charge
from muon tracks

a — P discrimination based on topology of track
Measured NR quenching down to ~1 keV, (0.05 keV,)
DAMIC100 (2016) with 100 g detector, 18 CCD at SNOlab
Mass sensitivity down to ~1 GeV/c?

Cross-section sensitivity ~10* cm?at a 3-10 GeV/c?

Long term for 1kg detector (1043 cm?)
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Particle Identification in CCD

'- . 100 pixels

1.5 mm

WA

electrons N ' '.

8

pixel size : 15 x 15 um?




Very Low Mass WIMPs

my =1GeV/c? o =107 cm? E = 1000 kg x day

1000

—— Ar
100
—— Ge
2 10
a N~
>
E — He
g, 1
E — Ne
o 0.1
Q
Xe
001
0.001
0.0 05 10 15 20 25
E [keV]

* Spherical TPC for very low mass WIMPs

3.0

counts/kg/day/keV

4

1000

100

10

1

0.1

0.01

0.001

my =10 GeV/c? o = 10742 cm? E = 1000 kg x day

{

Ar
Ge
He
Ne

10

15
E [keV]

20

25

— Goal: search for WIMPs in the range 0.1 — 5 GeV/c?
e Detector: spherical TPC with light target nuclei (He,

Ne)

* Original idea: |. Giomataris (JINST 3,2008) and
SEDINE detector at LSM

Dec. 18th, 2015
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The NEWS-SNO project

Based on the idea of a Spherical Gas
Detector

Large spherical cavity in ultrapure Cu _

on ground potential €
Small number of materials: high \
radiopurity

Sphere inside Water Tank

Small spherical sensor at high voltage

(> 1kV)

— 10 bar operating pressure
— << 1keV thereshold (tested with 37Ar

at 260 eV) .
— lonization with drift of charge toward T AI |7 SIgNna
the center and amplification of signal

close to detector

— Diffusion time and risetime
distribution allows PSD between ER
and NR

HV
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High Mass WIMPs

LUX/Xenon1t/PandaX (Homestake/LNGS/CJPL)

— light + charge on LXe

DarkSide/ArDM (LNGS/LSC)

— Light + charge on LAr

DEAP-3600 (SNOlab)
— light on LAr

XMASS (Kamioka)
— light on LXe

Dec. 18th, 2015
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Liquid Noble Gases Detectors

e Single phase (XMASS, DEAP)
— 4;t geometry for high light collection
— Prompt, S1, signal + PSD

 Two-phase (Xelt, LUX, PANDA-X,ArDM, DarkSide ... )

— Cylindrical geometry with a TPC
— Prompt, S1, and delayed, S2, signals + PSD

* Locate cryostat inside a Water Cherenkov muon veto
with passive or active neutron shielding/veto

Dec. 18th, 2015 A. lanni
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LXe program on DM

LUX @ Homestake

— 250 kg dual-phase LXe TPC with two 61-array PMTs in Water Tank

— 85.3 days and 118.3 kg exposure

— 2-30 phe window with 8.8 phe/keVee @ null field

— Best limit on WIMP Sl search: 7.6x10%¢ cm? at 33 GeV/c?

— LUX will turn into LUX-ZEPLIN (> 2018) with 7 tons LXe and Gd-loaded LS
XENON1t @ Gran Sasso (based on success of XENON100)

— Under construction/commissioning at LNGS

— Expected LY ~ 7.7 phe/keV

— 3.5ton LXe (1ton FM) in Water Tank in total for projected sensitivity at ~ 104’
cm?

— Future development to a few tons ....

PandaX at CJPL
— 2.4ton LXe (1ton FM) in 2016

XMASS @ Kamioka
— 835 kg (100 kg fiducial) single-phase in Water Tank
— First commissioning with unexpected background
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LAr program on DM

 DarkSide @ LNGS

— 50 kg dual-phase LAr TPC in Water Tank with active Liquid Scintillator
veto

— 71 days and 37 kg exposure with 150 kg of UAr in cryostat
— 20-460 phe window with ~8 phe/keVee @ null field
— Best limit on WIMP S| search with LAr: 2x10%4 cm? at ~60 GeV/c?
— Future development conceptual idea: 20ton and ~10# cm?
e ArDM @ LSC
— Run in 2015 in single phase with 870 kg active mass and 2ton of LAr
— Status: two-phase run in 2016
« DEAP-3600 @ SNOLab
— 1 ton fiducial with 3600 LAr
— Status: final commissioning
— Predicted sensitivity: 104 cm? at ~100 GeV/c?
— Future development conceptual idea: 50ton and ~10% cm?
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DEAP-3600 Detector in Shield Tank

1
<

Calibrations tubes (X3).. BB . % Water tank
(AmBe, 5000n/s) / e B Q. N with:liner

'Magnetlc f eld ; Y s % 4 tioh tube:

compensation/ 0|Is I MW d i a$3.7MBq)
: DEriesy: ivi.vWa S \ !

Dec. 18th, 2015 A. lanni 31




The problem of 3°Ar

e Aris naturally present in the atmosphere at 1% level

* Atmospheric Ar contains 3°Ar which is formed by
cosmic muon interactions
— 40Ar(n,2n)3%Ar

* Aris a  decay emitter with Q=565 keV and
T,,,=269 years

e 39Aris at the level of 1 Bg/kg
— ~9x10% decays/kg/day
— WIMPs(100GeV, 104 cm?) ~ 10* events/kg/day
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Underground Argon

e 40Ar produced from 40K

* The Earth is reach in *°K in underground

* OAr moves into the atmosphere and makes 3°Ar with
muons interactions

 Underground Ar is expected to be much less
contaminated in 3°Ar, due to the lower muon flux
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DarkSide 50

Radon-free Assembly
Clean Room

1,000-tonne Water-based

Cherenkov Cosmic Ray Veto

30-tonne Liquid Scintillator
Neutron and y’s Veto

Inner detector TPC




PSD in LAr TPC
arXiv:1510.00702

Energy | kevu]
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In case of discovery ...

:a | | | | | | L l | | | | | | L
a I p.=0.4 GeViem®, v_ =544 kmis, v =230 km/s, k=1
o - 0 €sC 0
e |
" Complementarity and
. multi-target approach
o ) ®
i [ Xe+Ge
i L Xe+Ge+Ar |
N ® DM benchmarks

50 107
Pato et al., arXiv:1012.3458

10°
m, [GeV]
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Conclusions [1]

 We are searching in the “dark”

— we do not know the interaction process

— we do not know the interacting particle features

— we use “guidelines” from our poor understanding of DM
* Recipe:

— probe as much as possible the space of parameters

— search for WIMPs and axions

— Probe more target materials
* Ultimate goal:

— establish particle nature of DM

— determine properties of interaction to understand
characteristics of DM particles

Dec. 18th, 2015 A. lanni
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Conclusions [2]

* A huge effort underway on Direct Dark Matter search for
Axions and WIMPs (mainly)

— in 10 years sensitivity improved by a factor ~10°
* Probe low mass
— CRESST, SuperSDMS, CDEX, NEWS-SNOlab ...
* Probe high mass
— LXe, Lar
 Probe model intependent signatures (annual and diurnal)
* Reduce background with
— Water Tank + LS veto (B-loaded or Gd-loaded)

* Null experiments not in agreement with positive and model
independent observation (DAMA/LIBRA)

— Efforts to test DAMA/LIBRA result underway
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Perspectives in
~ 10 years time scale

Low WIMP masses

Improving detector
performances
(CRESST,SuperCDMS)

Large WIMP masses

Dec. 18th, 2015
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DAMA/LIBRA fit for “standard” S| WIMPs

DAMA/LIBRA 2013 - 20/30/50 CL.

10%} \ ‘;
[ 5, excluded from the ]
! total rate
10!+
L 10%
‘_,;5 I
5
107!
1072k, S o
10° 10! 10°

M, [GeV/c?]
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WIMPs Recoil Spectrum [1]

50 GeV, 10~* cm?

0.001 ;
1074
10_5§

10_6;

dR/dEr [Events/keV/kg/day]

10—7.

0 20 40 60 30
Er [keV]

0.3 events/kg/year in Xe for 104> cm? and 50 GeV/c?

Dec. 18th, 2015 A. lanni

100

42



Asplitude [arb)
w
-l
@

w
@

-
-~

Amplitude [arb]

Pulse Shape Discrimination in LAr

_IIIIIIIIIllllllllllllllll

Electron Recoil

oo b b b b b

sample time [|Us

Nuclear Recoil

~

1 1 1 I 1 1 1 l | 1 1 l 1 | 1 l | 1 1 [ 1 | 1 l 1 1

1 llllllllllllllllllllllllllllllllll 1

2

Rl

6

] 10
sample time [Us]

=50
-100
=150

-250
-300
-350

Integral [photoelectrons)

Integral [pholoelectrons]

Tsinglet ~ 7/ NS
rtriplet ~ 1500 ns

ne
" —— Neutron
10 —— Electron
3
10 Averaged Wave forms
10
10°
= .
Time [us]
2380:— v wrw T — —:
gos— | S1 S2 3
= 370 =
es— | -
= < —> |
360(— . —
| Drift :
355 rl \ -
350/ Time |\ 3
- \. ]
- T T ]
S S T I B B B T T B P
0 20 40 60 80 100 120 140 160 180

sample time [us)

-100

-200

-300

-400

-500

-600

-700

Integral [photoelectrons]



Bubble Chamber

e PICO at SNOlab

— Fused silica vessel with acoustic
sensors + CCD Bellows

— Alpha vs NR discrimination by
acoustic sensors

— Operating a BC with 37kg of CF;l and
a BC with 3kg of C;F,
Fused Silica Jar

— A 500kg detector in development ¥ Cameras
— SD cross-section limit at 10-3° cm?

Water (buffer)

CsFs (target)
Acoustic Sensors

Pressure Vessel

* MOSCAB To Hydraulic Cart
— Results from 0.5L prototype (done) Mineral Oil
* NR studied (hydraulic fluid)

e MC simulation tuned

— Developed 40 kg detector at Milano
(done)

— Install detector at LNGS: future
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Two-phase LXe TPC

- Primary scintillation light
(“S1”) at the particle - Liquid
Xe interaction vertex

- Electrons extracted from the
interaction drifted by electric

Drift time

roenlcoe field to the surface and into
[ S1 the Gas Xe. Proportional
- | scintillation light (“S2”)
Soyeaimeeans 3 Multiple scatter event identification
(via S2)
» 3-D localisation of each vertex (via S1
and S2)

» ER/NR discrimination (via S2/51)
P. Beltrame » Sensitivity to single electrons (S2)



Events / [80 PE x kg x s]

The Depleted Argon in DarkSide50

atmospheric and underground argon at null field

— AAr Data w— UAr Data
m— MC total i 3
xr w B8y cryostat
e 3% pused silica e 338y PMT stem
#32ph Cryostat e 232y PMT stem

“°Co Cryostat *°Co Fused silica
w ‘K PMT photocathode e 235 PMT stem
e 3%y puged silica o 33pn TPC

“‘Mn PMT stem
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Direct Search for WIMPs: nuclear recoil tagging

Goodman and Witten, PRD31, 1985

M ,
__ My v (1-cosf)
(mN+MX)

recoil

\ / v ~ 300 km/s /3~1O_3
@ —
13
N / N zi fic 197 107" MeVem ~2-10"5em

h
p mcf 100GeV 107

dR P, m, .,
=N, LN NG F(E) f
My th, o Y » 170 km/s < v,< 270 km/s
( 2 * 450 km/s < v, < 650 km/s
) ‘VX Vun YVEarm ‘VX SV Y ° pX ~ 0'3 GeV/Cm3
f(V) _ le Yo * F(E) = nuclear form factor
B N * f(v) = velocity distribution of
WIMPs in th |
pec. 18jh, dhs , elsewhere.. >IN e gataxy 47
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log, (o) [pb]

Ultimate goal with LXe
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Ultimate goal with LAr for DM
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Summary of DM properties

DM evidence based only on gravitational interaction
Make up ~85% of matter in the Universe

DM could be made by unknown particle(s)
— WIMPs, axions, ...

— This paradigm shows some subtle points for simplest generic WIMPs

* Discrepancy between N-body simulations and astrophysical observations at
galaxy scale

These particles are neutral and gravitationally interacting
— Self interactions ??
— Dissipative processes ??

Qv ~ 52, (myppn/p,~ 5GeV/c?)
— Baryon density is asymmetric. What about DM density?

Cold (p/m <<1 at CMB formation)

Stable or very long lived ( > 101° years)
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In brief: evidence of Dark Matter

Spiral galaxies rotation curves: 2, ., ~ 1092

(Qmatter>0'1)
Clusters of galaxies: €2 __.....~0.2-0.3

CMB anisotropy and BB nucleosynthesis:

Qmaﬂer~0'27' Qbaryons~0'04

— ~85% of mass in the Universe dark and non-baryonic
— <ppm> ~ 0.23p_,;,~ 10° GeV/cm3

— around our Sun: Pppsyn ~ 0.3-0.4 GeV/cm?

Large Scale Structures:

— Formation of structures by gravitational clustering support
evidence of “cold” DM

halo stars

Dec. 18th, 2015 A. lanni

52



DAMA/LIBRA:

WIMPs fit

Target Threshold ER Threshold NR
[pe/ keV] [keVe] [keVr]

Nal(Tl) 5.5-7.5 6.7(Na) ~7% at 60keV
22(1)

DAMA /LIBR A 2013 Best Fit DAMA energ}‘/ time aver‘aged spectrum
004 141 :
0.03 12 Single-hit scintillation events

g . Eur. Phys. JC56, 2008
) I 2 10
< 002} g |
_g : § 0.8
< 001 :
5 000!

~001! e T

0 00 4 6 8 10
E [keVee] E [keVee]
M, =12 GeV/c? O, = 1.5x10* cm? x?/Ndof =1.02
_____ — 2 — -41 2 2 —
oo oM, = 8.6 GeV/c? 0, = 1.9x10% cm? x°/Ndof = 1.69 .



WIMPs

* A general class of weakly interacting massive (1GeV
— 10 TeV) particles not from the Standard Model

* Assuming thermal equilibrium in the early Universe
and non-relativistic decoupling, the energy density
for these relic particles is predicted to be:

1 | |||||”| I T TTTTH T TTTT
0.1
womz THE N\
~N ~N -
QX 0.2 for (9) 10°°cm }8:2 increasing
10-6 \ <gv>
>~ 1077 \ V
10-® N—
10-9 \ &
10-10 N
10—]1 \ ¢
10 12 .'\‘_ L
1013 eq |
10—14 | llllllll | lllllllll [N
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Technologies

* Cryogenic solid state
— lonization spectrometer + bolometer operated at < 100mK
— CDMS(Si and Ge); CRESST(Ca); EDELWEISS(Ge)

Two-phase TPC with LXe (XENON100, LUX) or LAr
(DarkSide, ArDM)

— Scintillation + ionization
e Superheated liquid
— Nuclear recoil induce bubble nucleation
— Mainly with F for SD
Scintillator crystal detectors

— DAMA/LIBRA (Nal), CoGeNT (Ge), KIMS(Csl), XMASS(LXe),
DEAP(LAr)

* Spherical gas TPC
— Use H, He, Ne



WIMPs signal and background

» Signal
= Low energy nuclear recoils (1 — 100 keV)
= Low rate ( ~ few counts/year/ton at 104’ cm? )
» No specific features in recoils spectrum

» Background
= Electron Recoils (ER) from e, y radioactivity
v' can be rejected by a number of discrimination cuts
* Nuclear Recoils (NR) from radiogenic and
cosmogenic neutrons

= Solar/Atmospheric neutrinos:

v Elastic Scattering interactions will limit the sensitivity
depending on the ER rejection power of the experiment

v Neutrino-nucleus coherent interactions set the limiting
sensitivity

Dec. 18th, 2015 A. lanni
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DM as Axion-like Particle

* m,~ 6x10° eV (10%* GeV/f,)
* Axions are effectively collisionless

* A non-relativistic population of axions can be
present to match DM energy density

* For m_=10*eV the number density of axions
~3x10% m3

* Mass range for Axion Cold DM: ~10~ eV
—Q_~(10°eV/m,)"/6
—v/c~ 103
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“Standard” Direct Axions Searches

Searching for axions and ALPs

* Haloscope: Axion DM eXperiment (ADMX)

— resonant conversion of axion to photons in a microwaves cavity permeated by
a strong magnetic field (B = 8 Tesla)

— Enhancement when photon’s frequency corresponds to cavity’s resonant
frequency’s, Q ~ 108 [Sikivie, PRL 51, 1415, 1983]

hw=mc" (1+ i/a’z)

* Helioscope: CAST (2003 —2015) -> IAXO

Y . a 7
 Photon regenerations: I
OSQAR, ALPs-I| ? 3

P(y —a —>y) = (8ayBL)4\F (q)
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Axions searches: sensitivities
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Expected WIMPs Signal in LAr

WIMP-induced nuclear recoil spectrum in Argon

™) =5

& 10

)

B 16

% 10

=

2 1077

5

>

— 107

gg . 100 GeV/c2 WIMP mass

% 10-9 104> cm? WIMP-nucleon cross section
: ~ 104 interactions/day/kg
0 50 100 150

Nuclear recoil spectrum [keV]

Exposure of 1 ton-year gives about 40 events with these assumptions
Exposure of 50 kg x 3 years gives about 5 events
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Solar Neutrinos Background

in the NR channel

* v-nucleus coherent scattering
— Maximum recoil energy for 8B neutrinos = 4.3 keV

— Flux of 8B ~ 6x10° cm2s1
10 GeV, 1074 c¢m?

1073

— —
< <
2 (o))

dR/dEr [Events/keV /kg/day]
S

DM spectrum in Xe

—
<
\O

0 5 10 15 20
Er [keV]
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Liquified noble gases as WIMPs target

Ar Xe Ne
Atomic number 18 54 10
Mean atomic mass 40 131.3 20.2
Melting point @ 83.8 161.4 24.6
latm [K]
Density for liquid 1.40 2.94 1.21
[8/cm?]
Volume fraction in 9340 0.09 18.2
atmosphere [ppm]
Scintillation A [nm] 128 178 78
Scint. fast 7 3
component [ns]
Scint. Slow 1600 27

component [ns]

Dec. 18th, 2015
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Two-phase TPC at Work:
figure-of-merit for background
discrimination

Background reduction performed
by exploiting

a) Pulse shape of S1 through a
parameter which measures the
fraction of fast to slow component
in scintillation.

FO0 = Int_S1(<90ns) / Int_S1(all)

b) S2/S1: larger for e-like

Dec. 18th, 2015
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LUX 2013 results

No events observed with 50% NR

° acceptance and 0.6410.16 events
118 kg and 85.3 days of ER backeround

26F4 ' '
24
2.2

2

1.8

log 10( szb/sn X.y,z corrected
>

1.2

0 10 20 30 40 50
S1 x,y,z corrected (phe)
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60Co, 232Th and 2*1AmBe calibration

blectronic recoils
(background)

nuclear recoils

(cal

ibration)

G2

YT R
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dlERS
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™
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c
>
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-z
S~
>
o]0)]
o
()
C
()]

99.5% ER rejection @ 50% NR acceptance




KIMS-Csl

Korea Underground Lab.

12 crystals of Csl —104.4 kg

— Thereshold 1.5 keV

— Background ~ 2 cpd/keV/kg
— 2.5 years of data

— PSD cut applied

Result: mean amplitude in 3-6 keV is 0.008 + 0.068 cpd/keV/kg
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Annual Modulation of WIMP
interaction rate

/

The WIMPs interaction rate is 5,; @

oscillating during one year due y_ ~220km/s I/

to the relative motion of the — % _

. / Galactic plane

Sun with respect to the halo !

reference frame Veartn "~ 30 km/s /
v (1) =V + Ve sinécoslz?n(t ~1, )] /II
v (1)~ 220+15c:os[ 27 (t 153)] Km/s Expected modulation (at % level) of

365 1. rate
2T 2. spectral shape
R(E,.t)=R,(E,)+ R (E, )COS[365 (r- 153)] This is a model independent
signature
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COMS I

30 detectors (19 Ge, 11 Si) in Soudan Underground
Lab (4.6 kg Ge + 1.2 kg Si)

Data taking finished, moving to SuperCDMS (260 kg
Ge array @ SNOlab)

Measures ionization and phonons (TES read-out)
Discrimination

— NR yield ~ 0.3

— ERyield~ 1

— Surface events rejected by timing properties of phonon
and charge pulses



CDMS |l Discrimination
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SuperCDMS: Sl constraint at low mass

107 §
11 candidates seen
Expected backg. = 6.6*11

-

o
A
(=]

Feldman-Cousin gives a 90%
CL upper limit at 11.2

—
o
&

WIMP-nucleon cross section [cm?]
o
IS

%

10

577 kg-days at SOUDAN WIMP mass [GeV/c?]
underground site

Threshold at 1.6 keVr
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CDMS Il — Si results

 140.2 kg-day
* 3 events observed
e Surf. backg.~ 0.4
* nbackg<0.13
* 0.08 NR from 21%Ph
* p-value for null
hypothesis is 0.19%
* Best-fit:

- M, =8.6 GeV/c?

- 2 ,=1.9x10* cm?

Dec. 18th, 2015
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Considerations on Nal(Tl) detectors for DM

w0 X-ray/Auger at 3keV with 1460keV

1.2504(30) - 10° . .
(12504(30) - 10° o) Gamma-ray from #°K contamination
4~

o — in crystal gives a peak right where
. — / . . . .
2 / ; the oscillation amplitude has a maximum
/ A
10.55(11) % 02(1) %/ 59.25017) % .
Q = 1311.07(11) keV
1460 keV EC 7
/
/
y 0.00100(12) % 0*
o s Q = 1504.69(19) keV 00, . 10ppb K, Sppt U, 5ppt Th, 0.2ppb Rb
J(DAr I ' ' I '
> ,.«"' *
! e . 1
d% 0.1F E
oot Liquid Scintillator veto to reduces;
40K background :
o001 1io 1':' z'.o 31.0 sfo 7fo 10'.0
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50-Tonne liquid argon detector (conceptual only)

Water Shield T
44 foo Doty

Steel Cryostay
AC!yIic Shmng Panels

4400 PMTS

Acrylic v/

17 feat Di:mer

Dec. 18th, 2015
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“Conventional”
ultra-clean acrylic
vessel,
constructed UG

Sanded over “months
to remove deposited
daughters, meets
requirement
(can tolerate higher

surface backgrounds
in larger detector!)

150-tonnes DAr in AV
50-tonne fiducial

Requires UG storage
of argon target

Will investigate PMTs
versus SiPMs
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Underground Argon

In exhaust stream gas (CO,) of commercial mining facilities Ar at
400-600ppm level

— In DS extraction site: CO, plant output, CO,(96%)+N,(2.4%)+He(0.4%)+Ar(0.06%)

Make on-site preconcentration to ~40,000ppm, then cryogenic distillation
at FNAL
— After distillation: CO,(~0)+N,(<0.05%)+He(~0)+Ar(>99.95%)

Purified depleted argon produced at 1 kg/day

3Ar depleted at <0.6% level wrt atmospheric level
— ~500 decays/kg/day
— For WIMPs ~ 10 interactions/kg/day

Use LAr scintillation properties to perform background reduction
— Prompt signal PSD shows: 90% n-recoil acceptance with <10~ e-recoil leakage
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Event Rate/PE

The Neutron Veto in DarkSide50

’Li (1015 keV) +a (1775keV)  (6.4%)
n+ 198 Z

7Li* (832 keV) + a (1471 keV)  (93.7%)

|
7Li+y (478 keV)

Nevutron Veto Efficiency

0.0018 ) Efficiency from capture signal alone at > 99%

""" AmBe Calibration Run fr\, o+ y (from calibrations and simulations)

- : . ~0.6% of lost neutrons because of escaping

SERSS ,’ ".. proton capture gamma

ZZZ:: iy «  ~0.05% of neutrons leave no signalin LSV at all
IS 5 \

gy /oy -~ o
N7 B , /s ' Larger total efficiency due to thermalization

" aald s " Ll P A il 11 1
0 510 100 150 200 250 300 350 400 Slgnql

PE

Cut at 1 PE threshold: ~0.9% acceptance loss
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Solar Neutrinos as Background
in ER channel

50 GeV, 107* cm?
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