Direct

Direct Search for Dark Matter

Dark Matter in the Universe q

Anonbaryonic
Anot neutrinos

thermal relics from Big Bang
weakly interacting

in the mass range ~(101000) GeV
could nicely explain Dark Matter

Ve

Y can be detected by direct detection
elastic scattering off nuclei
Y could be supersymmetry




WIMP 1 Direct Detection Weaklyl nteractingMassiveParticles =WIMPs

Elastic Scattering off Nuclei

ANuclear Recoils: reduced efficiency for charge- or light-production

- Mass GeV-~ 1000 GeV
- relative speed 270 km/s

( ~ oprbital speed in Milky Way)

Y only a few keV of energy

- cross section S, <103%cn?

- local WIMP-Density r. =0.3 GeV/cm - corresp. 3 WIMPgoeevy/ Liter
- 75000 /s /cr

Y very very rare scattering events(< 1 / Week / kg)

Todayds sensitivity < 1 [/



Direct DM SearchesWorldwide

Direct
Dark Matter Search

COVENTIONAL| | CRYOGENIC LIQUID NOBLE GASES DROPLETS DIRECTIONAL
Nal, Csl, Ge XENON  ARGON
run run ~ 30kg prepare
~ 10kg, 2012 2012 ~ 100kg 1t runs 4kg
run 250kg Nall plan plan plan starts 60kg
run 100kg Csl ~ 1t, 2015 ~ 1t, 2014 > 1t prepares 500kg first runs
DAMA XENON ArDM COUPP
Italy CRESST USA, Switzerl. ltaly, Switzerland, Spain, USA DRIFT
Germany, UK, Italy Japan, Port‘ugal, Germ UK, Poland UK. US
France, China '
I I ' I
KIMS EDELWEISS DARK SIDE
Korea France, Germany, run Us, Italy, Rus, Poland DM-TPC
UK, Russia China, Ukraine, UK us
~ 100kg runs 2kg
I '
COMS XMASS DEAP/ PICASSO '
US, Can., Switzerind Japan CLEAN Canada, USA, Czeck NEWAGE
run ~1kg Ge Canada, US Japan
COGENT
us
prepare
prototypes ~ 100kg finsihed prototypes
LUX
institutions UL QOOd
Rosebud e mAEP spin dependent 'FV”MAC
France, Spain ’ limits rance




Direct DM Searches

< ' kL T T T hitp://dmtools. brown.ed
remarkable progress = W Gaitskel, Mandic, Filppini |
. : § 1040 '
x 100 improvement in g
sensitivity g
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In 10 yrs z
c
S
present best sensitivities 5 10
(for spin independent WIMP scattering) 1 ev/ kg / month
=
Acryogenic =
Aliquid Xenon
10—44_
+ other techniques 1ev/10kg/year
(doing better for spin dependent WIMP scattering)
we have different techniques 1046
with promising sensitivit n
P g y 1 ev /1000 kg /[ year
simultaneously
LHC is starting
and Wl” mar‘ch upwar‘d |n maSS 110622074501 Lol ] Ll ! (O S (100 1O |
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distinguish nuclear recoils / electron recoils
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CRYOGENIC LIQUID NOBLE GASES
XENON ARGON

run run ~ 30kg prepare
~ 10kg, 2012 2012 ~ 100kg 1t
plan plan plan
~ 1t, 2015 ~ 1t, 2014 > 1t
XENON ArDM
CRESST USA, Switzerl. Italy, Switzerland, Spain,
Germany, UK, Italy Japan, Portugal, Germ UK, Poland
France, China
I ! |
EDELWEISS DARK SIDE
France, Germany, run US, Italy, Rus, Poland
UK, Russia China, Ukraine, UK
~ 100kg
[ ! |
XMASS
CDMS S DEAP/
US, Can., Switzerlnd CLEAN
Canada, US
prepare
prototypes ~ 100kg finsihed
LUX
10 US institutions,
Rosebud e mAEP
France, Spain '
I




Particle Identification
by Combination of Channels

cryogenic charge / phonon cryogenic light / phonon
. CRESST
EDELWEISS 8 EURECA
CDMS,
EURECA

radioactive
background can be rejected

=> highly improved
sensitivity

XENON

WARP, ArDM,

liquid noble gas light / charge LUX, zEPLIN




Liquid Noble Gases
Background Rejection by Light vs. Charge
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Liquid Charge + Light

XENON

USA, Switzerland, Italy,
Portugal, Germany, France,
Japan, China

LUX

10 US institutions, Moscow

Aplanned 100 kg fiducial

Aprototype tested

AJuly 2012 moved to
Sanford Lab

XMASS | \ ‘
10 institutions from Japan - FEL s e s Nyt
\6 P S | I 80 cm 4

Aat Kamioka
A1 phase, 850 kg total aAC 4
Y self shielding 100 kg fid. /N v\ F o WS o
Alarger bckgr. than expected 100 kg fiducial, 800 kg total g ' L
Anew physics run in 2013




Liquid Xenon Charge + Light

XENON

USA, Switzerland, Italy,
Portugal, Germany, France,
Japan, China

10 Charge + Light, FV

Ap  at Gran Sasso
AJ  A34 /48 kg fiducial / 62 kg total
S Astarting end of 2009

Aachieved 2010:

X0 ~ 7 x 104 cm?
10 Aachieved 2012:

Ac ~2x 104 cm?
A1l

Y selr shielding 10U Kg Tid.
Alarger bckgr. than expected
Anew physics run in 2013




XENON Charge + Light 2072
vy
5.5 kg target, 34 kg target,
XENON21QO 58.6 kgd exposure XENON2100~2500 kgd exposure
2007 10 background events 2 background events

~1 cts / 6 kgd ~1 cts /1500 kgd , ~ 1 cts/ 4 kg years
g bckgrnd ~ 250 x lower
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no indication for WIMP signal

Large improvement on background
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CHH T

Heidelberg Moscow 1996
IGEX 1998
DAMA 1998 / LIBRA 2008

CDMS 2000
EDELWEISS 2002

CRESST 2009

EDELWEISS 2011
CDMS 2011
XENON 2011

XENON 2012

~0.00003 cts / kg / d / keV

Baltz, Gondolo MSSM 2001

Baltz, Gondolo 2004

Trotta et al CMSSM 2008



Liquid Charge + Light

WARP

Italy, US

Aat Gran Sasso
Astopped (technical problems

N—r”

ArDM

Switzerland, Spain, UK, Poland
A1000 kg R & D, prototype
Aset up at Canfranc start 2012

DarkSide
US, Rus, I, P, China, Ukr., UK
Aproposed, depleted Ar

DEAP / CLEAN
Canada, US

Al-phase, SNOLAB
AL000 kg fid. start set up 2012




Particle Identification
by Combination of Channels

cryogenic charge / phonon cryogenic light / phonon
. CRESST
EDELWEISS 8 EURECA
CDMS,
EURECA

radioactive
background can be rejected

=> highly improved
sensitivity

XENON

WARP, ArDM,

liquid noble gas light / charge LUX, zEPLIN




Calorimetry T measure total energy (heat- or phonon- signal)

Energy deposition

by scattering thermometer

coupling to

target crystal heat sink

=> temperature rise _
incident

particle
(WIMP)

at very low temperature (~20mK) AT < E/C
=> high sensitivity, small C

thermometer:

superconducting
phase-transition-thermometer

NTD semicondutors




Calorimeter for Dark Matter Search

_ Heat Capacity Sapphire 250qgr
Superconducting Phase- 3.4 Me\ﬁ)/ KI y@ 2ps[:n}|< ’
Transition-Thermometer (SPT) zéo GeV/ K @ 1K

e.g. Wolfram T, a15mK

1.0 ' ' ' : '
_ ] transition ¥
E 08 | width: mK 1,
= SQUID
7 0.6
2 AR L
= _ RSH
£ 0.4 Signal:| pK
S R.
0.2 -
0.0 ! . : . :
38 39 AT 40 41 42

z.B. CaWQ, -Absorber

300gr, dem x 4em CRESST-collaboration
(Cryogenic Rare Event Search with Superconducting Thermometers)

Temperatur [mK]

Max-Planck-Institut Minchen, TU Minchen
Universitat Tubingen, Oxford University, Gran Sasso Labor



Phonon + Light or Phonon + Charge

CDMS
Cryogenic Dark Matter Search

US Kollaboration

150

Charge+ Phonon

(semiconductor Ge, Si)
= . e

=1
[=]

EDELWEISS
Experience pour DEtecter Les Wimps En Slte Souterrain
France and Germany

Licht-Signal

n
a
T

Charge + Phonon o B
(semiconductor Ge, Si)

150

CRESST

Cryogenic Rare Event Search with
Superconducting Thermometers

Max-Planck-Institut Minchen, TU Minchen
Universitat Tubingen, Oxford University, Gran Sasso

Suppression

i Licht-Signal

10keV - 20keV  S9B%
. 15keV - 25keV 98.7%
20keV - 30keV  99.8%

ROSEBUD

Cryogenic Rare Event Search with Superconducting Thermometers

20 40 Phonon-Signal (keV)
Zaragoza, Paris



CDMS results

no indication for WIMP signal

Tonization Yield

+#| t+ Fail Timing Cut ||

+ ;| @ Pass Timing Cut(|
L s SR & e |

+  Fail Timing Cut

Normalized Yield

lonization Yield

J J
+ Fail Timing Cut
® Pass Timing Cut

Normalized Yield

1 1 1 1 1
-10 -5 0 5 10 15

612 kg-days
194.1 kg-days
23%

3,8 x 1044 cm?

Normalized Tilll.i]]g Parameter

raw exposure
spectrum-averaged equivalent exposure @ 60 GeV
probability of observing two or more background events

upper limit on spin-independent cross-section @ 70 GeV, 90% CL
+ improved limits for low WIMP masses



EDELWEISS i Charge / Phonon

Bo o Do I Ix

lonization yield

o
N

o
N

-

0.8

0.6

0.4

0.2

continous data taking
384 kg d published

one of the best limits
3000 kg d expected 2013

1 cts/ 80 kg day

WIMP Region

S Phys. Lett. B 702 (2011), 32285
PR B e o LT Y SO PR oy ga o giasapalaiie i

20 40 60 80 100 120 140 160 180 200
Recoil energy [keV]

no indication for WIMP signal

X 2
Cross—section [cm’] (normalised to nucleon)

1

memmm EDW-II PLB 702,5 (2011) 329

+ arXiv:1207.1815

T
«\ ~ mmmm EDW-II & CDMS PRD84 (2011)

ar

DAMA/LIBRA EPJ C56 (2008)
== CoGeNT PRL 106 (2011)
- CRESST Il 26 arXiv:1109.0702
=== CRESST Il 15 arXiv:1109.0702

mmmm CDMS Science 327, 1619 (2010)
+Low E, PRL 106 (2011)

=smm XENON100 PRL 107 (2011)
XENON100 225days 34kg

Buchmuiller et al, 2011

Bertone et al, 2011

100 ,1000
VIMP Mass [GeV/c 1
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WIMP Mass / GeV/¢

Heidelberg Moscow 1996
IGEX 1998
DAMA 1998 / LIBRA 2008

CDMS 2000
EDELWEISS 2002

CRESST 2009

EDELWEISS 2011
CDMS 2011
XENON 2011

~0.0001 cts/ kg /d/ keV

Baltz, Gondolo MSSM 2001

Baltz, Gondolo 2004

Trotta et al CMSSM 2008



CRESST: Phonon + Light

'/6 CRESST Il - Detectors
simultaneous Light and
Phonon
Thermomet; \
el

_.-“Thermometer

—
4
/ \

S \

Licht Detector
v (low T calorimeter)

Absorber CawoO,
Phonon-Detector

CRESST

Cryogenic Rare Event Search with
Superconducting Thermometers

reflecting foil

Max-Planck-Institut Mtiinchen, TU Mlunchen
Universitat Tubingen, Oxford University, Gran Sasso

Licht-Signal
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100 +

Suppression

10keV - 20keV  S9B%
15keV - 25keV  99.7%
20keV - 30keV  99.8%

20 40 Phonon-Signal (keV)



CRESST 1 Light/Phononi CaWO, Target

X CRESST Il - Detectors
simultaneous Light and

Phonon
Thermometer \\ 600 '
\\\\/" s
It £ 500+
E) L
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. O
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Absorber CawWO, . \ T L
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CRESST Data

Ch5/6

Light Yield

-t ¥
e : +
O - *
3
¥ I

"

|

=0

. l 1
0 20 40 60 80
Energy [keV]

e/g

Neutrons:

100

| 1 |
120 140

AMeasurement 2009 - 2011
A8 detectors

A results from 730 kgd exposure

Y 67 events in nuclear recoil
acceptance region
too many to be explained by
known backgrounds

; 1 event per detector expected by threshold definition
U | eakageeoilr Pvbry unlikely, overlap to acceptance region too small

very unlikely, rate too high, multiplicities wrong

+ energy spectrum, + light-yield spectrum

low mass WIMPs : who knows?



CRESST Run 20091 2011: Likelihood Analysis

Contributions from all backgrounds  Likelihood function shows two maxima
+ possible WIMP signal

M1 M2
. . e /~-events 8.00 £ 0.05 | 8.00 + 0.05
uses full information of o events 115428 | 11.9+25
distribution in energy and neutron events || 7.5+83 9.7+01
light-yield Pb recoils I
signal events 29.4 Jj?:? 24.2 f?é
m, [GeV] 25.3 11.6
takes into account different own [pb] 16-107° | 37-107°

resolutions and thresholds

H yomme CRESST 10
R CRESST 26
el ="=" CRESST 2009
s © =+ EDELWEISS-II
Gy =——— CDMS-II
— = XENON100
DAMA chan.
DAMA
CoGeNT

e i1

takes into account
statistical uncertainties

WIMP-nucleon cross section [pb]
b=

Considered backgrounds not sufficient e
to explain the data O e oo

B WIMP mass [GeV]
Y additional source needed




CRESST Run 2009171 2011

Considered backgrounds Likelihood function shows two maxima
not sufficient

to explain the data = L
. o e /~-events 8.00 £ 0.05 | 8.00 + 0.05
Y additional source needed a-events 15388 | 1woteE
neutron events 7.5:fgg 9.7:fgﬁ
background contributions il 15007 | 1877
Stl” Iarge signal events 29.4 Jj?:? 24.2 f?é
m,, [GeV] 25.3 11.6
ownN [pb] 1.6-10°° N
next run:
redUCtlon Of 10° T T mmmm CRESST 1o

CRESST 26

.f* =+ EDELWEISS-II
Gy =——— CDMS-II

— = XENON100
DAMA chan.
DAMA
CoGeNT

e i

a- and Pb-background
by new clamps

-
o

more detectors
internal neutron shield

starting spring next year

WIMP-nucleon cross section [pb]
b=

10 10 100 1000

Clarification if excess persists or not WIMP mass [GeV]



DIRECTIONAL

COVENTIONAL| | CRYOGENIC
Nal, Csl, Ge

LIQUID NOBLE GASES
XENON ARGON

DROPLETS

run run ~ 30kg prepare

~ 10kg, 2012 2012 ~ 100kg 1t runs 4kg
run 250kg Nal plan plan plan starts 60kg
run 100kg Csl ~ 1t, 2015 ~ 1t, 2014 > 1t prepares 500kg first runs

DAMA XENON ArDM COUPP I
Italy CR ESST USA, Switzerl Italy, Switzerland, Spain, USA DRI FT
Germany, UK, Italy Japan, Port_ugaI,Germ UK, Poland UK. US
France, China ’
KIMS EDELWEISS DARK SIDE I
Korea France, Germany, run Us, ltaly, Rus, Poland DM 'TPC
UK, Russia China, Ukraine, UK us
runs 2kg
DEAP/ PICASSO
l%!:)c';{]l.,sswitzennd CLEAN Canada, USA, Czeck NEWAGE
run --1kg Ge Canada, US Japan
COGENT
us

prepare
prototypes ~ 100kg finsihed prototypes

Rosebud

France, Spain

LUX
R very good
10 US .
10 US insitutons I\t/;/yAJ?\S’P spinlt_:ie_riendent MLMAC I
imits




Annual Modulation
DAMA Exp. i Gran Sasso i Ital.Collab.

S T DAMA - Experiment:
@ | first hint to WIMPs ?
2-4 keV
1R —— DAMA/Nal (029 fonxyr) =—————> | | <DAMA/LIBRA (0.53 towxyr)>
0.08 e (target mass = 232, 8 kg) |

(ta%'get mass = 87¢3 kg)

..__.)._I_l.!_|_\__|_L{.|_!_|.}_\}k|

Residuals (cpd/kg/keV)
[
S oo R
T |_\_|_\__|_|_{.LL\.}_\_L_\&%H‘
Hgy

V /\ﬁ\/%mﬁ
W‘}\T}vaﬂy%?w

~0.04
~0.086 |
~0.08 o A A A A R N N A N SN SR SN RN N
0. Ly (IR ‘| I % o Ll T N i N , { S L
200 1000 1500 Z000 2200 3000 3500 4000 4300
Time (day)

up to today 11 years of data taking
( ~ 300.000 kg x days, 0.8 ton x year)

Modulation eith 8s Confidence
Riv.N.Cim. 26/1 (2003), 1-73




Annual Modulation
DAMA Exp. i Gran Sasso i Ital.Collab.

DAMA - Experiment:
first hint to WIMPs ?

AE = 0.5 keV bins

L 1 N L 1 1 [ I R I I
0 2 - 6 8 10 12 14 16 18 20
Energy (keV)

up to today 11 years of data taking
(~300.000 kg x days, 0.8 ton x year)
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- Trotta et al CMSSM 2008



COGENT

Ge detectors

lonisation only

Point contact detectors
Y Very low threshold
Y Good to look for light WIMPs

Soudan Mine
US Collaboration

low energy
excess

Modulates ?
(2.8 sigma)

4
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10
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12

T‘l‘l'li 1 ‘llUi

{ilf coGenT ==« CDMSII low thres.
Bl CRESST 26 —CDMSII
— DAMA 36 nochan. = C4 pred. 2 years

==+ DAMA 3a chan

10° 4
WIMP mass (GeV/c )


http://darkmatterdarkenergy.files.wordpress.com/2011/06/cogentdetectorduringinstall.jpg

Soudan Mine

COG E NT US Collaboration

100 ————F—— 77— 71T T
5 [ % s ll2 ||
< gL = 1 g1]ls |8 i
© 0 _O.Gg = "
e T 1 E||®
low energy o L3 joall| <
excess % 6o fozg || ]
= é %051 15 ¢ 0 l, 3 '
% | S = .i(oniz. ene;gy (i(oVee) ? 1
= ol 13 = i
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A % 20'_ t : ; ]
g | 1
: l
0 (AT oo T ] I ' O N IS M {0 I TN T T (S (i S
0 2 1 6 8 10 12
ionization energy (keVee)
Ge detectors - July 2012
o L Modulates ? A\ IDM Conference
lonisation only (2.8 sigma)
* Low-energy excess still there.
Point contact detectors * Rates look flatter on second year.
Y Very low threshold Optimist: fo be expected, the -
Y Good to look for light WIMPS modulation was foo large. A
Pessimist: to be expected, the

modulation was a fluke.


http://darkmatterdarkenergy.files.wordpress.com/2011/06/cogentdetectorduringinstall.jpg

Modulation Signals DAMA - COGENT - CDMS
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3 08 l. DAMA
re 1 d m=10 GeVi/c?
:. o i A gn: = 0.3
- v »
£ T 4 |
g - / | i\}r& e
0 - L.
!
¢ -0.1
=
-02 A ‘
0 227 5 73 96 11.9
Recoil Energy [keVnr]

Residual Rate, WIMP Cand. 5 to 11.9 [keVnr]

05

04

03

02

0.1

Rate [kg day keVnr] ™
& L4
W b = o

L
=

=
in

L i
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| CoGeNT
0 200 400 600

Days Since Jan. 1st
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C DM S Rioq < 0.06 [keVir kg day]~! (99% cL)

Modulation Analysis

inconsistent with CoGeNT (9s8% cL)



KIMS

CsI(Tl) detectors, ~ 100kg
scintillation only
exposure ~ 25000 kg days

continues

competitive SD and Sl limits

nuclear recoil rate
smaller than
DAMA Modulation amplitude !!!

the same for

CDMS, EDELWEISS, CRESST, XENON
but

KIMS most similar to DAMA

X-section (pb)

Neutron Shield/ Muon Detector

Polyethylen Shield

Copper Shield !

Korea

Lead Shield

10°

104

10°

LBLLLLLL) B L1 B R R L B R R I R

X-section (pb)

WIMP Mass (GeV)

102

1

-
o

-

101

10?2

10?

WIMP Mass (GeV)



assume most extreme case,

Modulation Signals signal fully modulates, no bulk rate

in any model, modulation is the
minimum you must see

expected rate from DAMA signal in (2-4) keV:

if nuclear recoils:
1500 cts/year in KIMS (most similar to DAMA in mass and material), but measured < 800 cts/year

if electron recoils:
500 cts/year in XENON, but measured ~ 80 cts/year

~ 2KkeV,, 4keV,, 6 keV,,

05 - -
- ; :
nss) A as. | -
] "l . ‘. 3 o ae
g 04 - R CRAE : . R o, it
3‘335 i 0o o :_‘ }er. o 'P::ll ‘et .-.li l'é ’?’f‘l’-.j:*‘l{ :1‘:;:\'
.¥ . E g . " P " l'-l ¢‘~‘= "ll;, .‘-"f‘
%‘ 03k & o, .F: " H L ART ) e oo
v S === =
Dox B o - = s
W 02 o PR — e -
E £: 0.6 | ’__J_,.--'-"'-_'_
@ 8 - :
§ Sk |
o I, ="\ only ~80 ¢ts
o~ . :
s, L in the XENON data
A '
‘ "’I‘Ll .JL._._L-.._.';_l _____ IR ERERENEE |
5 10 | p!|] )8 30 15 40 45 0

0 200 400 800 800 1000 1200 1400
day

Energy [keVnr]

this conflict is model independent (halo: Vgjayy T Vearn; WIMP: electronic-nuclear recoils)

caveat left: XENON-keV,, energy scale, so far calibrated only above 40keV ! needs to be done down to keV range !



Low Mass WIMPs ?

overall

WIMP-Nucleon Cross Section [cm?]

background level

6 78910 20 30 4050 100
WIMP Mass [GeV/c]

300 400

100 —
detection
threspold

80

60

overall

bacﬂo@ I_evel

1000

1 1 1 L 1 1 1 1 n 1 1
0 2 4 6 8 10
ionization energy (keVee)

limit curves
= limit of detector sensitivity

where statistics is too low
and
background comes in

any background or other technical problem
interpreted as WIMP

shows up along this line

background usually rises towards lower energy
Y first background to sneak in
is background at threshold

Y low mass limit is the most difficult to control
+ low mass WIMP the most likely to get by background
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PandT setto besensitiveonly
to nuclearrecoilsandalphas
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similarto bubblechamber

Superheated Droplets PICAS PandT setto be sensitiveonly

to nuclearrecoilsandalphas

recognizealphasby pulseshape
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Directional

WIMPs come from cygnus
=> measure direction of recaoil

needs gas target
thin => low mass,
CF good for spin dependent

and track read out

DMTPC T US
MIMAC 1 France
DRIFT 7 UK, US
NEWAGE - Japan

—— Newage 2012 E

——DMTPC 2012
—DRIFT lld 2011

| ——KIMs 2007

——NAIAD 2005
——COUPP 2011

| = Simple 2310 phasell |
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Direct DM Searches
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BACKUP SLIDES



CRESST



Cryo Detectors - CRESST - Phonon + Light
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CRESST Phonons + Light
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Muon-Veto

Radon Box

20 cm Pb (24 1)

14 cm Cu (10 t)

carefully selected materials,
as free from

radioactivity as possible



