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Direct WIMP Search

Elastic Scattering of

WIMPs off target nuclei WiMP
= nuclear recoill vzl
_ |a’}'|E it ]
Recoil Energy: E. = - — (1 —cos®) ~ O(10 keV)
2m N N

104

WIMP Expectations
CMSSM: Trotta et al.

CMSSM+LHC:
chmueller et al.

AT ﬂ(j‘-'i .
Event Rate: o N ox-n)

Result: Tiny Rates

R < 0.01 evt/kg/day
Er< 100 keV

WIMP-Nucleon Cross Section [cm?]
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I WIMP Searches — Evolution
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I WIMP Searches — Evolution

Plot adadped from R. Gaitskell
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I WIMP Searches — Evolution
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I WIMP Searches — Evolution
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I WIMP Searches — Evolution
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Outline

Motivation: Dark Matter v

Noble Liquid Detectors: Concepts

Noble Liquid Detectors: Experiments




Noble Liquid Targets

L =i ]

—
00 0 O R

r—
o 0 0 0 Pl

18
2
Target LXe LAr LNe He
Atomic Number 54 18 10 < ozmce
Atomic mass 131.3 40.0 20.2 10
Boiling Point Tb [K] 165.0 87.3 271 Ne
Lig. Density @ Tb[g/cm?] 2.94 1.40 1.21 S
Fraction in Atmosphere 0.09 9340 18.2 Er
Price $$59 $ $9 bron
Scintillator v v v 36
lonizer v v X Kr
W (E to generate e-ion pair) [eV] 15.6 23.6 ciree
Whon (x,B) [eV] 17.9/21.6 2711244 54
Experiments ~5 ~5 V2 E
[stopped, running, in preparation] 1S
86
Rn
{H&ﬁi?ﬂ}
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Why Argon?

— Ordnungszahl ]
1| H & O metall He
10081 2 C |- Symbol O Halbmetall B 16 15 16 17 laoos
2| Li | Be 1201 O Nichtmetall BlC|N

6941 | 9012 Atommasse 10.51 | 12201 | 14,
i 1z 1

01 |16.00 | 19, 2018

°® I b d A 14 = ig is
a e a a e alM Al | Si | P | 8 1| Ar
rg un nC 2299 24:% 3 4 5 [ 7 8 9 19 M 12 | zess|zs09 | s0er| szor | oRas| s0as

- 19 20 =21 BE: 23 24 25 26 27 258 29 32

m e e 4| K |Ca|Sc|(Ti| V |Cr | Mn|Fe|Co|Ni |Cu|Zn | Ga|Ge|As|Se | B %

—_ O S p rI C 5910 | 4005 || 4496 | 4755 | S094 | S200 | 5494 | 5555 | 5595 | S869 [ 65355 | 6559 | K9r2 | F2A1 | 7492 | FE96 | ¥9.90 K

41 42 43 44 45 EI=) 47 45 49 =0 51 52 53 54

~. can think about gigantic detectors &ail s Ba Bl B S 8 o8 el A1 SR 0 b B0
¢ Cs|Ba|Lu|Hf [ Ta|W Re|Os | Ir |Pt |Au(Hg| T1 | Pb| Bi | Po| At |[Rn

1329 | 1575 || 1750 | 1765 | 1809 | 15656 (1562 1902 | 1922 | 1954 | 197.0 | 2006 | 2044 | 2072 | 2000 | 2000 | 2400 | 2520
= [=E-3 103 104 | 105 106 107 10E 109 | 110 111 112 114 116 115

* relatively compact detectors ’|Ez|Ra| Lr |Rf Db | Sg | Bh|Hs Mt UunUuuUub  Uug  |Uub|  |Uuo
— exploit self shielding

 cryogenics @ —180°C (above LN2)
e scalabllity to larger detectors

 excellent background discrimination
even when only measuring light

« well established technology

Argon

mx = 100 GeV/c?
o =4x10*% cm?

Diff. rate [events/(kg d keV)]

Imy BUT: - low threshold possible???

- very high background
from Ar39 (~1 Bg/kg) 10

- need to ,shift” light

e LT

]
d
-

0 1 20 30 4 50 &0 70 80
Recoil energy [keVr]
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Why Xenon?

! — Ordnungszahl 134‘5

. intillati liaht i | Bl 2 C |- Symbol Ll M emetai B 1% 15 e 17 |id
SCIntI atlon Ig t In VUV (178nm) 4 f* E‘; 1201 v O Nichtmetall = S N'?' 5 2 1‘1"3
5.19;1 910582 I—Ja\tOITImEIESE 1??1 12.01 1:.;1 151.20 1?.'?0 2103128

= i4
* high mass number A~131 HalME . . s o s s o g0y p [ALSLIE|S ClA

19 =20 =21 BE: a3 =24 25 26 27 30 31 32 33 34 35 35

Dl 4| K [CaSc|Ti| V |Cr|Mn|Fe |Co|Ni |Cu|Zn | Ga|Ge| As | Se | BprRr
SI hlgh WIMP rate @ IOW theShOId 3010 | 4005 flasoe | avss | So9a | soo0 | seosfsses | ssos | sseo | 635 | esao | eoFe [ voed [ Faoe | Feoe | v 3,60
o 37 35 39 40 41 42 43 44 45 45 47 45 49 (=] 51 =] S

s Rb|(Sr| Y | Zr |Nb(Mo|Tc |Ru|Rh|(Pd |Ag|Cd|In | Sn| Sb| Te Xe

- - 5547 | S762 || 5591 | 9122 [ 9291 | 9594 [ 9591 | 101.1 | 1029 | 1064 | 1079 | 1124 | 1145 | 1157 | 1215 | 1276 | 19 | 151.5

° h h — h h —_ k I. B = ([ 7L | 7= T3 | T4 TE TE | TT L E] =0 51 | 5= =2 | 54 E) R
10 Z=54, Ign p g/l: o/ Cs | Ba||Lu|Hf | Ta| W |Re |Os | Ir | Pt | Au|Hg| T1 | Pb| Bi | Po | At\NZa
1324 | 1375 1750 | 1755 | 1509 | 1555 |1S6.=2| 1902 | 1922 | 195.1 | 1970 | 2006 | 2044 | 2072 | 209.0 | 2090 | 2100 ) 2220

. . a7 a3 103 104 105 lsUEh éﬂ]’; Il_?ﬁ Pllggt 110 II-jlll ﬁlﬂb 114 llﬁh 115

7| Fr |Ra||Lr | Rf | Db 5 Uun|Unu|Un Uu Uu Uuo

Self Shleldlng, con IpaCt deteCtOr zzs0 | coen|[ 2621 2611 | 262 26?% ze4.1| 2654 | 265 | 289 | a7z | 297 esgq 289 293

* 50% odd isotopes

* no long lived Xe isotopes
Kr-85 can be removed to ppt

e "easy" cryogenics @ —100°C
e scalability to larger detectors

» good background discrimination
when measuring light and charge

Argon
Xenon

mx = 100 GeV/c?
o =4x10® cm?

Diff. rate [events/(kg d keV)]

BUT: - very expensive

- only fair signal/background
discrimination compared to Ar

4
10

0 10 EVCI . -313 ) 40 50 60 ?-D él]
Recoil energy [keVr]
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Scintillation and lonization

e energy deposition produces

electron-ion pairs and excited atom states,;
both processes can lead to scintillation

e anti-correlation between charge and light
= improvement of energy resolution possible

 E-field dependence (field quenching)
e response depends on particle type and energy

E ===) excitation + ionization

v

atom Xe Xe'+e”
motion _l_xj ¢+Xe
Xe'2 Xe*2
} Ve
2Xe + hv Xe*k + Xe
scintillation ionization
light electrons

M. Schumann (U Zurich) — Liquid Noble Gas Detectors

S2/200 [PE]

Light/Charge Yield
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Astropart. Phys 35, 573 (201

" i
. a o
e _ped

Jllt]

l_:l.

1910

]

S1 [PE]
PRB 76, 014115 (2007)

é _ Combine

%u e Charge.

SN '

EK

?! NS Light
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I Nuclear Recoil Energy Scale

* WIMPs interact with target nucleus arXiv:1203.0849
- nuclear recoil (nr) scintillation E LAr
(8 and y's produce electronic recoils) °sr | | e
* absolute measurement is difficult
- measure relative to  Co (122keV)
* relative scintillation efficiency Left: :
LEI{E”-I']I ) I[_ O McKinsey
E(?H{Enr) r a4 v ¥ e - 77777777777777 o ¢ Warp i
]-_}[ {Eﬂ('_- 123 kp-‘\"l } r A This work

Ar recoil energy [keV]

measurement principle: _PRL 107, 131302 (2011)

35F =
0 = * Bernabei 2001 Lxe —
— & Alimov 2002 —
03 - _f\pjr'li]lc 2005 3
= O Chepel 2006 =
n 0.25 = e !\ptilt‘ 20{19} % =
= & Manzur 2010 —
E’ 0.2 = ™ Plante 2011 _ﬁﬂi}‘iz
9 015 —
n = =
> 77777777777777777777777777777 E :
0.05 = —;
: 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | :

0 2 3 4 56780910 20 30 40 50 100

Energy [keVnr]
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Backgrounds

Muon flux vs overburden

Experimental Sensitivity

without background: o« (mt)”
with background: oc (mt)"?

&  Proposed NUSL Homestake
®  Curentl |

WIPP
Soudan

-2 y-1 l

Kamioka

Gran Sasso

Background Sources
environment: U, Th chains, K

10° 3 Homestake ® paksan

Mont Blanc [

Muon Flux [m

28 ) .24 Th .2 Pg 24U .2 Th .2 Ra -2 Rn - 28 Po ...
a B B a a a a 10°3

22 Th .2 Ra 2" Ac .2 Th -2 Ra -2 Rn _ 26 Po ...
a B B a a a .

Sudbury £
NUSL - Homestake E

* y and B Decays (electronic recoil) Depth [mwe] 1
— intrinsic” bg most dangerous (Kr85, Ar39, Rn)

* neutrons from (x,n) and sf in rocks
and detector parts

* neutrons from cosmic ray muons

Electronic Recoils Nuclear Recoils
(gamma, beta) (neutron, WIMPs)
M. Schumann (U Zurich) — Liquid Noble Gas Detectors 18
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Background Suppression

H>0 I Polyethyiene

A Avoid Backgrounds
Use of radiopure materials

Shielding
deep underground location _ |
large shield (Pb, water, poly) | =
active veto (M, y coincidence)

self Shielding — fiducialization

Pb '/Inwradioactiuiw% 1 T R

Palyethylene- -
|

Astropart. Phys. 35, 573 (2012)

Shield Door
L

! "
0 20 40 60 80 100 120 140
r [mm)]
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Background Suppression

H>0 I Polyethyiene

A Avoid Backgrounds
Use of radiopure materials

Shielding
deep underground location g
large shield (Pb, water, poly) | ) |
active veto (M, y coincidence)

self Shielding — fiducialization

Pb » /Inw radioactivity Pb Iy

Palyethylene- -
L u

Astropart. Phys. 35, 573 (2012)

Shield Door

B Use knowledge about expected WIMP signal

WIMPs interact only once
— single scatter selection

require some position resolution Scintillation Pulse Shape

WIMPs interact with target nuclei

— nuclear recoils , _
exploit different dE/dx from Charge/Light Ratio
signal and background

M. Schumann (U Zurich) — Liquid Noble Gas Detectors 21



Pulse Shape Discrimination

&N ;e Rige--”-fysm-fw)— Singlet and triplet excimer states have
| eI LSS | characteristic lifetimes:
i Ar: 5ns, 1.6 us
LS Xe: 4ns, 22ns
' e sy The ratio Ntip/Nsing depends on the
2 [ e e 1 ! . . . .
e BA e : ionization density — the particle type
T a0 T 150 20 0 M.G. Boulay and A. Hime
§ Signal Size B Astroparticle Physics 25, 179 (2006)
%;| ely-like | Nuclear recoil-like Pulse-Shape Discrimination in LAr -rg 1_‘;::@;:1‘&:“2 SRR
& Example Pulses from DEAP-O 2 E I,/1,~0.3
Time O(us) % <E WWWWWWI RN i v & 107} nuclear recoils
2 ""“‘é_ L/L,~30
LAr Discrimination levels of it Evee o o 2 et B7proup o, Frompt 02 B
3x10® achieved in test setups - )% | |
arXiv:0904.2930, PRC 78, 035801 (2008) &7 | | T e e
— mandatory because of huge § B -
T 8107 B ajm H
Ar39 baCkground (~1 Bq/kg) % '“%“‘""\1 Ty L & T T v ;105: smu TE il ==
. . ks g_ 5 g nuclear recoils
LXe O(10)% rejectionatlow E -F |
e Event from AmBe run with 48 prom, rompt = 088 10'
NIM A 612, 328 (2010) — PR <F L]
Better for very high LY o n ] . 100 simulated
(8x102 @ 50% NR acc.) 3 L 10} o WEMES
w £ thre ) 1 . §-£-. {-h
NIMA 659’ 161 (2011) DEAP CO||ab0ratI0n |Og(T|me) [nS] 0 0.1 B.I2 23 04 05 O.SI- 0.7 D..E- IU.Q ‘:
M. Schumann (U Zurich) — Liquid Noble Gas Detectors 22



E ==) excitation + ionization

| Charge/Light Ratio

1

et Xe'  Xe'ter
motion +X ‘ ¢+Xe
e - Charge/Light ratio depends on dE/dx — discrimination
e? e2
¢ ¢+e— PRL 105, 131302 (2010)
2Xe + hv Xe" + Xe z 3% o
= . . . . . w2 - :
scintillation ionization =~ PRD 80, 052070 (2009 2 20E T
light electrons . - E=3.90kV/cm =\ G
0.2 2E N T =
1.8:— i\\ R i =
- 3 -~ _E=0.53 kV/cm~=
_>§-g_2 ~ 12;--' e T
gf’: B i % 22% | AmBe ,
~ o 26F i =
-0.6 S 24F E
22 -
-0.8 2
18
=1 E
1.6
—1.2 14? —re e T T
H . s M . s 1'20__ R T T R T e
energy (81 channel), keVee Nuclear Recoil Equivalent Energy [keV _]
ZEPLIN-III XENON100

~99.99% rejection @ 50% acceptance
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~99.5% rejection @ 50% acceptance
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Detector Concepts

Single Phase Detector
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Detector Concepts

Single Phase Detector
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Single Phase Detector
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Single Phase Detector
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Detector Concepts

Single Phase Detector
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Detector Concepts

Single Phase Detector Time Projection Chamber
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Detector Concepts

Single Phase Detector Time Projection Chamber

-

Amplitude

Time
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Detector Concepts

Single Phase Detector Time Projection Chamber

-

S1

Amplitude

Time
M. Schumann (U Zurich) — Liquid Noble Gas Detectors 31



Detector Concepts

Single Phase Detector Time Projection Chamber
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Detector Concepts

Single Phase Detector Time Projection Chamber
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Detector Concepts

Single Phase Detector Time Projection Chamber

-

Amplitude

Time
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Dual Phase TPC

Top Bottom
SR,
SR e @
S L
@@®
B e b
e
Eo
g o
@ @@’K” QA@
= & 3dim vertex
_ reconstruction
2 % g 54K Astropart. Phys. 35, 573 (2012)
Eo_lsf_ $2:459.7 PE
N I et BENTEREN
ﬁ(mso 50\ —T00 T30 'fox{ 300 ‘35Toi‘m'e ‘[MSOD
Z f >
A6 d6s AT 475 4I1§1me?555] STTT96 98200 ZTﬂlfn N uzsé]d
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= 02—
g C
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Single Phase Detector

o
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f=l
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s
firs
I
o
]
m
“

Simulation: y into LXe

1
I |
. proper vertex
4 reconstruction
needs huge
e "  number of
very high light yield — SEESE= photons
. | I .l
C N | N ] Pl 1l ' 14 c | —Data 122keV
q“] !ﬂ -Eﬂ u .”] Eﬂ 3{: m 5“ i 0.8:' ....................... e MC\ .............................................................................
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The WIMP Landscape - today
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A bit more information...

-39
10 _.—:_ T T T | T T T T T T T T T T =
XENONI00 (2011 =
— v{ QDAMNNa : (. {_) _
NE 0 — observed limit (90% CL)
10‘ __ " - a . _:
S E \‘ -\\\ CoGeNT Expected limit of this run: =
o =Y I + | 6 expected -
Q — DAMAI + 2 ¢ expected —
E aLN \‘-\- GOMS (2011) - P
32 10 g_ S R\ SIMPLE (2011) =
o — MW LDM&ﬁﬁﬁ} --------------- -
g - ) 3 CRESST (2011) ]
O 107 = ' CRESST (2007, reanalysis) —
s = XENON100 (2010) =
2 -
2 10" =
z =
- B _|
E 104 = —
3 — Trottaetal.
: Buchmueller & al. -
“}-45 Lo | | | I I u':| IIq|“-llE| ?r| : ‘ A T
6 78910 20 30 40 50 100 200 300 400 1000

WIMP Mass [GeV/c’]

some results are missing!
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A bit more information...
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Kopp, Schwetz, Zupan, arXiv:1110.2721
Kelso, Hooper, Buckley, arXiv:1110.5338
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The WIMP Landscape - today
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ZEPLIN il

12kg LXe target 5.1 kg fiducial mass

» LXe dual phase detector

« was operated at Boulby mine (UK) 3
* science run 2011: arXiv:1110.4769 s °F
1344 kg x days raw exposure g r
8 events observed in the ROI (7-29 keVr) i
— compatible with background expectation EZ:
« ZEPLIN program has come to an end JE

5 10 I35 20 25 30 33 40
energy (81 channel), keVee

=TT
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lowest published
background of all
running DM

experiments
PRD 83, 082001 (2011)

-
<,

-

inate [events/keVeel/kg/day]
=

1072

XENON100

Quick Facts
» 62 kg LXe target
* Dual phase TPC

—_
o

 active LXe veto
e 242 PMTs
e running @ LNGS (IT)
CoGeNT E
p ) ePvs XENON10 ]
’ DAMA/LIBRA —
IGEX XENON1ﬁﬁj
(full larget) ~ =
| i T3
x#omoo =
(fidycial volume) |
107 s 2025 3035 40 4550
Energy [keVee]
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(SZb;’S 1)-ER mean
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02
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-0.8

S1 [PE]
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- »
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:_' ‘:‘q:}:%‘:ﬂ
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NG |

S N |

- | =~ |

B | e L

- | T PRL 107, 141302 (2011)
e e e Py e ey g

10 20 30 40 50
Energy [keVnr]

Last science run:  PRL 107, 131302 (2011)

4800 kg x d raw exposure

1471 kg x d acpt. corrected (100 GeV/c?)

3 events observed
— fully compatible with background
— best WIMP limit over large mass range
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XENON100

Quick Facts 6 8 10 12 14 1Sﬁ] H:E;o 22 24 26 28 30 32 34 36 38
oGZkgLXetarget uE ] ||||‘||‘||||i||‘||
* Dual phase TPC

e active LXe veto

e 242 PMTs

e running @ LNGS (IT)
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iII|III|I
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| | | 1 | | | | |

10 20 50 40 50
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Last science run:  PRL 107, 131302 (2011)

—_
o

cows E 4800 kg x d raw exposure
1 XENONIS4 1471 kg x d acpt. corrected (100 GeV/c?)

"I DAMA/LIBRA

3 events observed
IGEX xmcinartl;e?)o — fU”y Compatible with background
B e A — best WIMP limit over large mass range

inate [events/keVeel/kg/day]

-
<

lowest published
background of all

. 107 | — | —
running DM — | | x#c’lmo E
experiments 5 (i vohume) ]

PRD 83, 082001 (2011) 10°=—% "¢ 15 20 25 30 35 40 45 50
Energy [keVee]

M. Schumann (U Zurich) — Liquid Noble Gas Detectors 43



XENON100

Quick Facts 6 8 10 12 14 1Sﬁ] H:E;o 22 24 26 28 30 32 34 36 38
oGZkgLXetarget uE I ||||‘||‘||||i||‘||
* Dual phase TPC

* active LXe veto

« 242 PMTs

e running @ LNGS (IT)
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Current Science Run
CoGeNT

CDMS CENONTO * decreased background
T, DAMA/LIBRA ] * lower threshold
1‘5 « more than 2x of 2010 dark matter data
IGEX  XENON100 (and still taking data)
- e * much more calibration data

—_
o

-

inate [events/keVeel/kg/day]

-
<

lowest published
background of all |-
running DM R | | # |

— data analysis is almost done
— expect new results very soon

. XENON100
experiments § (i vlume)

PRD 83, 082001 (2011) 10° - IS‘ - I1O‘ I I15‘ - ‘20| - I25‘ - I30‘ - ‘35l - ‘40| - ‘4|5| —
Energy [keVee]
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The WIMP Landscape
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The WIMP Landscape
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* single phase LXe detector
» 800kg total, 100kg fiducial mass

* 60% of surface covered with
642 hexagonal PMTs

 very high LY (~7x higher than Xe100)
* located in Kamioka (JP)

e running since end of 2010;
ultra low Kr85 background

 higher Rn background reported at
TAUP2011; study on S1 PSD published
(92% rej @ 50% acc)

M. Schumann (U Zurich) — Liquid Noble Gas Detectors
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‘Water tanks
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* single phase LXe detector
» 800kg total, 100kg fiducial mass

* 60% of surface covered with
642 hexagonal PMTs

e very high LY (~7x higher than Xe100)
* located in Kamioka (JP)

e running since end of 2010;
ultra low Kr85 background

 higher Rn background reported at
TAUP2011; study on S1 PSD published
(92% rej @ 50% acc)

first results will be announced at the
Japanese Physical Society meeting,
March 23, 2012

— expect results from 1 year exposure

M. Schumann (U Zurich) — Liquid Noble Gas Detectors

ks

‘Water tan

B b
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LUX

 dual-phase LXe TPC @ Sanford Lab (US)
« 350 kg LXe, 100 kg fiducial mass

 low background Ti cryostat, water shield

* LY 2x higher than Xe100

« currently being operated above ground,
move UG scheduled for end of April

» underground science starts fall 2012,

aim for 300 days exposure
Fis. from E. Bernard

S1 data!

5578 phe / 661.7 keV

Height = 20em

M. Schumann (U Zurich) — Liquid Noble Gas Detectors

DarkSide

 dual-phase LAr TPC @ LNGS (IT)

» DarkSide-10 (10 kg prototype)
currently installed at LNGS
— testbench for larger detectors

e DarkSide-50 (50 kg)
— commissioning by end of 2012

 use Ar depleted in Ar39 (x0.017?)

« scintillator neutron-veto and water

muon veto (Borexino CTF) _
Figs. from L. Grandi
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The WIMP Landscape
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The WIMP Landscape
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DEAP-3600 and MiniClean

Pt S —

* single phase LAr
» 3.6t total, 1t fiducial mass
» excessive R&D on PSD

P o

* single phase LAr and LNe

* in acrylic vessel @ SNOLab (CA) » 500 kg total, 150 kg fiducial mass
« first filling expected end of 2013 | * Rn-free assembly

 operation with Ar 39 depleted Ar (x0.04)_ e installation at SNOLab (CA)

» Goal: run for 3 years: 2013-2017  expected to run end of 2012-2014
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The Beauty of 2 Targets

Calibration

Port \ll

Events M
, .- { = b PSD Demonstrated
Outer " ¥ T Natural Ar Run R :l:;': 5 WIMP Upper Limit

!
Enriched 3¥Ar
Vessel R':'“

¥
BAr BGHND Y : RE:E : N Evidence for
Leakage 107 WIMPs
MiniCLEAN will be able l
to operate with LAr and LNe Neon Run
Note: due to the smaller !
Mass number A, the sensitivity of 0
. Neutron or Radon N v Confirm Evidence

LNe is ~10x lower than for LAr BaND TN N | forwimes

w Hir t

M. Schumann (U Zurich) — Liquid Noble Gas Detectors

veane  39Ar Spike & Target Exchange in MiniCLEAN
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1.9m

XENON1T

Low Radioactivity
Photon Detectors
(37, Total ~270)

Low rad. Cryostat

M. Schumann (U Zurich) — Liquid Noble Gas Detectors

» dual phase LXe TPC
e 2.4t LXe ("1m?3 detector")

1t fiducial mass

» 100x lower background than Xel100

(self shielding, low radioactivity components)

e Timeline: 2010 — 2015
e start construction at LNGS this year

10f
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The WIMP Landscape
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The WIMP Landscape
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Summary
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g B\ RS DAMA/I oo y -
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A = N S SIMPLE (2011) -z
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u Bm, mue Iu @ Liquid noble gas detectors
10—45 R | | | currently dominate the field
6 78910 20 30 40 50 10{] 200 of direct dark matter searches

WIMP Mass [GeV/c’] Very likely, this will not

change in the future.
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