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B Time evolution of the number density of WIMPs is given by

dn,
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INDIRECT DETECTION: measure secondary

=== particles from WIMP annihilation or decays in GC, in
# Sun, in MW (such as neutrinos, positrons, etc).

1

WiMPs and Neutrons
scatter from the

: Produce and Detect WIMPs

B L
e i - \ A y | Photons and Electrons
§ | > - . scatter from the
Atomic Electrons

DIRECT DETECTION:

measure WIMP scattering off |. - - cc e cceecaaa -
targets in detectors on Earth

Potential for Breakthrough in coming decade:

WIMP models will be stringently probed by one or more methods
Kyungeun E. Lim (Columbia ﬂniversity) 7



Principle of Direct Detection

Goodman and Witten: Elastic Scattering of WIMPs off Target Nuclei (1985)

é Recoil Nucleus

=== v=220km/s E- ~ 0 (10 keV)

w*'—WIMP'han .
B CaV fom > : Nuclear Recoil

Py

2 2,2
Recoil Energy : E. = q _ 47 (1 —cosf) ~ O(10 keV)
QmN TN

Py < Astrophysics Input
EXPeCted Rate R 0.4 N - O-XN < >/(the local DM density at our position in galaxy)

7 Ty

) (average WIMP velocity in the lab frame)
Detector Physics Input T

(number of nuclei in target) Particle Physics Input

(WIMP-nucleus elastic scattering cross section)
(WIMP mass)
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Principle of Direct Detection

Goodman and Witten: Elastic Scattering of WIMPs off Target Nuclei (1985)

_____________ X
N 290 km/ ﬁ Recoil Nucleus
s | === V= km/s
w*'-WIMP hata - g =r = 0 (10 keV)
p o.m(.ﬁ Cov/em INCREEEEEEEEEEE > : Nuclear Recoll

10— ‘ ¥

WIMP Expectatlons

CMSSM:Trotta et al.
EMSSM + LHC:

BUChm#lLr et\al.
| evt/ kg/ yr \ 'GP

—
O

Recoil Energy : E, ~ O(10 keV)

—

o
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w

Expected Rate : R o« N 'O—XJX N (V)
x

WIMP-Nucleon Cross Section [cm?]
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Tiny Rate!
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Xe

XENON
Matter Project

WIMP Scattering Rates
Summary: 3 18 evts/100kglyr — Xe (A=131)
. . 2 (Ep=5 ke Vr) Ge (A=73)
Exponentially Falling : S cots/100kg/yr | — Ar (A=40)
Tiny Rates £
-
Detector Building Strategies 10}
B Large total mass

B Low energy threshold A " Recoi Eneray fkovrl
10-4‘I§ =
® Ultra-low background < EWIMP Expectatlons :
2 Back 4 discriminat =" E CMSSM:Trotta et al. -
ackground discrimination 3 10el- MSSM + LHC:
B oo, Soel evt/kg/yr gL -
Na Mg Si P|s § i =
K |Ca|Sc| Ti| V|Cr|Mn Fe|Co| Ni Cul Zn|Ga|Ge|As Se| 810 = =
[E395 55 T EI|E 52| zZ - -
Rb| Sr| Y | Zr Nb/Mo| Tc |Ru/Rh Pd Ag Cd Sb|Te| § a - Z
T 56 T 73|¢ 76|t 78|t 76 = 104 =— =
Cs |Ba Hf Ta| W|Re Os| Ir Pt Au|/Hg Po = = E
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Drift Time [ps]

S| — Prompt

Amplitude [V]
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S2 bortional scintillation

ionization

scintillation

- HV
E~-I kV/cm

|78 nm

triplet (27 ns)

2Xe

+ HV
E ~10kV/cm E
excitation
\ 4
Xe“ <

recom-

Xe,* / bination
l +e-

178 nm
singlet (3 ns)

2Xe
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Top I, Poton, @B BEg, B A Drifted electrons from ionization
:®° O mplified in th bt
S are amplified in the gas ga wW
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B Due to the amplification, S2
signal size is much larger than
prompt scintillation (S1), lower

A : Z energy threshold than S1.
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Te = IRV both S2 and S| provides z
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B 52 pmt hit pattern is used to
(x,y) position reconstruction.
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0.05}

0.00F
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3D vertex reconstruction
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Amplitude [V]

S/B Discrimination

Electronic E&M BG
Recoil (ER) S2
S|
Nuclear WIMPs,
Recoil (NR) /) heutrons
r\ e-l-'q, ~3

Drift Time [us]

(S2/S1)wimps,n << (S2/S1)y,B
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XENON: XENONIT

A phased WIMP (2012-2017)
search program ENONI00
2008-201 3
XENONIO0

(2005-2007)

Projected (2015)
os1 < 10747 cm?

Achieved (2012)

\ os1 = 2.0 x 107*%cm?
Achieved (2007)

o7 = 8.8 x 107% cm

2
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The XENON Collaboration
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Designed to be x100 less background and x10
fiducial target compared to XENONI0

Cryocooler and FTs outside shield
Materials screened for low activity

30 cm drift x 30 cm diameter TPC
162 kg ultra-pure LXe (target+veto)

Multilayer passive shield

For details, see Aprile ef al., Astropart. Phys. 35, 573, 2012

B Active veto all
around the target

m 242 PMTs: | mBqg
(U/Th) w/ 30% QE

Kyungeun E. Lim (Columbia f(lniversity) 17
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Energy Calibration of XENON100

B Scintillation/ionization response of LXe depends on the electronic
stopping power for the recoil type, its energy, and the strength of
electric field (NR energy scale is different from ER energy scale).

B Understanding the behavior of single elastic NRs in LXe is essential
since WIMPs are expected to elastically scatter off of Xe nuclei.

B Understanding the ER response in LXe is important for the
interpretation of the dark matter results such as annual modulation
and the estimation of ER background contribution.

ER energy scale

©

= <—————DAMA/Nal (0.29 tonxjr) —————> | <DAMA/LIBRA (0.53 tonxyr)>
[ .08 & .+ i (ta get mass = 87 3 kg) S T (target mass = 232 8 kg) 1
= 0.06 E 1 a 1 ‘ ‘ 1 ‘ 3 1 3 | a : :
%‘0 0.04 E L %ﬂ,\ o
C 002 - S,
=9 E N AN /\
& 0 N /N /O .
2 000 VNV N Bernabeli ef al.,
5 —0.04 L e O T |
= -008 B4 0 LA o o o Eur. PhyS. J.
@ 008 & . ool 3 o
& o Bbe b e C56, 333, 2008
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)

Kyungeun E. Lim (Columbia ﬂniversity) 20



B Nuclear recoil equivalent energy

(Enr) is obtained from S| signal. 030y
S1 1 Se 025;— |

Enr — :

L, Lo Sy 020

m L, is light yield of electronic recoils -~ 0-15;‘
from 122 keV photo-absorbed Y rays.

| S, Sy, Scintillation light quenching 005

due to drift field.

B L. Relative Scintillation Efficiency

Ly nr(Enr)

£e Enr —
t(Er) Ly er(Eeo = 122 keV)

Kyungeun E. Lim (Columbia rUm’versity)

0.00!

Nuclear Reco%crgy [keV]

Measurements at low energies
were inconsistent!




Sheldon was also curious about Les
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% Six 2.5 x 2.5 cm Hamamatsu
R8520-406 SEL High QE
PMTs (~ 30%)

< Maximize light

collection efficiency Detetor
by covering the target
volume with PMTs: Active LXe

Volume

low energy threshold

< Minimize adjacent
materials to suppress
background from
multiple scatters. Mounting

Structure

Kyungeun E. Lim (Columbia f(lniversity)

Support
Rod

__ PMT
Assembly

PMT
Support
Plate

s PMT
PMT Base
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2.5 MeV(D,D),
compact sealed-
tube neutron
generator

EJ301

Rate [events/ns/d]

~ -~

N

<+ Record fixed-angle elastic scatters of
mono-energetic neutrons tagged by organic
liquid scintillators with n/y discrimination.

< Recoil Energy is fixed by kinematics %
My, M :
E. ~2F, oA 5 (1 — cos 0)
(mn + MXe)

Kyungeun E. Lim (Columbia rUm’versity)

250

80

60

0

200+
150+
100}

50+

65+1.0keVr

neutrons

100

40

20

0=345

_+_

I
_+_

Rt

L]
. ..-f-.+|'°-.'°'.-0-.-°-.,—o-l_-_ RPN T

+ _
o 'HH-F-#—*—_,_,.;

0 10 20 30 40 50 60

Scintillation Signal [pe]

70
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< Transform the MC recoil spectrum into
a simulated spectrum g using

S1 =L, - Leg ;- Ey, with gaussian

energy resolution ¢ = R/ F.,

PMT gain fluctuations and applying
trigger efficiency.

Extract the energy dependence of Les
by minimizing the y? btw the measured
and simulated spectra, h, g

N 2
hz gi(ﬁeﬂ: ' R)]
2 J ) ]
X (‘Ceﬂ“, '7R') —
o ; O-fQL,’L + Jg,i(ﬁeﬂ”,jv R;)

Kyungeun E. Lim (Columbia ﬂniversity)

Resolution Parameter R

Rate [events pe’1 d

0.455
0.405
0.355
0.305
0.25:
0.20:

0.15}

0.10%

100

D (0]
(=) =)
T T T T T T T T

n
(@)

20

0=34.5°
6.5+ 1.0keV
2 =32.1

Scintillation Signal [pe]
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0.50 .

K Sorensen 2009 :

0.45F - Hom 2011 (FSR) Lo

: Horn 2011 (SSR) e &

040F 5" Ameodo 2000 ]

2 v Akimov 2002 7 :

035F & Aprile 2005 ]

- e Aprile 2009 :

0.30 - O Bernabei 2001 -

- " 4 Chepel 2006 =

¥ 025— 4 Manzur 2010 : (R ///j
" = Plante 2011 897 747

=3 —— = - LK : o

020} k! /"::2'14.?_3:43}.' :

s o HISIRE: 2R

0.15F ' ! 11 Z
0.10F -
0.05} -
O.w = el A :

Nuclear Recoil Energy [keV]

Xe

XENON
Matter Project

% Lowest energy (3 keV) and most precise £eff direct
measurement achieved to date.
<+ For details, see Plante ef al., Phys. Rev. C 84, 045805, 2011

Kyungeun E. Lim (Columbia ﬂniversity)
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:Scintillation Yield of Low-E Electrons: Setup

<+ Compton coincidence technique allows
measurements of a single electron response,
instead of the response of multiple electrons

produced as a result of photo-absorbed Y rays.

Fer = E E !
ez
E
| Y _
- 25 (1 — cosb)
Recoil Energy . .
in LXe Electron Mass cattering
Angle
Y energy

from the Source Compton-scattered “Y energy

< The low-energy ER bac

Compton-scattered hig
in the detector materia
Kyungeun E. Lim (Columbia ﬂniversity)

<ground is induced by
N energy Y rays present

s and environment.

Rooney and

43, 1271, 1996

Valentine, IEEE
Trans. Nucl. Sci.,

LXe
detector

7%
PMTs™ ~

HPGe
detector

27



Recoil Energy Selection

Monte Carlo Simulation

_ Eer — E E , -
> ]
9 650 A b
g 640 ]
m .
630F i :
0082_ f f f f f f Ei _;
o - 0 : =
> 007} eHPGe = 8.6 1=
~ 8'825 . =82F1.0keV 121200
g 003 1 3 60
"‘2’ 0.02F 1 & s
© 0.01F E 20( £
O 5 10 15 20 25 30 35 40 Oy
Recoil Energy [keV]
<+ Excellent resolution of HPGe detector

provides precise energy selection w/
small energy spread (easy to measure
continuous energy response).

Kyungeun E. Lim (Columbia ﬂniversity)

.. Eypg, = [653,654] keV {

. 1 ———

200 400 600 800 1000 $1200

Scintillation Signal [pe]

Most likely due to poor Accidental ]
light collection efficiency # Coincidences }

outside of target volume

£ I. Accidental Coincidences
: 2. Partial energy deposit in HPGe 1§

e 58



L4 9 4 keV { Transition Decay Mode Branching
12k }h ' . Energy J— Ratio [%)]
= F : 32.1 keV  /CEnm,n~n(32 11.5
u | ; EL(30.4)4 A(1.6) 63.8
2 os * ] CER(I7.8) + Xka(12.6) + A(1.6) 15.3
3 oo CEk(17.8) + A(10.8) + 2A(1.6) 9.4
g v <0.1
%04k 9.4 keV / CEL(7.5)% A(1.6) 81.1
0'2:_ CEM(Q.I 13.1
- \L v 5.8

0 200 400 | 600 800 1000 1200
Scintillation Signal [pe]

% 83mKr (gas) is a good reference source since the uncertainty on light

collection efficiency due to the position dependence is removed.
(V. Hannen et al., Phys. JINST 6, P10013, 2011)

< For both decays, the energy is mostly transferred via conversion
electrons with similar energy, comparison with Compton
coincidence measurement is possible.

Kyungeun E. Lim (Columbia rUm’versity) 29



Scintillation Yield of Low-E Electrons: Results

1.1p

105F —y% _ » @ 2 keV, Re is ~ 70%.

1= | % + i, : :

Ik /\ + / + +~H} i ¢ Reis maximum @ 60 keV.
0951 .. N - .
09f T E ﬁ‘H» 1+ Large scintillation yield

085 : for 9.4 keV decays of

08 | J + 83mKr is due to the

R., Relative Scintillation Yield

075} | 171 enhanced recombination
o} .. ey~ DuslFud rate in the presence of
0.65F | 7 Lyer(Fee = 32.1 keV) 1 Xe ions left from 32.1

05" T keV decay.

10
Electronic Recoil Energy [keV]

< This is the first measurement with such a wide range of
electron energies extending as low as 2 keV.

< For details, see Aprile ef al. arXiv:1209.3658, Submitted to PRD

Kyungeun E. Lim (Columbia ﬂniversity)
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Scintillation Yield of Low-E Electrons: Results

1.1p

I ¢ @2keV, Reis ~ 70%.

LOSE T _y%

1= | % i, : :

1P /\ + / ++++% i ¢ Reis maximum @ 60 keV.
0.95__E 04F ﬁ — —— -

=
8
e
=
= Y | ] - !
é 09:_ L 4osocintill;61(i)3n Sigrjz(l](ipej oo e #+ _: 31-— _{_‘ _-
E] ﬁ» [ 9.4 keV
Q >
%) I ] CES .
.g 0.8:— ' E 2 i ++ 32. I |(eV ]
g B ] = 29__ |
o 0.75¢ 7 - 0 i
S% - 1 I ] E i ++
v O7F I Ly er(Eer) B S 28t —t—

z Re(Eer) = perJer - T

0.651 : evTer L E..=32.1 keV) 7 -3 [ T ——
- y,er( ee L Ke ) ] A 7l
0.6" e :
1 10 10 N -
Electronic Recoil Energy [keV] 0 200 400 600 800 1000

Time Difference [ns]

< This is the first measurement with such a wide range of
electron energies extending as low as 2 keV.

< For details, see Aprile ef al. arXiv:1209.3658, Submitted to PRD
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® Introduction
® XENONI00 as a LXe TPC

@ Measuring properties of LXe
© New results from XENONI100
® Summary

Kyungeun E. Lim (Columbia ‘University)

32



Xe

XENON
Matter Project

2011

250F

200} .
- Science Data (run_10)

_-— EE EE O EE EE EE EE EE EE EE EE EE EE EE EE mm Em -—ee Em EE e e e Ew .y

- i

= 150 ]

Q -

D)

2 i

;J 100 mmmmemsmemmmmsmmmmmmmmmm===- —

50 - Calibration (60C0) i

I Calibration (232Th)
......... i Calibration (AmBe)

Mar May  Jul Aug  Oct Dec Mar IMay
Date [Month]

Data taking over |3 months: full annual cycle (224.6 live days)
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1_— IIIIIIIIII .I..I..I..Io;Iolooloolulo.l»lo.looloolooloolooloouormomm«nl I IIIIIIIIIII _ . > X2 eXPOS u r'e
.o & New | -
0sf ; ' Run ' 1 M Lower energy threshold:
L ) [ | i
S , . > 99% (52 >150 pe, 10 €),
S 06f 0 il
= I . : : | SI > 3 Pe (66 I(eVnr)
$ 1 . .
oo . , : ] # Reduced Kr contamination:
i . : L by a factor of 20
0ok : ‘Previous
. E '«Run | ™ More calibration data:
- | _
030 Tio0 30 a0 30 A0 30 a0 x35 ER, x2 NR
S2 [pe] —
700 [
?600 ; —
B larger electron < 500 1 &
lifetime: smaller S2 £ .} 1z
correction 5 a0 =
= 200; :éz
1002 %g
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DRU [Events/day/ke Vee/kg]

T T T T T T

Inner 10 kg FV
10"t passive veto

T T T T T

T T T T T T

T T T T T

Run 10 Data, 10 kg

Total MC Simulation
External Background (MC)
20 ppt Krypton
65 uBg/kg Radon
2vPP, 2.11x 10*' Years Half-Life

i i T
i h'J' 'i ‘ Ul } =
i
| i
) - ﬂ 1 ‘ |||
4 8
} { d
100~ " "S00 1000 1500 2000 2500

Energy [keVee]

3000

B Use EXO-200 2vBP results as '3¢Xe contribution input.
B Good agreement btw MC and Data (no tuning).

m (5.3 +£0.6) x 10 evts/keV/kg/day w/ active veto before discrimination.
B For details of ER MC, see Aprile ef al. Phys. Rev. D 83, 082001, 2011

Kyungeun E. Lim (Columbia rUm’versity)
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Discrimination

Electronic recoil (ER) band
calibration is performed w/ high

energy Y rays from ®°Co and 232Th.

0.4
0.2

0.0

Background in the region of

o (\'2‘.81 )-ER mean

interest is due to low energy 2 008 B E Tl -
. -1) 0.8 A 241 A A : |
Compton scatters from high ONEE e o S AmBe(agn)
1.0 *\’}‘ A . s ST Al oae. 5¥
energy Y rays or B decays. 2 s e |

Encrg:-_v [keVnr]
Nuclear recoil (NR) band calibration is performed w/ ~ 200 n/s
24l AmBe neutron source.

Benchmark signal region for the cut-based analysis was chosen
99.75% of ER band rejection and S| btw 3 pe and 20 pe.

The FV and the benchmark signal region are adjusted simultaneously
to maximize the sensitivity (34 kg was chosen).

Kyungeun E. Lim (Columbia ﬂniversity)



ER Background Prediction NR Background Prediction

P 2 107
2 o4l B s from MC in keVr
OE: TE b _ converted to PE
Scallng g RO O TOF 5 after Poisson smearing
. - o - with acceptances
I’eglon Q.o 0 "o = 10*
~N e )
B 0.2/ g o, = | 1
o S i B )] Al M R -
Fg :-— :% .'..': . ) : % | L\-‘-\-\\ F
» > - |
. — : - . _,-——“"__:-' > = - | — |
Signal | ~as Lt e : S, i
. S * . e = . Q : . L g Bl
region | ~ e84 -7 .. z | T | ; o |3
W . z | € I : = [ WA,
'1.0_— )/ E - I I -—H_‘\\_\_\x\—\:“‘ L—A
- . - 1 ' . g
-1'2:'-/.;1 I (T U T N TN O TN (N W O WY VO O W0 W 0 T S W T B T 0 10-3 37 L p il | L 11 L L1 L1 L L1 | l\L‘_\-:L‘ |
0 5 10 15 20 25 30 35 0 10 20 30 40 50 60 70
$1 [PE] Energy [keVr]

B ER BG expectation is obtained from calibration data.

B ER BG in the signal region is computed by the ratio of the number of
events in the signal region over the number of events in the scaling region.

B NR BG expectation is obtained from the MC (muon-induced fast
neutrons, neutrons from (,n) reactions and spontaneous fission).

B Total BG prediction: [.0 £ 0.2 evts (0.79 £ 0.16 ER,0.17 + 0.12/-0.07 NR)

Kyungeun E. Lim (Columbia ﬂniversity) 37



0.6

Instead of applying hard cut, take
into account of the background
distribution in Log|o(S2/S1) vs SI.

Test both discovery and exclusion
at the same time w/o flip-flop.

Iog10(82DISI)-ER mean

Systematic uncertainties are 06
incorporated in a consistent manner. .

5 TR 20 25 30

Construct the likelihood function S pel
B Use the same data input as cut
L= 51(0', Nbaesaebaﬁeﬂ’; mx) P

based analysis.
X£2(€8) X £3(€b) X £4(£eﬂ‘)
Main term contains only one
parameter of interest, 0, other
parameters are nuisance parameters
and profiled out.

® PL method was used to report
the dark matter results.

B For the details, see Aprile et al.,
Phys. Rev. D 84, 052003, 2011
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Unblinding Results

S1 [PE] Radius [cm]
5 10 15 20 25 30 2 4 6 8 10 12
L e et 0 ”_| ,
04f- | s . SRTEAIRING o TR
O I L R L B o TR
= e e L I T '.':.="I-'.;" .‘:':_- \ﬂ'.: " A - S N
2 oops 'Tt'“'";'-'ﬂ;": e '-af'-ﬂ:ﬁ-':'-l-:'ril-ﬂ':-'ﬁ" o 3 \\\
g 0of off DL PO S T I LN
- AR A AT ] Fel P
300l |#| (7.1 keVnr)/, ————— T WE )
S osp U - I N 2 . ///
LO& /l/ #2 (7 6 keVnr) : I 302——__.__——-—-———"// .'
1'2 5 10 20 25 3>|():I - I3|5I - I4|()I - I4|5I - I50 _ 0 | 50 I.100 - 150 — I200 - 250
Energy [keVnr] Radius? [cm?]
B Profile Likelihood analysis cannot reject the background-only
hypothesis (p-value: > 0.05 for all WIMP masses).
B 2 evts observed w/ | evt of background prediction from cut-based
analysis (26.47% probability that background fluctuates > | evt)
No significant excess due to a signal seen in XENON 00 data.
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Amplitude [V]

Kyungeun E. Lim (Columbia rUm’versity)

Amplitude [V]
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Amplitude [V]

Amplitude [V]
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XENON100 (2012) =
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m Strongest limit to date over a large WIMP mass range (2 x 0% cm?
@ 50 GeV), keep challenging the interpretation of CoGeNT and
DAMA signals being due to low mass VWIMPs.

B Results recently accepted in PRL (Aprile ez al., arXi1v:1207.5988).
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Xe

XENON
Matter Project

B Im3TPC, 3t LXe, It fiducial mass
B x|00 less BG compared to XENON100

B Low radioactivity photosensors

B 9.6 m diameter water shield

B Approved for construction in HallB
at LNGS (start in 2012)

ICARUS
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Summary

® The XENONI00 direct WIMP search detector has been
operated since 2008, using LXe as a target/detection medium.

® Scintillation response of LXe to both NR/ERs at zero field was
measured with a high light detection efficiency LXe detector at
Columbia as an effort to set up the energy scales of LXe dark
matter detector.

® The new dark matter results from 225 live days of XENONI100
data show no significant signal excess due to WIMPs.

B Set the most stringent limit on the WIMP-nucleon spin-
independent cross section above 8 GeV/c? WIMP masses
(2 x 10* cm? @ 50 GeV).

B Currently XENONIO0O is in the commissioning of the new run.
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