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Direct Detection of WIMPS: Principle

» [Elastic collisions with nuclei in ultra-low background detectors

= Energy of recolling nucleus: few keV to tens of keV/

Astrophysics

3
8
X

Umax

Iy fv)o 2

Lo
— NN U
dEp

dER TrUTA7

l*.
-
~

Umin

Particle physics

NN = number of target nuclei in-a detector

po = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

Vi —
Myy = WIMP-mass 11111}

O =cross section for WIMP-nucleus elastic scattering

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



Astrophysics

Density map of the dark matter halo
rho =[0.1, 0.3, 1.0, 3.0] GeV cm-3

High-resolution cosmological simulation with
baryons: F.S. Ling et al, JCAP02 (2010) 012

Phalo = 0.3 GeV - CIII_3

=> WIMP flux on Earth:
~10° cm2s! (Mmw=100GeV)

Velocity distribution of WIMPs in the galaxy
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Halo restframe Earth restframe (Summer)

f(v) x 10°

o O = JAv] w ~ O = NV W & O OO = [AV] w ~

Halo restframe Earth restframe
M. Kuhlen et al, JCAP02 (2010) 030

From cosmological simulations of galaxy
formation: departures from the simplest case of
a Maxwell-Boltzmann distribution

However, a simple MB distribution is a good
approximation, and yields conservative results
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Particle physics

» SUSY: scattering cross sections on nucleons down to ~ 103 cm2(10:'% pb)

x Here example in CMSSM (D-), after LHC 1/10

CMSSM
Buchmueller et al;
arXiv:1110.3568v1 [hep-ph]

~ 1 event kg! year'

~ 1 event ton™! year-'

3
m., 1GeV/cf
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Particle physics

» SUSY: scattering cross sections on nucleons down to ~ 103 cm2(10:'% pb)

x  Here example in CMSSM (D-), - after LHC 5/1b, XENONT100-and Bs->LiL

CMSSM

MasterCode, O.Buchmueller et al
Eur.Phys.J. C72 (2012) 2243

~ 1 event kg! year'

~ 1 event ton™! year-'
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WIMP scattering cross section
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See e.g. DarkSusy for detailed predictions
http://www.physto.se/~edsjo/darksusy/
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EXpected Interaction Rates

x Recoll rate after integration over WIMP: velocity: distribution

R~ 0.13
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EXpected Interaction Rates

x Recoll rate after integration over WIMP: velocity: distribution

R~ 0.13
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1he experimental challenge

x [o observe a signal whichis:
x very small ( few keV - tens of keV)
x extremely rare (1 per ton per year?)
x embedded in a background that is-millions:of times:-higher

x  Specific dark matter signatures
» rate and shape of recoll spectrum depend on target material
= motion of the Earth cause a

= temporal variation in-the rate

WIMPwind  “Un®

= directional dependance ==5

v=~220 km/s

<
Cygnus

December

galactic plane
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1he world wide wimp search
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Cryogenic Experiments at T~ mK

» Advantages: high sensitivity to nuclear recoils (measure the full energy-in the
phonon channel); good energy: resolution, low:-energy threshold (keV to sub-keV)

x Ratio of light/phonon or charge/phonon:

x nuclear versus electronic recoils-discrimination -> separation of S and B

‘ ' ® 133p,5
IR 252Cf

R L e Y AP :-.'.-'!'%3'. I O LI R
. 4 BRI TS i T o T ot i 7 NS LR P T 0 LA < L P T b ae B
Ak 2 , "‘\:,I gt v nig ".'o o 3T e g -":';17"- ot or'e .:‘# - ';} B N
; XL W, "t i 5= IR ACEL R 8 B0 S Ly tipe St !
15 Rt LA LEY ,..—':wl-‘ R NN L Perd S B RTTES g A " o A C _.“". P :"ﬁ"‘ B
Lo, ! - Ty §nlg8e -y RREY Ry v S gl oy T T s R
A o el % oo e T

Ratio of
charge
(or light)
to
olgle]alelp

Background region

.
—
&
.-
-
s
=
=
5
c
=
—

Expected signal region

40 50 60 70 80 90 100
Recoil Energy (keV)

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



Cryogenic Experiments at T~ mK

= Absorber masses from ~ 100 g to 1400 ¢

9 kg Ge running at
Soudan (15 x 600 g)

proposed 200 kg Ge at
SNOLab (1.4 kg crystals)

talk by A. Villano, 16:50 h

_______

mstalled at LNGS

low background run to
start in 2013
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commissioning run with 15
FID detectors in spring
2013 (12 kg Ge)

fall 2013:; installation of 40
x 800 g (32 kg Ge)

talk by B. Schmid, 17:30 h
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New results from CDMS-Si
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WIMP Mass [GeV/c?]

Normalized Timing

140 kg d exposure

3 events detected, 0.7 expected
likelihood analysis: 0.19% probabllity for known background-only hypothesis
best fit: 8.6 GeV, 1.9 x 102 cm?

Analysis ongoing of low-threshold run (CDMS-lite) at Soudan with one Ge detector
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Projections: Cryogenic Experiments

SI WIMP-nucleon cross-section (cm )
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Projected WIMP sensitvity for
SuperCDMS- Soudan after 3 calendar
years (Spring 2015).
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Future Cryogenic Experiments at T~ mK

»  SuperCDMS at SNOLab: proposed 200 kg Ge detectors; reach: 8x1047 cm?

x EURECA at LSM extension (approved): phased approach150 kg to 1 ton, multi-
target (CaWOs, Ge), reach 10730 1047 cm?

» Potential collaboration between SuperCDMs and EURECA; at the 200 kg level

DILUITION

FRIDGE

SuperCDMS at SNOLab EURECA at DOMUS

ra Baudis, University of Zurich, SUSY 2013, ICTP Trieste
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Scintillation/lonization: Noble Liquids

»x High light and charge yield; transparent to their own light

»x | arge, scalable, homogeneous and self-shielding detectors -> fiducialization

x [N air, by volume - Ar: 0.93%, Ne: 0.0018%, He: 0.00052%; Kr:-0.00011%, Xe: 0.0000087 %

photon energy [eV
Aprile et al., Phys. Rev. Lett. 97 (2006)

o

ALNe ~ 18nm

Ay ~ 128nm Kr

Drift Field
@ 0.34 kVicm
% 0.46 kVicm
= 0.70 kViem
¥ 1.00 kVicm
€ 2.00 kVicm
£ 3.00 kVicm
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Single-phase detectors

x XMASS at Kamioka (LXe), DEAP and CLEAN at SNOLab (LAr)

Challenge: ultra-low absolute background (materials, radon, alphas)
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XMASS at Kamioka;

835 kg LXe (100 kg fiducial),
single-phase, 642 PMTs
unexpected background found
detector refurbished

new run this fall -> 2013

talk by H. Sekiya, 14:30 h

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction

to run in 2014

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
under construction

to run in 2014
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Liguid xenon and liquid argon TPCs

XENON100 at
LNGS:

161 kg LXe
(~50 kg fiducial)

242 1-iInch PMTs
taking new science
data

talk by N. Priel, 14:50 h

|
- -
R ]

||i|.i||.hIHI

LUX at SURF: PandaX at CJPL:

BRGIg 125 kg L:Xe
(100 Kg fiducial) (25 kg fiducial)

122 2-inch PMTs 443 1 Linch PMTs
physiCs run since 32 3.in-h PMTs

Spring 2013 started in 2013
first result by the

end of this year

talk by L. de Viveiros, 15:30 h

ArDM at Canfranc:

850 kg LAr
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014

DarkSide at LNGS
50 kg LAr (dep in 3°Ar)
(33 kg fiducial)

38 3-inch PMTs

iIn commissioning
since May 2013

to run in fall 2013

talk by B. Rossi, 16:30 h

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



Example of a 9 keV nuclear recoll event

XENON100
top
PMT array

S1: 4 photoelectrons
detected from about
100 S1 photons
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1 detected from 32 ionization
s s 1 electrons which generated
- S | about 3000 S2 photons
S %

Time / psec
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Example: XENON100 dark matter data

x  Exposure: ~ 225 days x 34 kg fiducial liguid xenon mass

Radius [cm] S1 [PE]
12

b

=
<
Q
=
a4
8
~
—
72!
<
(9]
n
N—"

log

: z : Signal region:
Fiducial mass region: g 9
2 events are observed

34 kg of liquid xenon 0.79 + 0.16 gamma leakage events expected
406 events in total 0.17 +0.12-0.7 neutron events expected
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Noble liquid recent results:
spin-independent cross section

XENON100: Phys. Rev. Lett. 109 (2012) XMASS: Phys. Lett. B 719 (2013)

i { XENONI100 (2012)
\ Q DAMANG observed limit (90% CL)

Expected limit of this run:
+ 1 6 expected
+ 2 6 expected

DAMA Na w/o chanﬁeling —
DAMA Na w/ channel?r@

CRESST-II

CDMS-II Si
CDMS-Il Ge
CDMS-II Ge low thr.
EDELWEISS-II 2012
XENON10 2013
XENON100 2012

Leff uncertainty [ ]
ENON 1 OO XMASS 90%CL
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Liquid xenon and liquid argon adetectors

» Under construction: XENON1T at LNGS; 3.5 t L Xe in total

» commissioning in 2014, first run in 2015; goal 2 x 10" cm?
x Near future: XENONNT (n=6-7 t LXe), XMASS (5 1 [:Xe), DarkSide-5000 (5 t LAr)
» Design and R&D: |.Z (7.t - Xe), DARWIN (20 t LXe/LAr)
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XENON1T: 3.5t Xe  DarkSide: 5 t LAr XMASS: 5t LXe LZ: 7t [ Xe DARWIN: 20 t LXe/LAr

talk by A.P. Colijn, 15:10 h
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Dark matter target complementarity

Newstead, Jacques, Krauss, Dent, Ferrer: arXiv:1306.3244 [astro-ph.CO)]

Xe alone: 10t yr

180 events ..~

py = 0.3 £ 0.1 GeVem ° E N
74 g\\/‘;nts

UO — 220 :|: 20 km/S 78 events

Vess = 544 £ 40 km /s

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



http://arxiv.org/abs/1306.3244
http://arxiv.org/abs/1306.3244

Room temperature scintillators

= Nal: DAMA/LIBRA 250 kg at LNGS; time variation in the event rate with: T =1 yr,
phase = June 2+7 days, A = 0.018 events/(kg keV day)

x  Csl: KIMS 103.4 kg at Yangyang laboratory; ER vs.-NR-discrimination based on time
structure of events; does not confirm DAMA/LIBRA in-an-annual modulation search

»x  Nal: ANAIS, 250 kg, under construction-at LSC; DM-Ice, proposed 250 kg at the
South Pole

Spin-independent
(WIMP-nucleon)

= -/ DM-Ice
4~ f 17 kg Nal
as
feasibility
study
within
lceCube
2.4 km
deap

3250 3500 4000 4250 4500

R.Bernabei et al, Eur.Phys.]. C67 Time (day)
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Bubble chambers

e Detect single bubbles induced by high dE/dx nuclear recoils in heavy liguid bubble chambers
(with acoustic, visual or motion detectors)

e |Large rejection factor for MIPs (10'9), scalable to large masses, high spatial granularity
* Existing detectors: SIMPLE, COUPP, PICASSO (-> PICO)
e Future: COUPP-500 -> ton-scale detector '

Example:

n-induced

event

(multiple

scatter) ."
WIMP: ['"‘
single ‘I"‘ 2
scatter LT

— COUPP-60 kg CF3l —
COUPP 4 kg detector installed at PICASSO at SNOLAB
CFsl detector at SNOLAB; physics run
SNOLAB since March 2013

talk by M. Ardid, 17:10 h Recoll range << 1 ym in a liquid - very high dE/dx

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



Spin-dependent results

dosp(q) 8G% (2T + )T+ 1)

IZ - Ol it b

Phys. Rev. Lett, 111(2013)

WIMP-neutron coupling WIMP-proton coupling
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—— XENON100 limit (2013) neutron —— XENON100 limit (2013) proton
* 20 expected sensitivity * 20 expected sensitivity
* 10 expected sensitivity * 10 expected sensitivity
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Directional detectors

DM-TPC
= R&D on low-pressure gas detectors to measure the recoll n-calibration

direction, correlated to the galactic motion towards Cygnus
x  MicroTPCs: MIMAC (CF4, CHF3, H gas), NEWAGE (CF4 gas)

x TPC: DRIFT (negative ion, CS2), DM-TPC (CFz gas)

i TN W -

¥ "-...._ g -
.

(Y = e DRIFT, Boulby Mine

MIMAC 100x100 mm? 181 DM-TRC at MIT " .
51 chamber at Modane CCD readout NEWAGE, Kamioka
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Neutrinos as backgrounds

Electronic recoils from pp solar neutrinos: ~ 1048 cm?
Nuclear recoils from B solar neutrinos: below 10-** cm= for low-mass WIMPs

Nuclear recoils from atmospheric + DSNB: below 1048 cm?

after Strigari, New d. Phys. 11 (2009) 105011

LB, Physics of the Dark Universe 1, 94 (2012)

8 . —— WIMP:100 GeV, 4e—49 cni’
B neUtrlnos = = =WIMP:40 GeV, 4e-49 cm2

‘== WIMP:6 GeV, 2e—45 cni’
s Neutrino: Solar, DSNB, ATM

100 GeV WIMP — WIMP: 100 GeV,10'47cm2 (50% NR acceptance)
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WIMP search evolution In time

| I | |

L. B., Physics of the Dark
Universe 1, 94 (2012) )
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About a factor of 10 every 2 years!
Can we keep this rate of progress?
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Summary and Prospects

»x  Cold dark matter is still here with-us
x|t could be made of a new, heavy, neutral, stable-and:weakly interacting particle
= Ve have entered the era of data: direct detection, the LHC., indirect detection

x Direct detection experiments have reached unprecedented sensitivity (cross
sections down to 10 pb)-and can probe WIMP-with-masses from a few GeV to
a few TeV

x “Ultimate” WIMP detectors might loe able to prove or disprove the WIMP
hypothesis and provide complementary information to indirect searches and the
LHC

x However, we should e prepared for surprises!

ra Baudis, University of Zurich, SUSY 2013, ICTP Trieste
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XENON100 predictions for light WIMPs

= How would the CDMS-SI signal look like in XENONT00’s Run10 data?

WIMP with mw = 8.6 GeV

S1 [PE]

CDMS Si results, 140 kg d

b
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"~ SuperCDMS Soudan’
Projections

m, =8.6 GeV o=1.9x10""cm?

WIMP mass [GeV/c?]

40 45
E, [keVnr]

WIMP-nucleon cross section : 1.9 x 104" cm?
~ 220 (+300, -85) events in the ROI (high, and low

contours of Letr and Qy error bands)

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



WIMP Scattering Cross Sections

» |n the extreme NR limit relevant for galactic WIMPs (102 ¢) the interactions leading
to WIMP-nuclei scattering are classified as (Goodman and Witten, 1985):

= scalar interactions (WIMPs couple to nuclear mass, from the scalar, vector, tensor

part of L)
2
r o33 M [Zf s (A ees Z)f ]2 fo, Tri effective couplings to
S1 72 p o protons and neutrons
X

®  spin-spin interactions (WIMPs couple to the nuclear spin, from the axial part of L)

Ap, an: effective couplings to
protons and neutrons

gsp it (B b anlS)

expectation values of the p and
n spins within the nucleus

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



1he background noise

Electromagnetic radiation

natural radioactivity in detector and shield
materials

airborne radon (¢??Rn)

cosmic activation of materials during storage/
transportation at the Earth’s surface

Neutrons

radiogenic from- (o, n)-and-fission reactions

cosmogenic from spallation of nuclei in-materials
by cosmic muons

Alpha particles

219Ph decays at the detector surfaces

nuclear recolls from the Rn daughters

A\
>
o
€
=S
=
@
c
[0}
2
£
c
o
=]
=

Cosmic rays: operate
deep underground

Muon flux vs overburden

A Proposed NUSL Homestake
®  Current Laboratories

WIPP
Soudan

Kamioka

Gran Sasso

Homestake Baksan

hlori
(Chlorine) Mont Blanc

Sudbury

NUSL - Homestake

2 3 4

Depth, meters water equivalent




CoGeNT: low-mass WIMPs?

x Point-contact, 330 g Ge detector at Soudan
x Energy threshold: ~ 0.5 keV ionization (~ 2 keV-NR-energy)
x 2011: claim of an annual modulation at 2.8-0level (0.5 - 3 keVee), ~ 450 days

C. E. Aalseth et al., PRL106

18.5 kg-day
efficiency-corrected data

J. Collar, Felb 2012

dashed line: 12 GeV/cz, 1.5E-5 pb WIMP (CRESST-like)

solid line: best WIMP fit from 2-D energy-time modulatioh analysis
circles: best fit to bulk events after correction

(flat spectral component subtracted)

electronic noise
electron-recoil rejection
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Modulation: DAMA/LIBRA, CoGeNT

CoGeNT

146 kg-day

» DAMAVLIBRA (250 kg Nal, 0.82 tons-year):
3.9-0 effect e ;

0.5-0.9 keV.. 1

x  CoGeNT (330 g HPGe, 450 d): 2.8-0 effect
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R.Bernabei et al, Eur.Phys.J. C67 (2010) Time (day) C D M S

Y 2013, ICTP Trieste

= Origin of the time variation in the observed rate
- unclear!

» Movement of the Earth-Sun system through
the dark matter halo?

Rate [kg day keVnr] !

|
&
tn

Days Since Jan. 1st

arXiv:1203.1309

x  Environmental?


http://xxx.lanl.gov/abs/1203.1309
http://xxx.lanl.gov/abs/1203.1309

Light: DAMA/LIBRA

= Origin of the time variation in the observed rate:
= motion of the Earth-Sun system through the WIMP-halo?
= ecnvironmental effects?

= unclear!
see also David Nygren; arXiv:1102.0815

Mudn rate ih LNGS*

.
[7/]
E
z
[7/]
| —
Q
-~
£
| =
[e]
-
—

2500
Progressive day since 1*' Jan, 2001

Muon rate variation at LNGS: Amplitude: ~ 0.015; T = 1 year, ¢ = July 15+15 days
* M.Selvi et al., Proc. 31st ICRC, tODZ 2009

Laura Baudis, University of Zurich, lIoP Colloquium, July 2012



Phonons: Cryogenic Experiments at T~ mK

x Detect a temperature increase after a particle interacts in-an alsorber

X B ‘
A AT = 7
v Clry
= A -
G(T) T
Absorber G (T)
G(T)
T-sensor
3 m = absorber mass
C(T) X —E— (@_i) J K= 1 M = molecular weight of absorber

Op = Debye temperature (at which the
highest frequency gets excited)

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



Transition Edge Sensors

= [he sulbstrate is cooled well below the SC transition temperature Tc

x [he temperature rise (~ pK) 1S measured with TES

passive tungsten grid

R A
normal conducting
/transition edge
l = s -_E
| ﬁ»ﬂ:mt;ﬂm = = = 1] ””ﬁﬁ” !klll'l'
| . T / \
superconducting 250 pm x 1 um W 380 pm x 55 um Al

(35 nm thick) fins (300 nm thick)

Example: TES for CDMS detectors

Laura Baudis, University of Zurich, SUSY 2013, ICTP Trieste



