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The standard models

The Standard Model of matter 4% 0.151%
Particle Interactions

Cosmological
constant 73%

The Standard Model of Subnuclear Physics explains 5% of the universe
with a vacuum energy some 120 orders of magnitudes too large
The Standard Model of Cosmology accounts the rest with:
A dark matter we donodét see
A cosmol ogical constant we dondot wundert



Direct Search of WIMPSs

These lectures are limited to one possible type of cold dark
matter (CDM)

Weak Interacting Massive Particles=WIMPs
Possibly the Neutralinos of SUSY theories

Only their direct experimental earches are considered
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Velocity Distribution

" I iy . Nexp (—v2/V?) VvV < Vege
fo(V, 1) = feal(V + Vo + V(1)) fa(V) & { 0 P (=vH/V) e Vo
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sun velocity: Ve = (0,220,0) + (10,13,7)km/s
earth velocity: Vo (t) with v, &~ 30 km/s
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WIMP Wind V)<
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T. Schwetz, PPC11 CERN The velocity distribution is assumed to be Maxwellian truncate
at the escape velocity from the Galaxy=650 km/s



Direct Search of WIMPs

Look for WIMP-nucleus scattering, detect energy
deposited by recoiling nucleus

Only a fraction (typically 20%) of the energy deposited
a slow nucleus detected as ionisation

Much larger fraction goes to heat
Thresholds 20 keV

Two kinds of interactions of WIMPs with nuclei
ASD (spin dependent)coupling to nucleonsspins
only unpairednucleonscoupleto WIMPSs

A oddnumberof porofn (Ji 0),” J(J+1)

ASI (spin independent), scalar interaction with the
mass 10

A coherent proces6 crosssection” A2 ‘

1 pb = 1040m?=1036 cm?
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Principles of WIMPs Detection
Target = Detector

Measure the energy deposited by thenbitleus

Part of this energy appearsdamarge, or heat
Main challenges

ASignal rate is small
Anergy deposit is tiny (several keV)

ASignal spectrum decreases with increaging
A basic backgrounds

Aelectromagnetic{ & ¢); dominantY electrons
Aeutrons (and WIMPSY nuclear recoil
Asurface contamination (partial energy release)

Against backgrounds
Underground laboratory

Search for characteristic signal: annual modulation (DAMA/LIBRA; ANAIS)
Shielding. Againstexternal backgrounds only

Active discrimination. Againstexternal and internddackground
Measure charge (free electrons) and heat (phonons)

Measure charge (free electrons) and light (photons)
Pulse shape discrimination (PSD)

Reconstruct event position, define fiducial volume w/o surfaces
16 January, 2019
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The Exclusion Plot

Mackagrounds cannot be accurately modelled and subtracted

Aevel op blindly select. on,.cr Il teria to c
freeo region in the eggnari mgnt al par ame
region (SR) _
Assume a halo model (local WIMP density, velocity,..) _%10—5 ;
KCalculate for each WIMP mass, the maximum possible =,
signal rate allowed by the data ©
Result is model dependent 104'10 1'02 103
M. (GeV)
ASome experiments wittvents in the SRollow a
dangerous (unreliable) procedure background region
Define, for each BG ty 5
which that BG is dominating ‘(11_1)‘3
A\ssume a BG model (e.g. dependence on energy
ACheck it with calibrations and other data Signal region §
Aextrapolate in the SR. If more events are found, —

claim a signal
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Underground Laboratories. Differences

Depth (u flux, spallatiom flux)

Metermines only a fraction of the background sources

Avlaximum cavity size decreases with increasing depth, costs increase, rock bursts risk increase
Miameter & height of the halls

Aviay limit the thickness of the shields (water tanks)

Mepends on rock quality and depth
Adorizontal vs. vertical access (vertical more expensive and risky)

ASupport infrastructures, personnel (quantity and quality)

Aunderground area allocation policy, [ ®wirep
turnover of experiments SULLSC
AScientific Committee: international
vs. local (or national)
MDegree of internationality of the
community

Kamioka
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General procedures

Shielding; use only materials with low enough radioactive contaminants
Pb, Cu, Poli, water, noble liquids, scintillators
Grading with increasing radiopurity from external to internal layers

Proper simulation and analytical codes must be developed to evaluate the maximum toler
contaminants in the detector and shields materials.

Background model and background budget calculations
Background model should be controlled on dedicated preliminary experiments

All materials should be screened to check within limitg

HPGe Detectors, Mass spectroscopy, etc.

Selection procedures and background
discrimination at analysis level should be defined
blindly

Notice Atraditional 0 sh
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Shielding ambient radioactivity with H20

gflux from U, Th, K=0.5 s @ LNGS, almost depth independent
n flux from U, Th, K=3.8 102m'2s't @ LNGS, almost depth independent

n flux p-induced in rock8 8310°m'%s't @ LNGS, depthilependent f 3 10 @ LSC)
H. Wulandri et al. CRESST hegx0401032v1

Shielding materials must be sufficiently radiepure. Water is an option
Consider radioactivity of the inner wall (if any)
Water shields thicknessY 3-4 m
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Designed for external
gn,mbackground
~10%cts/(keV kg y) ‘_
In the neutrinoless -

double beta decay — =
regionQ=2035 keV .

A10m
H=95m
V =650 n?
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a b

&

log (surface activity / Bq/cm?)

& =

b

How thick?

hall A :0.0625 Bq /cm?

baseline

An inner wall of copper (the

3.03 m water cryostat) assumed here

stosl: 84.5 UBg { cm2

lead: 0.26 uBg f cme

copper:0.15 uBqg /cm?

goal : 1.6 nBq/cm?

2019

material thickness / m
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GERDA shields

Pure water in S/S tank
Active veto (Cherenkov light)

Cryostat: S/S screened for
low radiaoctivity

Internal Cu lining (absorb
gammas from S/S)

Pure L-Ar (5.0)

Ge array
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Running/commissioning experiments

DAMA/LIBRA. Running at LNGS (ltaly). 250 kgNal Scintillators

KIMS. Running at Y2L (Korea). 100+ kgCsl Scintillators

ANAIS. Under development at LSC (Spain)Ll50-250 kgNal Scintillators

CDMS Il. Completed at SUL (USA). 4.75 kg GeBolometrs

EDELWEISS Il. Running at LSM (France). 4 kg (40 kg foreseen)se Bolometers

CRESST2. Running at LNGS (Italy).2.7 kg (10 kg foreseen) C&/O, Bolometers

XENON 100. Running at LNGS (ltaly). 160 kgXe Liquid/Gas TPC

DEAP 3600. Construction at SNOLab (Canada)3600 kgAr Liquid scintillation

CLEAN. Construction at SNOLab (Canada).150kg Ar/Ne Liquid scintillation

WARP. Under construction at LNGS (ltaly). 140 kgAr Liquid/Gas TPC

XMASS. Being installed at Kamioka (Japan).850 (100 fid) kgXe Liquid scintillation

ArDM. Under test at CERN, then @ LSC (Spain)3850 kgAr Liquid/Gas TPC

COUPP. SNOLab (Canada)60 kg. Bubble chamber. CEBr. Spin dependent

PICASSO. SNOLab (Canada)80 kg.Superheated droplets Spin dependent
More in different stages of R&D
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Characteristics of the techniques

Values reported in the table are indicative (no uncertainty reported here)

. eVl | eVl S(E)/E (%) | NR/ER 5 g
Signal A L . SD C D
J pair | Pht | @662kev| discr
23 0.07 (I 2 AO0s
Nal(TI) Pht 17 26 ) 1.8 N Y 40K
127 0.30(Na) EM
LXe Pht 131 | 16 22 0.15 1.77? Y Y | selfsc| ti/t;
LAr Pht 40 24 25 0.25 27 Y N ta/t,
L/GXe | Pht&Q 131 | f(E) | f(E) 1.8(ph&ch) Y Y | selfsc| ti/t,
L/GAr | Pht&Q | 40 |HE)| #E) 2 Y N fe/'isc 39A
31
Surface
Gebol | Phn&Q 73 3 0.3 0.2 Small | 7%
Vacuum
WCaQ, 16,40 Surface
Phn&Pht 0.7 Y N | 3 AO 'S
bolom. 184 Vacuum
Surface
Ge 0 73 | 3 0.3 0.2 Y | 7%| EM
diode Cosmog
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Kinematics

Recoll kinetic energy as a functionaf
(more difficult forq,)

"7] p]l

Sum

Divide by 2n,

Energy conservation
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Kinematics
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Kinematics

m
.W Vw % e X
0
m R
pWi N

Minimum Wimp velocity
for recoil energyly

——————
=

Recoil energy is largest fon,=m,,

Sensitivity decreases at small (about 10 GeV) and ~ 'rSPecrum for smallan,

large (several hundred GeV) WIMP masses decreases faster
— T T T T 1

WIMP vel. £ 103 Y T,,°10°6 M,,
Y T,°100 keV for M,,,= 100 GeV

events on Ge / keV [arb. Units]

E_ [keV]



Interaction rate

Vg, =220 km/s

The WIMP interaction rate is proportional to

Ahe local WIMP density 7E=0.3 GeV/cr]

Ahe cross section on protoss

Ahe mass of the nucleus squared (assuming coherent scatéring)

Ahe nuclear form factdf(qg), becoming very small at momentum transfe(2MEg)1/2
values high enough to resolve the nuclear structure. Depends on the nucleus

Ahe, time dependent s fiaveraged W MP vel
Anversely toWIMP massM,,and reduced mass squared

Example:s=1028 pb, Ge detectoR(15-65 keV)=102/(kg keV d)
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Nuclear Form Factor

Form factor = Fourier transform of the spatial
density (vs distance from centre) of the scattering

centres

ACharge for charged particles scattering

Aviass for WIMP SI coupling (and neutrons)

ASpin for WIMP SD coupling
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Energy loss below 100 keV

The energy transfer inluid medium (Ne, Ar, Xe) is deposited as
Aonisation (electronion pairs)

AExample: 38% of the energy deposit in LXe (E=0)
Aexcitation (excited atoms or molecules) released as

AUV & visible (emittedin ns-ps)

AR (ps) kee G. Carugno, NIM A19(1998) 617; G. Bressi et al. NIM 440(2000) 254
A.ow energy free electrons<lowest excited level

Depend odinear energy transfer (LET), applied electric field (recombination)andon
impurities (ppb level)

Inorganic solid scintillators. Nal(Tl), CsI(Tl), BGO,..
AScintillation (ps time scale)

Aexample: 12% of the energy deposit in Nal(TI)
Ahosphorescence (from milliseconds to days)
AR radiation
Adeat
Aonization (Nal(TI) 17 eV per pair)
ARadiation damage: metastable color centres (days?)
Depend ortemperature
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Measuring W (in liquids)

Liquid Ar, Kr and Xe have a, spatially local, band structure

Correct measurement of the number of electoonpairs produced by radiation needs
Ao minimize the loss of charge carriers by attachment to impuvitiettra -purify the liquid
Ao minimize the recombination of electe@n pairsY apply a very high electric field

Ao estimate the deposited energy corre¥tlglectrodes should collect all electrons

small gridded ionization chambers, irradiated with electrons and gaaysdrom internal
radioactive sources.

Material Ar Kr Xe
Gas
lonisation Potential (eV) 15.8 14.0 12.1
W (eV) 26.4 24.2 22.0
Liquid
Gap energy (eV) 14.3 11.7 9.3
W (eV) 23.6 18.4 15.6

LXe has the smallest Walue, hence the the largest ionization yield, of all liquid rare gas
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Charge collectonvsE .

Recombination of electron- ion pairs

depends on fiel&

1. between the two original partners
(geminate recombination Onsager model)
2. between different partnerso{fumnar
recombination. Jaffe model)

Alphas ionise heavily (NR even more),
producing a cylindrical track in which the
largest fraction of energy is deposited
(delta rays outside it) with a high

recombination rate

Typically 10% of the charge is collected

at fieldsE<20 kV/cm

For electrons (from 570 keV gammas) char

collection >90% already &=5 kV/cm

L. Onsager; Phys. Reb4 (1938) 544

G. Jaffe, Ann. der Phyg2(1913) 303
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Charge and light

Liquid Xe

= i i i
3 5 Combine
. %  1H—ee—t e 4 : =
Electric field reduces & FHe ) B
. . a i i {
recombination 5 99 ;g ;
. ‘::, ‘,)3;; | :
Light and charge as = |
functions of the field. 07ER-+ 14
Electrons from 663 rays 06EL ML i b
.']5: .............................. l ....... ................
04 ;I ............... Ligjh.t o
0 05 1 15 2 25 3 35 4 45

Field [kv/cm]

Aprile, E.et al, 2007,Nucl. Instr. Method8 173, 113.
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Charge and light

Anticorrelation of light and charge signal Calibration with several sources
. . — 20
at3'Cs line in XENON100 TPC NG — S1signal
EIGOO . "“', 1177 o O R wers S2 signal
= i B 16k
S 1400 : ;’ 1 — — Combined S1, S2
S S M
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400 —
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2 T I ; S1 (light)  s/E=12.5%
= 300
A I| | S2 (charge) s/E=6.5%
200/ 2 S1+S2 SIE=2.3%
L i ~t':
100—
- . Aprile et al. arXiv 1107.2155
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Energy [keVee]
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Sealedtube neutron generators. g, (Ar) ~ 2b, o (Xe) ~ 6b

Neutrons @ some 100 kV on a  for 2.5MeV neutrons on argon . )
cattere

titanium deuteride target neutron Newron
(tagging)
I
Neutron  Neut i Target Lot
eutron generator
o shied (D D fusion) nucleus
(diam.
90cm)

250
2 200/
=
5" LSC B
E 150 |
8 100 }
o
| ™
. Collimator 8
N T 50|
N N I8 -
2
Setup in oL . i S S SN S
J:// C Regenfus 0 20 40 60 B0 100 120 140 160 180

Scattering angle 0 [°]
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AP 1104'2&?c;uid Xenorxe1 Na1 | etc leff (Or QF)

0_355— o Armeodo 2000 _E . L.
E % Berabei 2001 T 3 The effect is made explicit in
03 '11.110\«"2,,2 — .
E Y Aprile 2005 1 the energy unit
el e :
et 0 ,E. 5 Moamur 2000 = Aletected NR energy (keY
Q = ® Plante 2011 = . .
- 0.15E- E Aotal recoil energy (as it were
0.1 4 an ER) (ke\)
0.05F 3
0: : , : oy ] , L -
1 2 3 4 5678910 20
Energy [keVnr] F CRESST
E'"'I""l""l""l""I""|""I""I""I""I""I""I""I""I""I """" | B2:250 FAR | E-RR S LR | 5
= [Na and | in Nal )
Ch; QF=25% ] I
g; I Na recoils : % 0.2 éQ
5 :
5 10 - = OIF 3 I Ca E
G 2P v 4y T ]
T ol T S [ w3
2t I v i I i . ]
S S5 I recoils i ' " ! ! l : Ay in
2 |00 ‘ -
7l S RIS B sontced o tenlo ol eeovedeoninlotoalirton o el doed: oot Lt
- 20 40 60 80 100 120 1< 0 20 40 60 80 100 120 140 160 180 200
Calculated recoil energy (keV) Atomic mass of recoiling nucleus (amu)
Gerbier et al. Astrop Phyil (1999) 287 New Journal of Physickl (2009) 105017
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Charge and light in Liquid Xe/Ar

Recombination
depends on type of
recoils (stronger for
nuclear recoils)

oy Xet Excited dimers (excimersjand
&atlon -l molecular ionsformed by double
+Xe collisions with metastable atoms

Electron/nuclear recoil

\ Xe,* l

Excitation
e . efc.
( (recomblnatloﬁ)\
- >
wavelength . o
depends on gas Xe" == Xe+ Xe
e.g. Xe 175nm
Ar 128nm X o ] ) )
taAe At E=0 scintillation light in LAr and LXe
. X Xe.* ~ about 70% due to excited molecules produce
(s, 2 o5 by free electrons recombination
N7 Triplet / ﬁa\ )
\mns;_{_. 4 about 30% due teelf trapped excitons
.............. time constants
2Xe 2Xe depend on gas

In a liquid (excited) atoms are not independent

e.g. Xe 3/27ns . T

Ar10M500ns  ObJects. The excitation of one can propagate to oth
Exicton is the quantum wave of excitation
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Excimer deexcitation. Singlet and triplet

In liquid Ar the UV luminescence is due to the
transitions to the ground level (two separate atoms) c*
the lowest molecular levels, (L =0, total spin=0) and
3S,(L=0, total spin=1), within picoseconds

The singlet decay is strongly allowed (few ns lifetime’
The triplet decay need to flip one electron spin

(S=1 S=0 and cannot go emitting a photon. Need tc
wait for collisions

In Xe similar situation even if totdél, total S scheme
not appropriate

NB. Emitted radiation is not radsorbed because too
low energy to excite atomic levels

Tl T3
Ne 5 Nns 15.4 us
Ar 7 ns 1.6 us
Xe 4 ns 22 ns

Energy

Approximate and simplified

slower

faster

//«S'/ .'/

o

und state
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Photon signal (arbitrary units)

LXe no Electric filed

10T T T T
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o %%,
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L ] N
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% . o
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Hitachi et al. Phys ReB (1983) 5279
16 January, 2019

UV light /=177.6 nm

Electron curve has only

one component with
=45 ns.

4
(
J

Lifetimes
1S,Y 4ns
35, Y 22 ns

Alphasldl; = 0.5

S —

ILigq. X CGad
.
- =~ E=0
gt &' ‘\L,
- ' ‘\\.._
- . "
5., b -\"&

E=4 kV/icm ,

It disappears if electric
field is appliedY slow

electronion recombin.

Fission fragmentdJI; = 1.6
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LAr no Electric filed

T 1 1 T T T
o, Liq. Ar

ot % | UV light /=128 nm

Time evolution of the luminescence in
) \.‘. - - -
RITAY e lectron L Ar without electric field
10 -.‘/ X .%.\.'!d!.:.:". J

\ tS = 7.5 nsec
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" . .
glos-j\ N J 1S5 Y 7ns
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o F R.. AIphaSIdIT_ 1-3
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Hitachi et al. Phys ReB (1983) 5279
16 January, 2019 A. Bettini.Padova Univ. and INFN and LSC 32



Solid scintillators Nal(Tl), Csl (TI)

x Ty E)L“*"‘—vex In solid alkali halide crystals at
room temperature the fraction of
released energy emitted as light
IS small

Add dopant (TI)

10000 !‘
. i 2-2-2cmis viewed by a 1 cASi
I : photodiode. CslI(Tl) counter exposed to 662
5000 keV arays from a&3’Cs source.
I Energy resolution, Dy /E, = 6%.

|
0 200 400 600 800 NB. Pure Nal scintillates at LN2 temperature

E., [keV] M. Moszynski et al. IEEE Trans Nucl $&9 (2002) 971,
NIM A 505(2003) 63; IEEE Trans Nucl S8D (2003) 767
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Channelling

An a crystal the collision centres are arranged in periodic lattice
AThe relevantE/dx formula (Bethé&Bloch or others @ O(103) needs to be modified
Ancoherent scattering at directions different from atoms lines

ACoherent scattering by strings or planes of atoms at directions close (within a fraction of
degree) to crystal axis

: : : T T 1 T T T T 1
AChannelling directions 16 GeViE o > 740 G
Annomalous (lower) energy loss 500 b ~ 40000
A mportant for Si,
- ’
o Random —30000 E
% e
= & . —
Fraction of channelled events s 40 Aligned [110] g
= 420000 £
5 3
200
410000
arXiv 0808.0704 0 -

L 1 |:|
0 200 400 B0 a00 1000
energy loss [ke']
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Nal. Pulse shape

Bleu light | =415 nm

280 — T

First moment of the pulse time profile
from calibration sources.

Electron recolil give a faster response
than nuclear recoils

No difference between Na and | recoﬁs
Difference becomes small at low &
energy 220 -
In practice PSD not useful also because
surface events give short pulses too 200 - % &

I

260 Compton

s ¢
240

LU B S IR B S
b ]

¢ Na recoils

L G o T

180 Peegd G B L § f i P S A R Y T

Note suppressed O o 5 10 15
Energy (keV)

Gerbier et al. Astrop Phyil (1999) 287
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DAMA & LIBRA

250 kg of Nal(Tl) supplied by St. Gobain, arranged in a 5 x 5 array of rectangular Nal bar:
10.2 x 10.2 x 25.4 ém

Each bar is encapsulated in a radie@ OFHC copper housing and viewed through special qu
lightguides at both etidces by lovwackground PMTs

Sensitivityp.50 7.5 pe/keV

Hardware trigger

2-PMs coincidence, threshold=1 PE
Quantum efficiency = 30%

Asinglehit events (visible energy in one
bar only)

Aoulse time structure characteristic of
scintillation (100s ns) as opposed to s
pulses (10s ns) for PNAduced noise.

ICIICIED
JEIEICICT

“ >~ Rn meter

Graded shielding: radiopure Cib- Cd
NIM A 592(2008) 297 Polyetilene&paraffin
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Muon intensity (m? )™

External Backgrounds

Ambient neutrons penetrating the shields

Thermal neutron flux measured by looking4dNa(ng)?*Na and®*Na(ng)™**Na.
<1.2 x 107cmi2dil Y capture rate <0.022y 1d'! negligible

Fast neutronflux. MC from known LNGS ambient fluX < 103kg keV' 1di!

Muon flux F,= 20 mi2d't. Order of magnitude calculatioh <3 x 105kg' tkeV'1di?
Muon flux modulation E.>1.3TeV,

LVD 0.001% 0.0006 DAMA/LIBRA concludes: effect too small.

Max 5 Julyt 15 d. DAMA-LIBRA max May 2& 7 d (2 sigma)

3
0.37 K10

0.36

0.35

0.34

] 1 s 1 [ m " |
0.31 2 H : . ! !
1 : 2007 ; 2008
0 500 1000 1500 2000 2500
Progressive day since 1 Jan, 2001

LVD. 31st | CRC, -1%-2@09,
MACRO Astropar. Phy3 (1997) 109
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Internal Backgrounds

DAMA developed sophisticated techniques over the years for radio pure Nal (Tl) powd:
and protocols for crystal growing (St Gobin is not allowed use that for others!)

Activity of the major radioactive nuclides traces measured in the crystals (including
cosmogenié?d, 129, 210pp 22Nga 24Na) and

228Th ~ 2-30 uBg/kg

238 several pBg/kg, may vary from crystal to crystal. Decay chain probably broke
neK 20 ppb (9/9)

4K, abundance,=1.17 104

89%beta decays t#Ca (maximum energ®=1.31 MeV)

11% EC td*°Ar (E=1.461 MeV), followed by or Auger de-excitation E, =3.2 keV

NIM A 592(2008) 297
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40K

DAMA : protocolsfor extremelyradio-cleanNal(TI) crystals
40K in crystals= 20 ppb (g/g) “°K decays
AB% betato 4°Ca(Q=1.31 MeV). No severebackground

AEC 11% EC to 3%Ar (E=1.461MeV)
+ X ray/Auger electron E,=3.2 keV. BKGRND when gescapes

10
9
3
/fﬂ o~ T
‘ g s
) =5
2 =y |
3 5
* 5 Bt
300 1000 1200 1400 1600 1800
NIM A 592(2008) 297 Ecoincidence crystal (keV)
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| | [} a
Noise suppress| °;
p p 0 }rm«
S 01 f I
Near threshold very small number of photelectrons 3 o2t | PM noise
Noise reduction by 208 ‘
Acoincidence between 2 PMs at the 2 ends Y T T T DTN TR SN TR T
0 250 500 750 1000 1250 1500 1750 2000
Afast vs slow pulses Time (ns)
_— Y
0.1 F
0 ?-Wm’- F/\P},,\qu»ﬂ*wﬂr“ . -
S 01f
not o 2 °%F Scintillation 2.x keV
scintillation £ Heb
04 F
2000 E.llll“J.IJJJ;LL.JJILLL.IL.;JlllulJJ..l
4000 _0150 250 500 750 1000 1250 1500 1750 2000
G Time (ns)
3500 1.2
e Strong variation of
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1500
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cpd/kg/keV

Rate (cpd/kg/keV)

DAMA/LIBRA average energy spectrum

10

- B S P e ot ol ol il
-

Energy {keV)

-
- = + .

-
- " [
R S T T e S e -

2 4 6 8 10
Energy (keV)

note O suppression

16 January, 2019

DAMA -LIBRA about 1/2 DAMANal. Why?

events/(kg keV d)

o

N

—_—

A. Bettini.Padova Univ. and INFN and LSC

= DAMA-Nal (0.29 t yr

DAMA-LIBRA (0.53 t yr)
‘/‘—
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DAMA modulation signal

arXiv 0804.2741
2-6 keV
S s B —DAMA/NaI 029 fonxjr) ————> | <DAVIA/LIBRA 053 Tonxyry>
% 882 = | (targetmass=873kg) | | | | | | (targetmass=232.8kg) |
= 0.02 B 1 | % % IR R %f' i o | B A
R NS I3, NS0 U ZaVENY.o N EY «; I NS NN W i R
2 002 B 1 LY | OMD " TN N NS N gt N R
= = A R e ! , : ; . .
= —0.04 F = bl
2 006 [ ! b%
é_i)oo?;_| L IR N T IV B P AR I S T I Y
' 200 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)
Exposure = 0.82ty Effects mimic modulation? (1.2x1 dru)
8.2 sigma evidence for modulation Temperature <104 dru NO
Amplitude = 0.013% 0.0016 Rn <2 x 10°dru NO
Period =0.99& 0.003y Noise <10* mod ampl* NO
T maximum = 144t 8 d (expected 152.5f-nergy scale <2 x 16 dru NO
Efficiency <104 dru NO
Muon modulation < 3 x 10° NO

(*) hardware rate = 0.1 Hz/detector (2.5 Hz in total)
Fitted modulation amplitude (250 kg array) <1.8%18z C <0.6/ (kg d)
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Residuals (cpd/kg/keV)

DAMA modulation signal

arXiv 0804.2741

50_04 L 2-6 keV 50_04 L 6-14 keV

5 5

- [ -

%—002* E—0.0Z*

£ Easal § = No modulatiorE>6 keV OK

: T =5 T = i

E 1 g

-0.02 0.02

-0.04 - -0.04 -

3007400500600 “E00 a0 TR0 600
;) Time (day) d) Time (day)
2-6 keV

0.05 ¢ :
0.04 F !
0.03 £ |
0.02 £ :
0.01 £ : —r—

E : ‘ r—§—¢ : . . . .
ol e B S ———————— No modulation in multiple hits
-0.01 S S ¢ ! !
—0.02 F ' ! OK
-0.03 F |
~0.04 E : !
_0'05 :I | | 1 1 1 1 | 1 I:I | | 1 1 [ 1 1 1 | ‘ 1 1 1 | | I:\ 1 | 1 1 1 | | 1 1

250 300 350 400 450 500 550 600 650
Time (day)
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Modulation amplitude vs Energy

iv 0804.2741
S 0.05 -
<P /
50,025 jﬁ
2 _ T S T T
z |
20,025 -
z :
-0.05__IIIIIII|III|III|III]III|11I|III|1II|III

0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

Modulation amplitude decreases (?) with increasing ern@kKy?)
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Fit W mass and Sl cross sectiofy s ors

rxiv 0808.0704

Mo d el dependent. Spin independent coupl

39

10°

90%, 99.73% CL. (2 dof)

T T T TT1T1T

| N T T |

CoGeNT
/

1

1 0—40

c
=5
Z

Large WIMP masses incompatib
Q

with time averaged rate

Illlllll

2
c [cm]
1 lllllli

T

Al

Upper limit (no background)
10"

_Rate & Sspectrum
(allowing channelling)

-42 1 1

llll]ll | 1 Illllll

| 10 100
m, [GeV]

10

DAMA positive evidence can be made consistent with XENON10 and CDMS assuming lo

and strongly asymmetric (larger in radial direction than in the tangential one) velocity dispe

16 January, 2019
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Fit W mass and cross section
ArXiv 0808.0704

004 T T | T I T | T ].5 T I T T | T | T | T I T I T
- 2 N I ¢ 2
= 12 GeV, 1.3e-41 cm - v e = 12 GeV, 1.3e-41 cm .

0.03 — ‘— 51GeV,78e-42cm’| SR — - 51 GeV, 7.8¢-42 cm” 1
3 L — - 6GeV, 2.8¢e-41 cm” i 3
> =]
= =
= 002k i
=) >
< <
= i <
op o0
-4 4
~ 001} >
5 g 05
o - o
(&) (&)

O -
-0.01 0
0

E [keVee]
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40K in the spectrum

DAMA/LIBRA measured“K = 20 ppb

& Y = 12 GeV, 1.3e-41 cm2 o

- 4 3. == 51 GeV, 7.8e-42 cm’ ]

s /=855% at 3.2 keV 05=0.8 keV

[e—,

Could not find DAMA in papers value ¢
the 1.46 ke\gescape probability

MC calculation by Cebrian gives 43%
escape from a single similar crystal
Gues20% escape probability

e
h

counts / kg / day / keVee

N -

2 4 5 6 7 8 9 10
E [keV : .
(keVeel Calculation gives the 3.2 ke\K

eak (green curve
Still a'rate of almost 1 kékeV'id't peak (g )

available for signal & other
backgrounds
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Peculiar background spectrum

Background almost O at lowest energy

F i — 12GeV, 1.3¢-41 cm’

counts / kg / day / keVee

- = 5] GeV, 7.8¢-42 cm” .

2 3 K 5 6 7 8 9 10

E [keVee]

For DAMA Nal non EC background

would grow from 0 at 2 keV to 2/(kg
keV d) at 4 keV

.

e

>

=< 2 |- DAMA-Nal (0.29 t yr

sl llogeyy o TOtW-EC

LD) C
A | } | ! I | !
2 4 6 10

E(keV)

DAMA should provide a backgroﬂnd model to explain that

16 January, 2019
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0.04

002

c?ld.f. ~ 22.5, but all DAMA above, all LIBRA below or on the average

16 January, 2019

(98}

N

—_—

events/(kg keV d)

DAMA-Nal vs LIBRA

= DAMA-Nal (0.29 t yr

i DAMA-LIBRA (0.53 t yr)

DAMA Nal LIBRA

2-6 keV; y*/dof = 8.0/10

S L AR R
o0
—0—

—0—

-
-

— %
I T BRI .T T I B S I
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)
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ANAIS @ LSC

DAMA/LIBRA result is very important. It Do not discriminate electromagnetic signal
must be checked by an independent :

: Use Nal (same nuclei) crystals
experiment

Look for annual modulation

Comparison with experiments not looking
for modulation is model dependent

ANAIS

Mevelop technique fd250 kgNal(TI) crystals

K%K < 100 ppbin powder,< 20 ppbin crystal
Al kg Nal from a first R&D process

A%K traces measured with Ge
A% >100 ppb

fond differently produced sample under te
(looks much better)

MDevelop background model and test on
prototypes (ANAISO)

Aaim: assemble in 2012
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Canberra BEGe

PPC (Point Contact) Ge detectors produced by Canberra as BEGe (Broad Energy Ge)

Very good energy resolution
Good control of the pulse shape: surface events suppression

No electron recoil nuclear recoil discrimination. Data form GERDA experiment

7-80mm anode 1500 [
cathode L
- electrons 51200 |
======== holes a, r
R n+ electrode [¢] interaction point v 800 r
£ (3000-4000 V) = B
; © 300 |
g p—type germanium .
b L
b
_ 120 |
=
pa. 41 1 @ 90 +
. 2 6|
groove p+ electrode 5 a0l
signal read—out contact (grounded) 5
bulk Normal pulse Slow pulse
o o
=1 SRESE a =S LS
« [ —— < - —_—
200 J B bt Sy 1000 o
77 7
s
s00[— { 5 ’,."
| son— |
A0 — 5
C J aon|— !
200] { E j
- ] 200 'Il
n:' ) ’/,’ N _'_//
18000 184000 20000 21000 22000 23000 M) 18000 1000 20000 21000 22002 23000

23]
t[ns)

Canberra Industries, Inc., http://www.canberra.com/products/485.asp.
16 January, 2019 A. Bettini.Padova Univ. and INFN and LSC

340
1[n3)

0a

0

1 1 1 1 1 Pt
100 200 300 400 500 600 700 800
time [ns]

surface

Surface vs bulk
discrimination
efficiencies smaller
at low energy
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CoGentset U P ArXiv 1002.4703

ArXiv 1106.0650

Canberra 400 g BEGe detector in the Soudan Underground Laboratory (700 m depth)
Shiel ds 0sil0h{(2008)25130b 0 PRL

from in to out:

Aow-background Nal[TI] antCompton veto

A cm of lowbackground Pb

A5 cm of standard Pb

0.5 cm of borated neutron absorber

£>99:9% efficient muon veto,

£80 cm of polyethylene

Aow-efficiency largearea external muon veto.

Very simple controls of the main parameters (temperature, Rn, etc.)
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CoGent . DM AxiQoopargp N

ArXiv 1106.06

Suppress surface event\l\(f_ sthell EC

103L_T-shell EC

counts / 0.12 keV 0.33 kg/A42 days

1

2 4 6 8 10 12
E (keV)
Ansi gnal B65% ef gvenbsrsurvive

background region °© 40% of events survive

T

100 L
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CoGent. Surface vs bulk

fab) | I L] R e ) |
S f Mjw‘#\w«p AR i
4’3@10 % L W/ﬂ |8
) g B
2 5 ~——~—a/ =1
90% signal acceptance for bulks — _‘ |
events, determined with ~ .
calibration sources 1
LN ..“'..i.;.;:..i-h. 1'; -;g-.: um .,-:a--;’-;’-‘:-‘-é. : ‘:-.}..";_b’; : .::.»-\;.:-:. :
3 el ;6 :;?’W‘*%*@% AL *ép&gtﬁ, AT
O . ] 11 &fc% (L)l +6"‘IZ " l( - L= g e N1 =g = = 0] #Szln (I%) ti‘(}? ('K.j |
0 2 4 6 8 10 12

ionization energy (keVee)

No quantitative evaluation of leakage from
surface events (Ait should be modest 0)

Proper evaluation needed
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CoGent

T h e axiflooga7ps

ArXiv 1106.0650

103_ L-

Subtract Lshell EC
(68Ge,65Zn, 68Ga), .
known from the Kshell//ﬁ
observed lines -

Assume rest = 100% DM
signal

‘J.

counts / 0.12 kaV 0.33 kg 442 davs

[
O‘

\vs

hell EC

‘34Mn

- 19
v -V

l".'. -QSI C'r
-

I ] 1] T 1
65 68
va Ge _
= 68 ]
° Ga
RS
¥ ‘:gv 2 -43,:-4AS_
< '
M Lv w —

.I
G0

=1 N
L

10 12

After surface event suppression, electron and nuclear recoils

Estimated backgrounds:

L -shell EC <%5Zn: <10%

Neutrons:° 0.1%

16 January, 2019
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CoGent.

No modulationc?/dof =20.3/15
Modulationc?/dof =7.8/12

Marginal statistical significance
Modulation amplitude = 0.1660.038
Much too large to be due to WIMPS
Period: 34% 29 dOK

Minimum: 16t 12 October

4.3s off expectation for WIMPs

Modulation

140}

80f
600 .

ArXiv 1106.0650

Max expected Min expected

1 1
1
T

30}

R S O P TR = e Tl
146 kg-day: [
1

200~

.
-
v
4 F H
.
4 k H
0
.
<4 F
.
.

120f

100 4

.'. '.I A
+ 0.5-3.0 keV,, ]
| R ] (ri e | |V v { e L [ PR VA ) | | B e e N

1 l 1
300

Days since 3 dec 2009

Wait more data and better analysis. If it persists, it may show that background
can be modulated, with 1 yr period (but phase, amplitude,..)
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CoGent vs DAMA/LIBRA

Max expected

Min expected

Assuming 50}

CoGent and D/L soH=t

see signal i

1 I [ Syt TURN e I [ S Fa R /[ R [

146 kg-day:

=

0.5-3.0 keV,, |

o0 B GiLs
140f
= 120
2% modulation |
amlpitude 100k
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80t
60
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004 I I T I T I I I
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= 002
on
-
— 0.01+
=
—
8 -
0 _—
-0.01
0

CoGent
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l L) T
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, 2KE-5 pb 4
. 3E-4 pb

Nrj‘llllllllllllllll

Modulation
Contradiction

Mass spectrum
Contradiction
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CoGent vs DAMA/LIBRA

WIMP mass and cross section

Contradiction

10_|||.|‘l|lll|\|l||llllllllllllllllllllllllll

DAMA/LIBRA (no channcling)

lI.‘..\. \
CoGeNT — :

145 keg-day  \ e

CDMS (SUF)

o, (x10™ pb)

- \
\XENONI100 DAMA/LIBRA
O- l 1 L 1 1 I 1 L 1 1 l 1 1 1 1 l 1 A 1 1 l 1 L L 1 l /! 1 L L l 1 1
4 5 6 7 8 i 9 10 energy Spectrum
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&  XENON100 (LNGS
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Noble Liauids self shielding

Noble liquids, Xe, Ar, and Ne look very promising for the
WIMP detection, because

Aan be easily assembled in large masses (scalability) 5 77N
g . N
Aan be cleaned from radioactive traces at very high levels ! F'dIUC'a| §
. . . . volume
Aself-shielding structures can be built, with the central part \ / )

shielded by a large contiguous mass (in the same containe
of the same liqui¥ no free surface, no surface
contamination

AShield can be instrumented to act as a veto alenérphase

PMT Array | |[ |[ ][ | [
Two-phase (Liquid and Gas) Gas Xe | 4o Srtional S2

Localisation of the eventwith TPC = fmeoooanc ool r—

Gate Grid AAA
Discriminate between ER and NR by detecting primar E
scintillation and ionisation via proportional ionisation - X
: Liquid X
Single phase XMASS (Xe) e e
Drift
Double phase XENON (Xe), WARP (Ar), ArDM (Ar) direct S1 lFie'd
Cathode
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XMASS @ Kamioka

Mass inside light sensors = 850 kg

Simple self shielding results in
104/(keV kg d) for NR and ER

further statistical identification
& reduction of NR possible

Status: commissioning @ Kamiok

Zlem)
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XMASS

XMASS: Measured property ::
Reconstructed energy 04
— ~4% rms @122 keV 0.2

QE=2839%

Coverage = 62%ﬁ Y. Suzuki HEPZOli.Suzuki@EPS-HEPZGIDi

16 January, 2019

| Reconstructed energy

distribution

- real data

simulation
509.3keV of W

136keV

15.1+1.2 ph-electrons/keV i e T T80

Position resolution (122keV)

BG measured
— 222Rn: 8.2+0.5mBq

reconstructed enerav [keV)

== \/ertex reconstruction for *’Co

— 1.4cm RMS (@z=0cm) _ RealData _, _ Simulation _,
— 1cm RMS (+20cm) S | Be oag
BG reduction P T N
— Low BG PMT 200 i, . ‘
— Material screening 250 iy . ) %b ,
pieces y m o A
— Kr: distillation 0 ’iiﬂ"' o A
— 10mh x 10m ¢ water tank 10 m o il
@ .
%- I
‘H}, i

— 220Rn:<0.28mBq

-‘m.

1510 -5 0 5 10 15 1510 -5 0 5 10 15
y [cm] ¥ [cm]
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Dual phase Xe/Ar. Light vs charge S1/S2

Top PMT Array

WIMPs/Neutrons

drift time
Gammea

— — —

(S2/81) << (S2/81)

wimp gamma

Bottom PMT Array

electron recoil




Dual-PhaseTPC

3D position information
with mm resolution

to S :
PI\SIT array S2/Stbased discrimination better than
HEEEER .
anode " gas
liquid
35000;— IIII B I_;
BU{JO«DE— —i
25000?— —f
20{30{32— —i
cathode - 15000 E
10000 —
bottom £ . -
PMT array soo0f-S1 drift time \ S2
D:I I 1 1 |LIII I 1 1 | I I | | I I | | I | | I I | | 1 1 I_
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2 3 4 5678910 20 30 40 50 100
Energy [keVnr]

L,: Light yield measured at 122 keV = (220.09) phel/keV

S, Electric field quenching factor for ER = 0.58
S, Electric field quenching factor for NR = 0.95
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ArXiv 1107.215

5

XENON 100 @ LNGS

P}»IT HV and Q O HV Feedthrough
Signal Lines %bah Donble Wall
Tube to | B Cryostat
Cooling Tower T r O 1 I
g, = \1\
s ( )
= ; | | Diving Bell
Ve RIS ¥ Liﬁfﬁ
Top Array .. | Top Mesh
PMTs —— L Stack
supporting - PTFE Panels,
PTFE Rods -Field Shaping
Electrodes

TPC —

Veto PMTs _| |

Bottom Array —{ L__
PMTs

16 January, 2019

|- Cathode

Mesh

R/O of S1 and S2 with low background
Hamamtzu PMs

ANumber of photoelectrons
A,y reconstruction of the event (barycentre)

Top array, above
the wires

Foa e I g
AT U e TN N
el e

/i ’_,i )[ ”‘ }r\ \

T4 e, SSIESIa,\
= e ]

Bottom array, in
the liquid
(refractive index =
1.7")
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XENON 100. EM Background arxiv 11013866

Screen all materials + Monte Carlo simulation

Design for <103/(kg keV d) for each component

Main bknd components

ARadioact. contamin. of detector and shields materials
Antrinsic radioactivity of LXe

R2Kr in Xe. 100 ppt required. Distillation and analysis
procedures developed

MDecays onZZRiiprogeny inside shields

Compare calculation with spectrum in preliminary technical run (2C
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