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Galactic Rotation Curves

Expect: Kepler Rotation (as in the solar system)
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Galactic Rotation Curves &5

Matter Projpect

Measurement: Flat Rotation Profile
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,ball of ideal gas at
uniform temperature”

V. Rubin, K. Ford (1970)
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I Cosmic Microwave Background

power spectrum of AT
J<ypical variation at typical distance”

Angular scale
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generated when radiation and
matter decouple and photons

Wi+1)c, /2m [pK?]
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can propagate freely 2(}03;— R y l.{* M —
get information about 10004+ A-CDM model fits Im’ | ;
structures in early universe =" data remarkably well - .
D-1gllulqgﬂ | | | 5&& - I1ULD 15L0 -
- COId InV|S|b|e Multipole moment [
Dark  Cold (v<10” ) Q=plp_=1.022) Q =0.73(4)
Matter: - olisioniess H=71(4) km/siMpc  Q_=0.044(4)
rom new physics’ t =13.7(2) Gyr Q_=0.27(4)
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SUSY and the WIMP

Standard particles

SUSY was introduced to solve

Standard Model problems
(i.e. hierarchy problem, Higgs mass)

New fundamental space-time symmetry§ -
between fermions and bosons e e

o]
VIJ
P ()
n

Squarks Sleptons .| SUSY force particles

Forces Merge at High Energies

0156 — I

R-parity avoids B/L number violation:
R = (_1){.‘-‘}5 +L+28)

Strength of Force
5
|

— lightest supersymmetric particle (LSP) :
Is stable — cold DM candidate: 3

WIMP = weakly interacting massive particle | **%5 5

108  1pl2 1018 1p2°

Neutralino: {9 = Ny, B® + NioWy + NisHY + Ny HY
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SUSY WIMP production

In early Universe: E
WIMPs in thermal equilibrium p(E) o exp (——)
creation <> annihilation '

0.01 T T LS i L | T T ™ T rrr]

expanding Universe: ,freeze out" o §
WIMPs fall out of it |
ey m. 2 10*r Thermal Freeze Out
equilibrium, cannot kT ~ — = °*r Equilibrium 1 e
o é = 10+l nereasin oV
annihilate anymore 20 g w .
r . .
0L % e SYrsesn
— non relativistic when decoupling 8 ronf x = ¢
E 10-4 & .
from thermal plasma &=y % b X
— constant DM relic density F = ¢
— relic density depends on o, E ok
T B i s
: : S e
WIMP relic den3|ty: 10-0 - Equilibrium density
. 10
_ T3 0.1pb " J
O, h* =~ const. 7 . ~ P ™ . W
| M3}, (oav) (o4 v/c) 1 r 100 Tooo
x=m/T (time =)

O(1) when 0,~10° GeV — weak scale
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Matter Projpect

I Motivation: Dark Matter v
I Direct Dark Matter Detection

Xenon as a Detector Medium

XENON100
The Future




Dark Matter Search

Direct
Detection

Indirect Production

B Detection ' @Collider 3




Direct WIMP Detection

COUPP Tracking:
PICASSO Drift, DM-TPC
Phonons
CDMS CRESST
EDELWEISS ROSEBUD
Charge Light
GERDA XENON DEAP/CLEAN
MAJORANA LUX, ZEPLIN DAMA, KIMS

ConGeNT WARP, ArDM XMASS
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Direct WIMP Search

Elastic Scattering of

WIMPs off target nuclei WIMP
— nuclear recoll v ~ 230 km/s
Recoil Energy: E, = - — (1 —cos®@) ~ O(10 keV)
2m N
A Px N number of target nuclei
. Jrl, |8 i\r' — M g
Event Rate: > m,, (O] p/m_ local WIMP density

<o> velocity-averaged scatt. X-section

— need information on halo and interaction to get rate
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WIMP Interactions
Detector Requirements

Result: Tlny Rates x\./:{ v - quark (SI, scalar)| x x
R <0.01 evt/kg/day > < Z
E <100 keV 2N N
Ls~xxgq o< A® Lo~ Xu1Xq7" 59 o J(J +1)
What do we look for? __ Pastonsy iz ot 207
 nuclear recolls, single scatters CMSSM, u >0

e recoil spectrum falls with E
« dependence on A, spin?
« annual flux modulation?

- other possibilities? iDM, ...? 5@
IE.D-
How to build a WIMP detector? 3

e large total mass, high A

 low energy threshold

e ultra low background

« good background discrimination
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Backgrounds X@

Matter Project

Experimental Sensitivity: R ey
without background: o (mt)” ] —— '
with background : oc (mt) ™

&  Proposed NUSL Homeslake
®  Current Laboratories |

WIPP
Soudan

Kamioka

Background Sources:
environment: U, Th chains, K

238U N 234Th - 234mPa - 234U N 230Th - 226Ra - 222Rn - 218P0 L 10° = Homestake
o B B o o o o E

Muon Intensity, m2 "

Baksan E
Mont Blanc [

232Th —» 228Ra — 28mAC — 25Th — 2%Ra — 29Rn — 215P0 ...

¢ B B * “ “ i MNUSL - Homestake SUdbUW?
« Gamma and Beta Decays (electron recoil)
careful material selection, discrimination, O e NIRRT
shielding (Pb, Cu, Xe, Ar, water) R —— 0
* Neutrons from (x,n) in rocks
neutron moderators (paraffin, poly) Neutrons are most dangerous
» Neutrons from cosmic ray muons background since they interact
go deep underground like WIMPS! (nuclear recoil)
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I CDMS: Cryogenic Detectors

Located underground in Soudan Lab, Minnesota (USA)

Principle: measure charge and heat (phonons)
a deposited energy E produces temperature rise AT

X\/X
To

T-sensor Absorber

Crystals: Ge, Si cooled to few mK
- low heat capacity
- measurable pK temperature!

similar: CRESST, EDELWEISS, Rosebud

M. Schumann (U Zurich) — Dark Matter & XENON100

backgroundg

lonization

Heat

good discrimination

— ,backgound-free
experiment”

— BUT: reject surface

events via PSA .



The latest CDMS Result

Science 327, 1619 (2010)

a1
1.5 I I 10 r L § om— P o P B .
| +  Fail timing criterion ): I Ellis LEEST 1
| + » +| @ Pass timing criterion [ |Roszkowski (95%) |1
o 12 - 1 % ZEPLINWI |
] XENON10
= 0.9 | == CDMS 2008
E — === These data B
= NE - — CDMS Soudan (all)
M 0.6 o -2 Y2 000 s ... Expected sensitivity
E e 10 [t :
e 7] %
0.3} o ]
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o
03r
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n_ i L - T= T 10 1 2 3
0 20 4 60 80 100 10 10 , 10
Recoil energy (keV) WIMP mass (GeV/c%)

2 events remain after all cuts after un-blinding
« Background expection: 0.9 + 0.2 events
* probability for 2 or more events: 23%
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Why Xenon?

[ [ [] [ 1 O "5

« efficient, fast scintillator (178nm) [s], £ 2"  guw e e
3 & ymbol Halbmetall = = = . L 4.1033

i | Be e O Nichtmetall BlelN|O]|F e

2 L
- . 6941 | 9012 Atommasse 1051 | 12.01 [ 14.01 [16.00 | 19.00 | 2015
* high mass number A~131: AT MEICRE

2299|245 4 ¥ ) T 8 9 19 N 12 | zees| 2508 | 3097|3207 | 3545|3085
To [=0 2T [ 2= [ =2 [ = | 25 | =5 [ &7 [ == | =2

Sl: high WIMP rate @ low theshold P BB AR AR AL B R B Eb AR AR f{"ﬂ')
]

35 39 400 41 42 43 44 45 45 47 45 49

e
3547 | 5762 || 5591 | 91.22 | 9291 | 9594 | 9591 | 101.1 | 1029 | 1064 [ 1079 | 1124 | 1145 | 1157 | 1215 | 1276 | 198"

- - — 5 = Ti T2 T3 T4 TS TS T TS T3 [=]x] [=F) [=F) S3 =R} =) 5]
. h|gh atomic number Z=54 o|Cs | Ba||Lu|fit | Ta| W [Re|Os| Iz [ Pt [ Au|He| 11 | Bn | Bi | Po| AN S
, 1329 | 15375 [| 1750 | 1765 | 1809 | 15655 [1S56.2] 1902 [ 1922 | 1951 | 197.0 | 200, 2044 | 2072 | 209.0 | 2090 .|

= [=E-3 103 104 | 105 106 107 10E 109 | 110 111 112 114 116 115

. . . 7| Fr |Ra||Lr | Rf |Db | Sg | Bh| Hs | Mt |[Uun|Uuu|Uub Uug Uuh Uuo
hlgh denSIty (~3kg/l) 2250 | 2o60 || 2621 ] 261.1 | 2621 | 2651 | 2641 | 2651 | zes | sea | oo | ave 289 289 293

self shielding, compact detector — ——
= e Au
» SD: 50% odd isotopes el D = eamm |
allows further characterization after o e 2100 GeV ]
detection by testing only SI or SD ] R S T
- :
Em'a B
© |
o 1EI'4---_- Eth = 5 keVr
o 1 » % 4 8 & 0

Recoil energy [keVr]
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Xenon: Light and Charge

» energy deposited in LXe produces
electron-ion pairs and excited atom states;
both processes can lead to scintillation

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

 E-field dependence (field quenching)
 response also depends on particle energy

E m—) excitation + ionization

g o
atom Xe + e ﬁs.s;—l
motion 2 s Columbia Case
y +Xe Ed 5:_' - 0.57 KWiom &+ 0.10 Kifem
§E " - 2.00 kvfom -@- 2,03 kv/om
B 1
Xez Xe2 Bas: s 8 3 u
3:_ b ® [ ] - L
E & 5 B - 0= -
2'55_9ys.+51a+.5mr{-::clumhra| ® ! g °
2Xe+hv x€+x€ 2;i{111111{¥
. . . 1.5 Eye.+S1at. Errar (Caea)
scintillation ionization e b b b b b b b kL
. 2 30 40 50 &0 70 SD QG 100 11CI 120
light electrons Encrgy [keVi]

from: Aprile et al., PRL 97, 081302 (2006)
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from: Aprile et al., PRB 76, 014115 (2007)
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Why Xenon? Xe

[l [ " [ 1 18
Ordnungszahl ]
- efficient, fast scintillator (178nm) [x], & Guea H
L =]
efficient, fast scintillator B, e Bues o e e oy [Hs
i 2| i | Be 12.01 Aommasss O Nichtmetall B|C|N|O|F |Ne
6941 | 9.012 10051 | 1201 | 14.01 [16.00 | 19.00 | 2015
* high mass number A~131: ik T ETAR
- 3| Na (M i
22.989 24:% 3 4 ¥ ) T 8 9 19 M 12 |z 2%3:; 35;? 32.07 ?FS:AIS 5%91;
: +| K [Ca|Sc|Ti| V | Cr|Mn| Fe|Co|Ni |Cu|Zn|Ga|Ge|As | Se | Bprrr
. 4| K |[Ca C i
Sl: hlgh WIMP rate @ low theshold s390] 4505 lss 96 | sron | snas | s2on | sess | smos | sous|sesa |onss | onsa [eaze | vaer | vese | voan | ral [ onon
i Rb|Sr| Y | Zr |Nb|Mo|Tc ||Ru|Rh|Pd | Ag|Cd|In | Sn| Sb| Te Xe
O O 3;.;? 3?%2 3?.?1 9';52 9'?;??1 9'?.49‘4 9'?.;1 1g1E;1 1'?%9 12%4 1'?;.9 1%%4 116-1i3 1%%? 1;%8 1;?:‘.6 1a ] 1%163
* high atomic number Z=54 ¢ Re |Os|Ir | Pt |Au|H Pb | Bi (o
Ig a O I C u e r , 1?2% 1?7% 1]-?‘5110 1I;lﬁt; :gje 1‘%.’8 1562 QJSQ 1921.-2 14851 %?l% 206% ":El[jild 2072 2?910 213900 gﬂtﬂ 2220
a3 115
7

high density (~3kg/|); Fz|Ra|Lr |Rf Db Sg Bh| Hs Mt UunUuuUub |[Uuwg |[Juh [Uuo
self shielding, compact detector ————————— -
* SD: 50% odd isotopes

allows further characterization after
detection by testing only Sl or SD

Ar A=40
Ge A=T3
| w— e A= 131

...............................................................................

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

* "easy" cryogenics @ -100°C -

» scalability to larger detectors i*|... B = O KeVr

* in 2-phase TPC:

good background discrimination o 0 @ w w0 % o 0w
Recoil energy [keVr]
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Dual Phase TPC

Matter Projpect

S1 S2

proportiona E ,ﬂi WIMP ‘ '
e, JLAmade

Gag Xe__
WIMP "~ grift time
______ 5'152
<
driﬂﬁme# /
RumEEE A RRRRRRRRNARRRRRRRRRR AN .
(S2/81),yimp << (S2/51) parmma |

e jonization/scintillation ratio (S2/S1) allows
Sottam P Array electron recoil rejection to >99.5%

 3d position reconstruction in TPC
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Localization / Discrimination

Bottom Array .~ Torg, [219 g} e,
. 2T =z

-
§

S1 «°
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?%[g EEIEEE
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&y 23,3'.' . ES ‘f"_' Z
81 Signal N XENON100
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=

Bottom Array ;.,g 219| fap] o
. Y L= N

w S2 @ wemm @
) gy [ ] o] ] O R 22
sy [ ) ][] o ] s
oy 108 i ] e o] ]
1 o o] ) v o ]
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12 oo fon ] ] ] 1] s 7] o]
e, [ ) ) o
@ EenEEbE

2\39 73] a7e] o [1e] ey

{2387

T

: st 3D evt localization
E — fiducial cuts

‘i_ At = 85.4us S2
n.sf— a >

Time (Samples)
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Discrimination:

Electron Recoil Mean

Log,(52/81)

L

2

o = >

= - :

- . -

16F g gs gilpibanl g5 o5 e .w;

s2f= -« +>S] threshold (4.4 pe) : AmBe

Nuclear Recoil Mean ;

Log,,(S2/S1)

Fort . ol i O . ST o o S L 1.|'..o.'. g i sy
5 10 15 20 25 30 a5 40
Nuclear Recoil Equivalent Energy (keV) Xe1 O

99.5% bg rejection (99.9% at low E),
50% acceptance (Xe10 performance)
definition of WIMP search region
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Outline
XENON

Matter Projpect

I Motivation: Dark Matter v

I Direct Dark Matter Detection v/
Xenon as a Detector Medium v/
XENON100

The Future




I The XENON program

I XENON:
A phased WIMP
I search program

XENON R&D
v
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Columbia

~45 people

M. Schumann (U Zulrich) —

-

I &

e

U Zurich

+ Nnew groups:

Dark Matter & XENON100

Munster
Bologna
NIKHEF

C0|mbra LNGS

Subatech (F)
Shanghai
MPIK Heidelberg
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XENON100

Goal:

e increase target x 10

* reduce gamma background 100 x
— material selection & screening
— detector design

Quick Facts:

* 165 kg LXe TPC (mass: 10 x Xe10)
» ~50 kg in fiducial volume

e active LXe veto (=4 cm)

e 242 PMTs

« improved Xe10 shield
(Pb, Poly, Cu, H20, N2 purge)

M. Schumann (U Zirich) — Dark Matter & XENON100 28



XENON100

Goal:

e increase target x 10

* reduce gamma background 100 x
— material selection & screening
— detector design

Quick Facts:

* 165 kg LXe TPC (mass: 10 x Xe10)
» ~50 kg in fiducial volume

e active LXe veto (=4 cm)

e 242 PMTs

« improved Xe10 shield
(Pb, Poly, Cu, H20, N2 purge)

TR
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XENON100

Goal:

* increase target x 10

* reduce gamma background 100 x
— material selection & screening
— detector design

Quick Facts:
* 165 kg LXe TPC (mass: 10 x Xe10)
» ~50 kg in fiducial volume
e active LXe veto (=4 cm)

e 242 PMTs

* improved Xe10 shield
(Pb, Poly, Cu, H20, N2 purge)
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XENON100 @ LNGS

ENGS: 1.4km rock
(3700 mwe)

Relative Relative
(Multiple levels given in ft) MUO“ NeUtron

| (from: R. Gaitskell) Flux
T=>10 MeV

WIPP 101y 1500 mue X 65 x 45
. S d [2070 mwe) 30 2 5
underground since end of February 08 ke T ERERTE

first filled with Xe in mid May 08 Boulby X 4 X 4

Gran Sass0 s me

0 0 - FrerS (4000 mue), X1 X1
detector fully operational, taking science data Homestake @eso
Mont Blanc X6 X6
M. Schumann (U Zurich) — Dark Matter & XENON100 Sudbury x 25" x 25"

Homestake @200 X 50 x 507




Photosensors

242 Hamamatsu R8520 PMTs
1"x1", optimized for response @ Xe scintillation wavelength
low radioactivity (>10 mBq/PMT)
80 with high QE ~35%
98 in top array: arranged for good fiducial cut efficiency
80 in bottom array: optimized for S1 collection — low threshold

64 in active veto: gain factor 3-4 compared to passive shield
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TPC is transparent...

we can see events from all parts of the TPC...
5

Y 5 ¥ - .
= 1.8 /
- | S1sTot[0]: 1453.5 pe L - predminary
4 - 14
= | S2sTot[0]: 14394 pe £ E
3 I asf \
[ i .4
2 — ,,,: ______Ill\_...___ - u.z_— i LI
E =0 GLGD GBE TG Til T!I'E‘m.rﬁu::ﬁﬂm THA00 THEDD 1#:': |“.113m2|
1= At = 159.3 us
- | .
{I : | | 1 I 1 | 1 I 1 | | I 1 | 1 I 1 1 | I 1 | | I 1 1 1 I 1 1 | | 1 1 |
1] 2000 4000 6000 8000 10000 12000 14000 16000 18000

Time {samples)
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3D-Vertex Reconstruction  [2S€

e ¥ preliminary
Hé_ At N Z ¥ Top Array 187| /1gg @
i |
@@
3 SRARE TR
0.5 ;— .@ @ @
of — T L:.“.'i'¢r*.*‘. P .@ [ @‘
] 2000 o ™ B time lsamples) =% : =
ME_ " 2:5 ; )
3 = .’Q Positions of real S2s
o i - amay uniform Cs137 illumination
_ _ I 2 D__Least Squares Analysis
ﬂémim 1600 Tim:}éfar;;:] :'5; i6000 16500 "ngme[SLm YA ;E:1505 . '.'f.)--.- - T TPC

S2 xy-Position Reconstruction: :
e L east Squares Minimization £
« Neural Network i

e Support Vector Machine E
Resolution O(mm)

(measured and from MC)

o | prlelimilnary
'2[!%06' I-I15(‘1‘ I-|1[)(|]I | LSDI - IIZ!I - |50‘ - I'I(][)I - ‘150| I I‘2(19
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Calibration

PMTII6 ZB1239-790V

Gain calibration: g0 Gain: 190¢+08
blue LED (+optical fibers) - | e a0

Res. on s.e. : 61.59 %

Y-SOurces (ER band): W /ndf: 465.9/154
Co-57, Co-60, Cs-137,

Signal/noise: 8.5
bas : 6.10e+04

* G,,, : 9.39+04
Th-228, Xe*, Kr-83m b
Neutrons (NR band): :
Ly T NEEE NN i I e
Am Be o gai:iz(x ; gﬁ)
1600eorrected for the Z I inmi goocorrected for drift time inmi
dependence of the L*ﬁ} P re//mlnary | F;ependenca of charge P reliminar, Y
1400} .
| Cs137
1000 _ 4
auu: 300 ’rH*
«- S1 Spectrum . S2 Spectrum
00— ' : H#
- i 100 w
200} . o
R e R e T
Sic [pe] S2¢ [pel
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Calibration at low Energy

expect signal <40 keV (calibration from outside not possible)

= n-activated Xe131, Xe129m
was used for Xe10, T~0O(10d)

= Kr83m

/Rb83 A
75%
1/2~ + Kr83m
219+ +32.1 keV, T12=1.83h
9/2* . 839.4 keV, T12=154ns
\_ r Y,
R&D in Zurich: .
d Top PMT
j:] _,_',\'.;o_qé - o e
o s BT
LXe E’]
Cathode (57 ]
Mana/aysa y et a/_’ B Bottom PMT _.'::."j_;
arXiv:0908.0616 L RS S
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Background

e e i st hn st e S e g B e R e T
0 ::"-ai:-':f;':‘.-w:::&c!wa:emﬂ.-—wmq%m i
0 100 200 300__ 4000 100 200 300 400
First S1 [p.e.]
60
Tgw
fﬁ: 20
102 i 00 500 1101(1}(3] 1500 2000
g
=
o
o
2nd S1 1st S1
101 s L n 1 L
50 100 150 200 250 300
9.4keV S1 [p.e.] 32.1keV
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Calibration at low Energy

expect signal <40 keV (calibration from outside not possible)

= n-activated Xe131, Xe129m
was used for Xe10, T~0O(10d)

—=> Kr83m 1207 . [R3m._.
/= N
Rb83 . 759, |
1/2~ Kr83m ‘S\**t
S ¥ 32.1 keV, Trz=1.83h N
08F *, ™ R ET SN
.y 9.4 keV, Tiz=154ns O e, IR TR X
o2 kre3 Q T
— ~ ik
\_ / 3 06 *H"‘-n..‘ I T ..
S aR S
. a m . > ! 070 TvTI--—_ - -___
R&D in Zurich:| | -_ 2 B R SEEEETE
& uricn. | i e S 04 veee
e  Anode i ? Piad N ¢ oo
v p———— 02+ @ m B (32.1keV)
Gﬂlﬁ 3.5 cm :1 * 83mKr (94kev)
. Lxe ~] ® Mg, (41.5keV, Charge)
— — % 500 1000 1500 2000
n Applied Field [V/cm]
Mana/aysay et a/_’ Bottom PMT _.'::_"j_:' |
arXiv:0908.0616 | L= = s w0 10 a0 20 3

9.4keV S1 [p.e.] 32.1keV
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Calibration of the NR Band

: 3.5_I | | 1 I 1 1 1 'I 1 1 1 1 J 1 1 I || 1 1 I I 1 | 1 1 | 1 | 1 | 1 1 |
S : _ 12my e 236 keV
ﬂ 3; Elastic Recoils mye 164 keV
o &
= L=
g
2.5 G
2™ &
i = 1
1.5 e
E e "“F, 190 keV
i . ¥ : 13
" 8 S2=8e x| F, 197 keV
- 10"
[ L L L I L i L i F i L 1 L L IH"l I LL J. |. 1 1 L J. 1 | . e B
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ER/NR Discrimination

E [keVr] E [keVr]
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
— 3' .I_I [_'I,_I 1 1 I 1 1 1 1 I 1 1 I L] I 1 L] I 1 | 1 1 1 I { 1 L 1 1 | : U L U L I L d ! L I : L ) . I . : . L | . L . ! I 1 ! ' ! I X b X 1 |
= - P : - o
ﬂ : + 2 B
& 2.8 i i i
)] ]
=, 2.6 Py I I % e L P00
g ., ,F - IR +
= 24 - b
it : + E A 4 +
2.2 - T 'd %
et Y
ok S o 0 1 TN N - S
16 - %
B B = Xel00
1.4 5 Xel0
1.2 > R T A 10 | %
: ., § o | 1 .h."'-..-l_.. i i .'I.lI ey owge oy g :I.I IJIIJJI.l.lJI.I |JJIJ.JI.I.I ||.| [ | |.
) 10 20 30 40 50 60 0 10 20 30 40 30 60
c51 [pe] cS1 [pe]

 ER/NR discrimination via S2/S1 ratio
* Dicrimination efficiency similar to XENON10 (>99%)
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Material Screening

GATOR: 2.2kg high purity Ge detector
operated by UZH in low bg environment @ LNGS

Count rate [events/(kg day keV)]

10°

10?

10 By

— "Gator" BG20080304
— "Gator" BG20070925
"Gator" BG20081013

“ Wlw" w‘_l ’:m ]M |Wlhnll||ldﬂ|l|| ||||||‘ LI

h"th, ’J‘
107 - 'I I !'ﬁ'lul! 4
- HI
102 ==
0 1000 1500
Unit  Quantity S 1) =32Th 0y 0cg “10pp
TPC Material used [mBg/unit] [mBg/unit] [mBg/unit] [mBg/unit] [Bg/unit]
RE520 PMTs PMT 242 01542002 0172004 9.15%1.18 [.004+0.08
PMT bases hase 242 0.16£0.02 0.07x£0.02 < (.16 = (.01
Stainless steel kg 70 = 1.7 < 19 = 9.0 55406
PTFE kg 10 =< (.31 < (.16 < 2.2 < (.11
QUFID QUFID - < (.49 < (.40 <2.4 =(.21
Shield Material
Copper kg 1600 < 0.07 = (.03 <006 =(1.0045
Polyethylene o 1600 < 3.54 = 2.69 = 59 = 0.9
Inner Pb (5 cm) kg 6300 = 0.8 < 39 <= 28 = (.19 175
Outer Pb (15 cm) kg 27200 < 5.7 = 1.6 1446 = 1.1 516490
M. Schumann (U Zurich) — Dark Matter & XENON100

Energy [keV]

use results for
Monte Carlo
Simulations
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Monte Carlo Sim

GEANT4 simulations of full experiment
(detector+shield+surrounding)

Gamma Background:

in DM search region, after cuts
50 kg: < 9.8x10° events/kg/keV/day
30 kg: < 3.2x10° events/kg/keV/day

before S1/S2 discrimination cut!

—

M. Schumann (U Zurich) — Dark Matter & XENON100

ulations

-15~ = 10°

-20 r

10

10°

2 4 6 8 10 12 14
R (cm)

teflon, 2.1 %

. steel, 6.2 %

) )(e, 3.9 %
PMT bases, 28.5 % (Kr, U, Th)
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Kr-85-Removal

vV Y @
9/2+ o2 Lo », 514.0083 1.015 us

« Xe has no long lived radioactive isotope i
« BUT: Xe contains Kr-85 ZQB_E‘%?J
in air: Kr/Xe ~ 10 0434% 95
in Xe gas (commercial) Kr/Xe ~ ppm-ppb <4.7x107% 1673
necessary (Xe100) Kr/Xe ~ 100 ppt Er
(<1 evtin 0.5 yr) e

= dedicated Kr-85 removal to ppt level

sz

— \“{3 e
SF ©
Sy £
1/2- LA, 280.986 4 s
Iy
3/2- v 151.161 71 s

2 stable

= 10°
2
5
3 10 r 0.1ppm
®
ik
o E
5 f
E 10 1IE 2 |
= E WIMP|$lgpal 1 iugﬁﬂ.na:: |
102 o=107T° chf !
S K |
f Kr/Xe levels of
107E O(ppt) necessary
- and possible
1|:|¢ | IIIIIIIIﬁ L 111l
1 10 0" Energylkev]
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XENON100 Background

Data (w/o LXe veto cut)

MC sum
238

— W4y
o)

13?:5
=+ 21uBq of “Rn in LXe
e T;..‘!F.‘!.EPJ. of Kr

-
=1
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=
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Mg 5
.

E L™ ey P
L] L L, b 1
R n = |
' -'._ H M L
§ Ln ¥ L LrL
fF - (] ' 1 4
i [ o8 i 1 7 L L
¥ = = b 1] g
4 » . 3 1
g | W L LI |
A H ! "y ~ ]
M - L . o
o g i = . % X
AR ] L} -
B fa® % u !
- o
"
—
i

Preiimiﬁa,gmw Xl

rate [counts keV kg day ]

A
-I‘.
:.l

| T Jul..;J..;J..;L..;“.J“.I.ui“J“.I.“.J.“..:l . 5 i

0 500 1000 1500 2000 250 3000
Energy [keV _]

=
b

> S g eVl M Measured Background in
e active LXe veto not used :
good agreement with

o Monte Carlo prediction.
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Background Comparison

Rate [events/keV/kg/day]

10° g T . =
CRESST [ ]
arXiv:0309_ 1829 [Lf] — 7 SR s ey e e T st
10 = =
CDMS [ il
arXiv:0912.35932
DAMA ! B =
arXiv:1002.1028 | =
107! Bt st et o s =]
02 g | s
= | | =
]{}? R ] V1T T MO o o O i G M ) S Y s Kl M O W . T | W e
0 5 10 15 20 25 30 35 40

Energy [keV]

XENONI10 (betore fid.)

XENONI0 (after fid.)

XENON100 (before fid.)

XENON100 (after fid.)

This is the lowest Background ever achieved

M. Schumann (U Zulrich) —

iIn a Dark Matter Experiment!

Dark Matter & XENON100
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| A first glimpse at XENON100 data... A€

Matter Project

I * Background data taken in stable conditions
October-November 2009

* 11.2 life days
* Data analyzed non-blinded

» Cuts developed and optimized on calibration data,
mostly AmBe and Co60

Let's have a look...
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Basic Event Selection Xe

£ '@
o
" * select events with
SO __ acceptable
: et v signal/noise ratio
100 - 7, :"‘g,::;:::, et A R

(very sensitive detector:
SPE & single electron S2 sensitivity)

* select single S1 peak
(remove accidentals)

e select single scatters
(single S2 peak)

* remove gas events
 apply active veto cut

-150
-2001—

-250— :

-300%

100 120 140 160
r [mm]

M. Schumann (U Zurich) — Dark Matter & XENON100
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Energy Cut

Z [mm]

+* Ty

& -
Ly
L . *}E.i
100 : e
+ +++:;

.
1-*'.4
S +;
B P
150/ iy
- .l
3 g i
B . R
=200 4 . T
B ¢ T

+ +
o

B + + +

2501 . LA ’“f’

-3Dﬂ—III|III|III|III|III|III[IIIJ£

0 80 100 120 140 160
r [mm]

M. Schumann (U Zurich) — Dark Matter & XENON100

e select events with an
S1 energy of <28 keVnr

e this Is the upper border
of the XENON10
WIMP search region

* most remaining events
are located at the edges
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80 100 120 140 160
r [mm]

Dark Matter & XENON100

* make use of excellent
self-shielding capability
of liquid xenon

* cylindrical fiducial
volume with 40 kg mass

 shape of volume will
be further optimized
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A Look at the Bands

Alog (S2/S1)

XENON10 PRL 100, 021303 (2008) XENON100
04 - | |- - B o4l
N o L
3 0.2:— Emu.z:— _
of 3ok b
| i - o
-0.2— 02l =
B B (0p]
N C e o
-0.4— o4l O
I C 8
-0.6[— . 0.6 —
| " PRELIMINAT @
'0'8:_ ) . 0.8
- | | Iupdateld plot nvith nelw Leff \l/a/ues C
-10 5 | I10I N I15I N I20I N I25I N I30I B I35I N I40 1 uﬂ_ 5| I1|IllI | 1|5 2|IJ 2|5 I 30 35 40 45
E [keVr] E [keVnr]
) ,,E}?ckgrzc;qu df_reg N 1t'1 .2 days NR acceptance ~ 50%
atter scimination cut efficiency ~ 85%
* Both plots show similar exposure (conservative)
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I A first Limit from XENON100

i

[emA2]

%

Cross Section

%

10"

- Xe100: based on the
|_non-blind analysis of
£ 112 days background |

XENON100
XENON10
CDMS

10 10°

10°
Mass [Gev/c?2]

M. Schumann (U Zurich) — Dark Matter & XENON100

XENON100 is working
extremely well and is
back at the sensitivity
frontier.

This is just a first glimpse!
We have much more
(blinded) data waiting

to be analyzed.

Results to be published soon
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Ongoing Data Taking

80

Life Days

70

60

| ton day net —
(50kg fid., 40% eft.)

50

40

30

20
unblind

10

Am/Be

™

0= 0ei27 Now/10 Nowi2d Deci0F Dee/22 Jani0s Jan/19 Febi02 Feb/i6 Mari2 Marl6 Mari0
Date

XENON10O is taking science data since mid Jan 2010
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XENON100: Sensitivity

10

http://dmtools.brown.edu/

Gaitskell Mandic Filippini Sp| n_| ndependent
WIMP-nucleon interaction

=)
o)
o
[
=
=
b=
e,
2
2 XENON100
g g L~
S ol "«,, _,/! SuperCDMS 25kg
E o P €T Projected
g e ~  LUX 300kg
e Projected
2 10"} R -
3
3 Lo
7
7]
=
-48 18022712260

2 10 " """"2 —

10 10 10

WIMP Mass [GeV/c2]

50 kg Target: 40days o = 6x10™ cm? (@ 100 GeV)
30 kg Target: 200 days o = 2x10™ cm? (@ 100 GeV)
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« 2.2t LXe ("1m?3 detector")
1t fiducial mass

* 100x lower background
(10 cm self shielding, QUPID)

 MC studies, design studies
already started 2009

* bigger collaboration

e currently: working on the
details; secure funding

 Timeline: 2010 — 2015 ???

Radiation- free
Photon Detector
(3” QUPID, Total 242)

0.9m

Ti Cryostat
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The QUPID

* invented and developed by UCLA group (Arisaka/\WWang)

* very low radioactive photosensor to replace PMTs
APD, quartz, only a few pins, no voltage divider

* QUPIDs are ,invisible® in GATOR screening facility

e first units were build by HAMAMATSU,
ongoing tests and R&D at UCLA (later also UZH)

————_]———~__Photo Cathode

= T T T
et NG

Z N\

QUPID
Quartz " Al coating
Photon |
Intensifying
Detector

“APD(0OV)

ADDOY)

arXiv:0808.3968
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It is actually working...

Work done at UCLA (Arisaka/\WWang):

1, 2, and 3 Photoelectron Peaks |

[ —— 1peu=31.7316, n=4.42694

[ ] 4000 ' |
'k | - Fpfnp =25,0522, n=13.1333
3500 [ i | ——— Gper p=85.9126, n=9.52833
| m— Sumod 1, 2, and 3p=
3000

o

By
= E
= =

||||r|| III|III-|IIlI|IrIIIIIII |I

1000 ; ; H
500 A A s iy
VT - L T . SRS T OO PR [N -~ NY TN [y - PN TN
DD 20 40 60 g0 100 120
Charge (pC)
Spectrum 4.5kY, 305V Bias, 122keV
3000
I IR =
2500 ] ‘
2000
1500( il
-
1000 | 5T C D
EI:ID_— \\
& i ",
1“"'-.—--...

] YRS R S T rEa PP Tl S S S — L |
Oy 10000 20000 3oooo 40000 s00o0

QUPID Test in Liquid Xenon v
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| XENON1T: Location?

I ICARUS T600

XENON1T

XENON1T @ LNGS (Hall B)

- 4 m water shield

XENON1T @ LSM

- solid shield (55cm poly,
20cm Pb, 15¢cm poly,
2cm ancient Pb,
>99% muon veto)
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Cross-section [cm™] (normalised to nucleon)

oy
oo

B0 I05260] j | T B R |

clI

10" 10° 10°

WIMP Mass [GeV/c”]
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DARWIN

. . . \atter wimp searc|
 the future of liquid noble gas Dark

Matter detectors (Xe/Ar) in Europe D/ﬂ\ RW' N
- DARWIN = design study towards the v

realisation of future astroparticle
infrastructure in Europe as identified in

the ASPERA Roadmap - e 1
« the DARWIN consortium was founded % e K
in 2009; approved by ASPERA | % 2 = &

« DARWIN brings together several
European and American groups

working in the existing XENON, WARP
and ArDM collaborations.

It unites expertise on liquid noble gas
detectors, low-background techniques,
cryogenic infrastructure, shielding and
astroparticle physics phenomenology.

« http://darw n. physi k. uzh. ch

M. Schumann (U Zurich) — Dark Matter & XENON100
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2] (normalised to nucleon)

Cross-section [cm

» Dark Matter: One of the
big unsolved puzzles

« XENON100
65 kg dual-phase TPC

» underground @ LNGS
« extremely low background
e first results from 11.2d data

b o * in science data mode now:
10’ 10° 10’ stay tuned...

—
=1
s
>
T
1

— i

— Dark Matte
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Determination of Les Xe

XENON
Matter Project

 WIMPs interact with Xe nucleus
- nuclear recoil (nr) scintillation

 absolute measurement of nr scintillation yield is difficult
- measure relative to Cod7 (122keV)

» relative scintillation efficiency Leff:  os

[ — rGllok;al Fit
EE": ® Spline points
Lefr = 04 |
Em‘ ——
. 0.3r
measurement principle: 3

. ]
)
02t .l %ai—gf L é {?f% R
Rt siss:
/n‘ S
n 0 ol . Tt ° T
»LXe =0 10 . 10°
Nuclear Recoil Energy [keV]

most recent measurements:

O Aprile et al., PRC 79, 045807 (2009)

<l Manzur et al., arXiv:0909.1063 (2009)
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Scaling |

— Meron 10 (Fesull)
= oo COMS-II (Result)
......... e 100 kig=year
----- A 1 ton-yoar
= Xg 10 Lon-year
Ay 1 ton-year

----- Ar 10 ton-year
— A 100 fon-year

Arisaka et al., arXiv:0808.2968
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Wimp mass {GEU]1
90% CF limits for one year of data taking
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Scaling li

=
dn

g SR No. of Background Events
Arisaka et al., arXiv:0808.2968 — ] |
10000 - -—+- Gamma {Multihit cut) [1 mBg/Oupid]
"E-Tl ﬂ_a = — 00 WP 10 P —a—Gamma {Multihit & 52/51 Cut) [1 mBg/Qupid]
= ~ aricac ?;‘}’;';ﬂ:f;g:ﬁ';'!:gﬂ = &= Meutron (Mo cut) [0.1 nfyear/Qupid]
E'- ——— Sl v pp chain Meutron (Multihit cut)[0.1 nfyear,/Qupid]
""" Solar v Bad 3 f
L, — Oy G 1000 |— — pp-chain Solar (S2/51 Cut)
S10% E p— e 2 2 Neutrino DBD {$2/51 Cut)
a = All VoL e .
& i Serm Cu }
— i <o Ribem Cl
" B 100 GeV WIMP (104 phy) 100
1
ek}
-
L

10

-
[=1
&

| IIIIII| I JFI1 II|

2+ DBD(10% yrs) T E————U

N 1Te¥ .,,...---J--ﬂ‘“"""" il = .. T

- yBG 10 emeut)

107

10°E %A ™, \. -, BeT Solar Neutrino bt
E R": . y 19.2 ton
e on = e |
Energy (keVee) ’ SEEIfShieldinlgDCut{umfr::l:i':wall} 0

Expected energy spectrum of WIMP interactions, Expected number of bg events in
solar neutrinos, double beta decays, and gamma WIMP signal region (3-15 keVee)
ray backgrounds (from QUPIDs) as a function of as function of active shielding cut
self shielding cuts. for 10 ton-years of data taking.
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4

- cryocooler
.. % gas gets liquefied

double wall SS cryostat
(low radioactivity steel, GERDA type)

Emergency .

— - i
— |

*"Cooling Loop TH 8 e

"""' Funnel E Vg
a \

continuous Xe

purification

(high T Getter) o4




Detector Stability

PID controller: Slow Control
“er Tstable<0.1°C |  System records:
e Temperatures
5 N — T * Pressures
> * Flow rates
§ * Xe Level
£ o « TPC HV
ol ¥ £0.1°Cl Lot Hv
* DAQ rate
ol * Vacuum
| o * Rn level
| | | | | preliminary e status of all
0 2 4 s o 10 12 14 16 important systems

PTR cooling provides excellent stability
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Ongoing LXe Purification

Light
= F
1k}
=4 C
A 3.0 gny i] Talii ®
= - L“Aii“L“}; - f ; lwﬁ QEI% DE}{JD
7 25_—‘5?‘ @ ) e @
>-' . it r:‘EID ; -
b= Eul
Eﬂ 3 ég - L *
320 o .
e .
s preliminary o ase
1.0:— . * e run_ 04
- ﬂéig o run_ 05
0.5— 4 run 06
00: 1 1 | 1 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | 1 1 | | 1 1 1 1
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Led
Ln
=

5
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“Charge

T
03/09 03

{10

[ R
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e Light yield is related to H20 content in LXe

e Continuous improvement to lower levels
(baking, GXe circulation, H.0 measurements)

» Charge vyield related to Oz content = continuous purification
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TPC: Electric Fields

Surface: Beciric field, nomm [Vim] Comour. Beciric povensial [v] Max 5 00gE Max 4641 414

[ | M :m" x1o*

e cathode: -30kV — drift field 1kV/cm
e anode: extraction field ~5kV

* fileld inside TPC was optimized in
simulations for field homogeneity
— 40 double field shaping rings

e anode stack optimized for
- optical transparancy
- S2 energy resolution (+4%)

* hexagonal mesh structures,
pitch cathode Smm, anode 2.5mm

8-15

=25

0%




Data Acquisition

Requirements:

« digitize full waveform (320us) of 242 PMTs
* no deadtime

* higher rate capability for calibration

CAEN V1724 Flash ADC: 14bit, 100MHz
e circular buffer - no deadtime
* on board FPGA: Zero Length Encoding

800 :
500 | 52
400 'I
E -I
£ 200 |
I}
200}
T Si |
100 | 1
0 I AS
_100L—4 -
10 |o 10 20 30 40 S50 6 70 80 90

time [usec)

= calibration rates ~20 Hz possible
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Low Trigger Threshold (S2)

XENON100: S2 Trigger Thresholds

XENON10 % 1 - ! _ipreliminary
- S2 trigger efficiency g .
100% above 100 PE 5

Test Pulse Data

=
L)

- threshold of 300 PE
used in WIMP analysis

0.4
—— AnalogSum, changed {new FW)

eeeeeeeeeeeeeeeeeeee

linear FAMs {shaping 1us)

E' 0.2
88888 ol A% e L N - inear FANS (shaping .5us)
@@@@@ - ) -T [ [ [ T | O ~"foo 200 300 400 500 600 700 800
l || "
11111 - | ) ' XENON100
typical $2 peaks .
99999 | on individual PMTs similar S2 threshold

aaaaaaaaaaaa

M. Schumann (U Zurich) — Dark Matter & XENON100 69



I Averaged Light Yield

=

e Light collection is
I position dependent

DLift Timge [us]

=]

 measured with Cs137, 40 keV,
and 164 keV from AmBe data

e vertex reconstruction allows to
obtain volume average

» maximal light yield reached ]
corresponds to 1200

4.5 PE/keV (zero field) @ 122 keV

- 80% of XENON10 A D
(as expected from design) 10 s (o

-60

— preliminary
- I'.
lM u L]
n
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Active Veto

2000 ©
S1 [pe]
backscatter 662keV full

band absorption

TPC is surrounded by
100 kg LXe layer (>4 cm)

—passive shield
-+64 PMTs: active veto

M. Schumann (U Zirich) — Dark Matter & XENON100

rate with active veto / rate with passive veto [%]

-
=
L=

1400 1600 1800 2000
S1 [pe]

target volume (65 kg)
E — 50kg fiducial volume =~

ci —— 30 kg fiducial volume

40

_____Monte Carlo |
gE. & 4 30 i N A O A 8 :
anargy“ﬂ:rH hold in the veto [keVee] 10
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SD pure neutron cross section [cmE]

Reminder: XENON10 Results

 successful operation at LNGS 2006/07

* 15 kg dual phase detector,
5.4kg in fiducial volume

e Results: Spin Independent:
PRL 100, 021303 (2008)
Spin Dependent:

PRL 101, 091301 (2008)
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XENON10 New best limits 2

<\“ ~ [for pure neutron 4

o _Bure neutron couplingicouplings (2 =0)
10° 10°
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o http //dmtoo 5. brown edu]
Gaitskell,Mandic Filippin]
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