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Dark Matter Problem
Existence of dark matter is required by a host of observational data:
galactic halos, 
clusters of galaxies, 
large scale structures, 
CMB,
high-redshift SNe  Ia.

Baryonic  Matter - Mostly known
Visible Matter (stars) only ~1% of the total. 
Non-Baryonic Dark Matter
New Particle -SUSY
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Dark 
Energy



Observations(gravitational lensing) 

chandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.educhandra.harvard.edu

D. Clowe et al.. 2006

Bullet Cluster
merger of two galaxy

M. J. Jee and H. Ford

A titanic collision between two massive 
galaxy clusters

encourage Direct Dark Matter Detection.



⇒ good candidate is the lightest SUSY particle is stable and likely becomes a 
dark matter candidate

Linear combination of SUSY particles

Weakly Interacting Massive Particle

• Neutral 

• Non-baryon

• Cold (non-relativistic)

 χ1
0 = α1 %B +α2

%W +α 3
%Hu
0 +α 4

%Hd
0

SUSY

Dark Matter is required to be

1015 through a human body each day: only < 1 will interact, the 
rest is passing through unaffected!

Rare Event
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MWIMP = 100 GeV
σWN=4×10-43 cm2

Direct Detection Principle
WIMPs elastically scatter off nuclei in targets, producing nuclear recoils.

R0: Event rate 
F: Form Factor
should be calculated 

Maxwellian distribution for DM velocity
is assumed.
V :velocity onto target, 
VE: Earth’s motion around the Sun
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MWIMP = 100 GeV
σWN=4×10-43 cm2

Direct Detection Principle
WIMPs elastically scatter off nuclei in targets, producing nuclear recoils.

Xe (A=131) is one of  the best target 

R0: Event rate 
F: Form Factor
should be calculated 

Maxwellian distribution for DM velocity
is assumed.
V :velocity onto target, 
VE: Earth’s motion around the Sun
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Direct Detection Experiments (background rejection)

ER

LightCharge

Phonons

ZEPLIN, XENON
XMASS, WARP, ArDM

CRESSTCDMS 
EDELWEISS
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Why Liquid Xenon ?
High Atomic mass Xe (A~131) good for SI case  (cross section ∝ A2)

Odd Isotope (Nat. abun: 48%, 129,131) with large SD enhancement factors

High atomic number (Z~54) and density (ρ=3g/cc):

 compact, flexible and large mass detector.

High photon yield (~ 42000 UV photons/MeV at zero field) and high charge 
yield

Easy to purify for both  electro-negative and radioactive purity

by recirculating Xe with getter for electro-negative 

Charcoal filter or distillation for Kr removal



WIMP or 
Neutronnuclear

recoil

electron
recoil

Gamma or 
Electron

Event Discrimination: Electron or Nuclear Recoil

4 keVee event

Hit Pattern of Top PMTs

8 p.e

nuclear 
recoil

electron 
recoil

S1 S2

3k p.e



XENON10 at LNGS

Corno Grande



The The Gran Sasso Gran Sasso undergroundunderground
LabLab
•• 3 3 experimental hallsexperimental halls: 100 m long, 20 m : 100 m long, 20 m widewide,,

18 m high (total 18 m high (total underground area: 18,000underground area: 18,000
mm22))

••Natural Natural temperature: 6° Ctemperature: 6° C

••Relative Relative humidityhumidity: 100%: 100%

•• Location: 963 m over Location: 963 m over sea levelsea level

Main research lines:
• Neutrino physics
• Dark matter
• Nuclear astrophysics
• Gravitational waves
• Geophysics
• Biology



Occupancy

Borexino

OPERA

HALL CHALL B

HALL A

LVD

CRESST2   

CUORE

CUORICINO

LUNA2

DAMA

HDMS
GENIUS-TF

MI R&D
XENON

COBRA

ICARUS

GERDA
WARP

Installation of XENON10 at LNGS on July

 March, 2006 From Columbia Univ. in NY to LNGS
Muon flux ~ 24 μ/m2/day (106 reduction from sea level)
Neutron Flux ~ 10-6 n/cm-2/sec
Shield
20 cm Lead  (15cm-700Bq/kg 210Pb, 5cm-15Bq/kg)
20 cm Polyethylene

Full checkout of cryogenics with Pulse Tube Refrigerator
10 months operation with stable condition

1400 m (3800 m.w.e)
Poly

Lead

Refrigerator



XENON10 Detector　

48 PMTs on top, 41 on bottom, 
Hamamatsu R8520 PMT:Compact metal channel:
 1 inch square x 3.5 cm
 Quantum Efficiency: >20% @ 178 nm

20 cm diameter, 15 cm drift length
22 kg needed to fill the TPC. Active volume 15 kg.
3D position sensitive TPC

Z-position: Drift Time, X-Y position: Top array of PMTs (neural network)

48 PMTs on top
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XENON10 Calibration by Activated Xe

• Position dependency correction by looking at activated line.

• Uniform source in the whole detector

• Activated Xe ( 5x106  n/s Cf, ~ 2 weeks)

• 164 keV Xe131-m,  236 keV Xe129-m (half life ~ 10 days)

• Injected ~ 400 g activated Xe gas into detector

activated line from Xe

164 keV

236 keV

164 keV

236 keV

Light

C
ha

rg
e

S1

S2



XENON10  nuclear and electron recoil band calibration

 AmBe Neutron Calibration (NR-band )

  In-situ Dec 1, 2006 (12 hours) 

  Source (~3.7MBq) in the shield 

Neutrons Gammas
ER-Centroid

NR-Centroid NR-Centroid

ER-Centroid

  Cs-137 Gamma Calibration (ER-band)
In-situ Weekly calibration

    Source (~1kBq) in the shield



XENON10 Background Rejection Power

Electron Recoils

Nuclear Recoils
~50% NR Acceptance

~ 99.5 % rejection power 
For 50% Nuclear Recoil Acceptance

Flattened band



• Basic Quality Cuts (QC0): remove noisy and uninteresting events 
• Fiducial Volume Cuts (QC1): capitalize on LXe self-shielding 
• High Level Cuts (QC2): remove anomalous events (S1 light pattern)
• In addition to those cuts Energy Window was decided before opening data.

XENON10 Blind Analysis

Fiducial Volume chosen by both Analyses: 
15 < dt < 65 us, r < 80 mm 
Fiducial Mass= 5.4 kg (reconstructed radius is algorithm dependent)
Overall Background in Fiducial Volume ~0.6 event/(kg d keVee)

Fiducial Volume



Multiple scattering γ

S21

S22

S1

More XENON10 Events
Multiple scattering γ

6 scatters



QC2 Cut

S1x

S1S2

+ S1xS1

S2

S1

S2
>



filled with PTFE, Now data taking started 



Performance of QC2 Cut  (S1 RMS Cut) on Search Data
WS003+WS004 (58days)

•  5 “non-Gaussian” events remain after all QC2 cuts on the WIMP search data. 
•  The sigma of delta log10(S2/S1) shows higher number (+0.09, 2-12 keVee) the “gaussian 
leakage” events  estimated from 137Cs data appear to  be too conservative before opening the 

box.
•  These non-Gaussian events  will be studied  by modifying the detector to remove a large 
fraction of dead LXe layers. We note that  these events appear mostly at higher energies. 4 of 

these have been cut by the Secondary Analysis QC2 cuts. 
•  “Blind” analysis has  provided a  good sample to study these evens  since the  origin is 

different from 137Cs.



  Primary Analysis Cuts Efficiency 

• Sum of S2 signal from Top PMTs was used for trigger.

• The threshold for S2 is 300 photoelectron (~ 10 ionization electrons) .

• A gas gain of a  few hundred allows 100% S2 trigger efficiency.

• The S1 signal associated with an S2 signal was searched for in the off-line analysis.

• The coincidence of 2 PMT Hits is used in the analysis and the S1 energy threshold is set to  
4.4 photoelectrons. Its efficiency is ~ 100%. (2keVee)

• The  QC2 cuts efficiency varies between  95% and  80% in the 2-12 keVee energy window.

Neutron data



Angel Manzur - XENON -Fermilab 2007

Neutron MC Simulations
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•  Very low threshold achieved

•  Very good agreement with MC in over all range

• It is true that some uncertainty at low energy (20-35% error in sensitivity curve)

• We take average 19% but new measurement is planned for <5 keVr.

Scintillation Efficiency
nuclear recoil
electron recoil=



XENON10 WIMP Search Data with Blind Cuts
136 kg-days Exposure= 58.6 live days x 5.4 kg x 0.86 (ε) x 0.50 (50% NR)

2 - 12 keVee

  WIMP “Box” defined at ~50% acceptance of Nuclear 
Recoils (blue lines):  [Mean,   -3σ]

 10 events (o) in the “box” after all  cuts in Primary 
Analysis

6.9 events expected from γ Calibration

 5 of them not consistent with Gaussian distribution 
of ER Background
4  of the 5 non-Gaussian events (1 of lowest energy 
and 3 near upper energy band) are removed by cuts 
developed in the Secondary Analysis 

 Only 1 non-Gaussian event survives both Primary 
and Secondary cuts (>15keVr, S2/S1 = 2.7σ away 
from NR centroid)

NR Energy scale: use a constant 19% Quenching Factor
Er = Ee/Leff · Se/Sr = S1tot (pe)/3.0 pe/keV/0.19*0.54*0.93

2 – 12 KeVee  4.5 –27 KeVr

 

4.5 27



The events in the WIMP search box

• We think the 5 non-gaussian events are 
not likely WIMP events

➡No1 coincidence requirement is met 
because of noise glitch

➡No 2, 6, 8, 10

• clustered in lower part

• The expected nuclear recoil spectrum 
for both neutron and WIMP falls 
exponentially where as not in this case.

4

while the S1 signal from a normal event in the active vol-
ume is distributed more evenly over the PMTs (smaller
S1RMS). A large fraction of events that leaked into
the WIMP-signal window are of this type of background
and could be removed by the cuts discussed above. The
cut acceptance εc for single-scatter nuclear recoil events,
based on AmBe fast neutron calibration data, is listed in
Table I.

FIG. 3: Position distribution of events in the 4.5 to 26.9 keV
nuclear recoil energy window, from the 58.6 live-days of
WIMP-search data. (+) Events in the WIMP-signal region
before the software cuts. (⊕) Events remaining in the WIMP-
search region after the software cuts. The solid lines indicate
the fiducial volume, corresponding to a mass of 5.4 kg.

The 3D position sensitivity of the XENON10 detec-
tor gives additional background suppression with fiducial
volume cuts [22]. Due to the high stopping power of LXe,
the background rate in the central part of the detector
is lower (0.6 events/keVee/kg/day) than that near the
edges (3 events/keVee/kg/day). The fiducial volume is
defined to be within 15 to 65 µs (about 9.3 cm in Z, out
of the total drift distance of 15 cm) drift time window
and with a radius less than 8 cm (out of 10 cm) in XY ,
corresponding to a total mass of 5.4 kg (Fig. 3) [23]. The
cut in Z also removes many anomalous events due to the
LXe around the bottom PMTs, where they happen more
frequently compared to the top part of the detector.

After all the cuts were finalized for the energy window
of interest, we analyzed the 58.6 live-days of WIMP-
search data. From a total of about 1800 events, ten
events were observed in the WIMP search window after
cuts (Fig. 4). We expect about seven statistical leakage
events (see Table I) by assuming that the ∆Log10(S2/S1)
distribution from electron recoils is purely Gaussian,
an assumption which is statistically consistent with the
available calibration data. However, the uncertainty of
the estimated number of leakage events for each energy

FIG. 4: Results from 58.6 live-days of WIMP-search in the
5.4 kg LXe target. The WIMP search window was defined
between the two vertical lines (4.5 to 26.9 keV nuclear recoil
equivalent energy) and blue lines (about 50% nuclear recoil
acceptance).

bin in the analysis of the WIMP search data is currently
limited by available calibration statistics. To set conser-
vative limits on WIMP-nucleon cross sections, we con-
sider all ten observed events, with no background sub-
traction. Figure 5 shows the 90% C.L. upper limits on
WIMP-nucleon cross sections as a function of WIMP
mass calculated using the “maximum gap” method in
[24] and using the standard assumptions for the galactic
halo [25]. The current work gives a WIMP-nucleon cross
section 90% C.L. upper limit of 8.8 × 10−44 cm2 at a
WIMP mass of 100 GeV/c2, a factor of 2.3 lower than
the previously best published limit [26]. For a WIMP
mass of 30 GeV/c2, the limit is 4.5×10−44 cm2. We have
used a constant 19% nuclear recoil scintillation efficiency
to derive the limit. The result varies by ±20%(±35%) for
mass 100 (30) GeV/c2 WIMPs when varying the nuclear
recoil scintillation efficiency Leff over a range of 12%
to 29%, corresponding to the lowest energy data points
measured in [20] and in [21]. The measured single scatter
nuclear recoil spectrum from the AmBe calibration data
is consistent at the 20% level with the Monte Carlo pre-
dicted spectrum, both in absolute event rate and spectral
shape, when Leff is taken as 19% over the energy range
of interest.

Although we treated all 10 events as WIMP candi-
dates in calculating this limit, none of the events are
likely WIMP interactions. ∆Log10(S2/S1) values for 5
events (compared with 7 predicted) are statistically con-
sistent with the electron recoil band. These are labeled
as No.’s 3, 4, 5, 7, 9 in Fig. 3 and Fig. 4. As shown in
Table I these leakage events are more likely to occur at
higher energies. A posteriori inspection of event No. 1
shows that the S1 coincidence requirement is met be-
cause of a noise glitch. Event No.’s 2, 6, 8, 10 are not
favored as evidence for WIMPs for 3 main reasons. First,
they are all clustered in the lower part of the fiducial



XENON10 Experimental Upper Limits
Spin Independent case

•  Upper limits on the WIMP- 
nucleon cross section derived with 

Yellin  Method (PRD 66 (2002))

• No bg subraction

• 8.8 ×10-44 cm2  Max Gap 
(4.5-15.5keVr) 

for a WIMP of mass 100 GeV/c2

Factor of 2 below best previous 
limit (CDMSII)

For lower WIMP mass (35 
GeV) 4.5×10-44 cm2 Factor 

of 10 lower than best limit



• natural Xe: 129Xe, 26.4 %, spin 1/2, 131Xe, 21.2%, spin 3/2
• use shell-model calculations by Ressel and Dean [PRC 56, 1997] for <Sn>, <Sp>
• upper limits: Yellin Maximal Gap method, no background subtraction

XENON10 WIMP Search Results for SD Interactions

pure neutron couplings pure proton couplings

XENON10 129Xe

XENON10 129Xe
CDMS-II 73Ge

CDMS-II 73Ge

XENON10 131Xe

XENON10 131Xe

NAIAD



Summary

• XENON10: First Result http://arxiv.org/abs/0706.0039, submitted to PRL

➡upper limit to Spin Independent WIMP-nucleus cross section
• 4.5 x 10-44 cm2 at 35 GeV

➡upper limit to Spin Dependent   WIMP-n cross section
• 5.2 x 10-39 cm2 at 35 GeV

68

CMSSM in 2007
hep-ph 0705.2012v1

1 event/kg/

1 event/t/

CDMS-II, XENON10+, COUPP, 
CRESST-II, EDELWEISS-II, ZEPLIN-
III,...

SuperCDMS1t, WARP1t, ArDM  
XENON1t, EURECA, ELIXIR, 

Particle µ < 0 µ > 0

(TeV) 68% 95% 68% 95%

h0 (0.1180, 0.1211) (0.1151, 0.1223) (0.1154, 0.1204) (0.1125, 0.1219)

H0, A0,H± (1.2, 3.1) (0.91, 3.8) (0.36, 2.5) (0.21, 3.6)

χ0
1 (0.23, 0.67) (0.11, 0.82) (0.16, 0.49) (0.06, 0.69)

χ±

1 (0.3, 1.2) (0.15, 1.4) (0.25, 0.76) (0.11, 1.2)

g̃ (1.4, 3.4) (0.77, 4.0) (1.0, 2.6) (0.41, 3.5)

ẽR (1.8, 3.8) (0.37, 4.0) (1.5, 3.6) (0.5, 4.0)

ν̃ (1.9, 3.8) (0.58, 4.0) (1.6, 3.6) (0.65, 4.0)

τ̃1 (1.4, 3.3) (0.34, 3.8) (0.80, 2.8) (0.28, 3.7)

q̃R (2.9, 4.3) (1.6, 4.9) (1.9, 4.0) (1.3, 4.7)

t̃1 (1.9, 3.1) (1.1, 3.6) (1.3, 2.6) (0.86, 3.3)

b̃1 (2.3, 3.5) (1.4, 4.1) (1.4, 3.1) (1.0, 3.8)

Table 4: Higgs boson and selected superpartner mass ranges (in TeV) containing 68% and 95%
of posterior probability (with all other parameters marginalized over) for both signs of µ. Masses
above 1 TeV have been rounded up to 1 significant digit.
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Figure 11: The 2-dim relative probability density for σSI
p vs. the neutralino mass mχ for µ < 0

(left panel) and µ > 0 (right panel). The inner (outer) solid contours delimit the regions of 68%
and 95% total probability, respectively. Some current experimental upper bounds are also shown.

number. In contrast, for the SD interactions, the cross section for a WIMP scattering off a

proton, σSD
p , does not necessarily have to be the same as the one from a neutron [40, 41].

In fig. 11 we show the Bayesian posterior relative probability distribution in the usual

plane of σSI
p and the DM neutralino mass mχ for µ < 0 (left panel) and µ > 0 (right

panel). Starting with µ > 0, we can see a big concentration of probability density at rather

high values of σSI
p ∼ 10−8 pb, characteristic of the FP region of large m0 [42], which is

favored by the current theoretical evaluation of BR(B → Xsγ), as we have seen above. In
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