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dark matter dominates the mass 
content in the universe!

See Jin Li’s talk on Tuesday
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Direct Dark Matter Detection
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Xe (A=131)

Ge (A=73)

Ar (A=40)

18 evts/100-kg/year 
(Eth=5 keVr)

8 evts/100-kg/year 
(Eth=15 keVr)

Mχ = 100 GeV,σχ−p = 10−45cm2

Dark Matter Detection Rates
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dark matter may interact with us everyday, 
but the rate is low and signal is small.

The challenge is to suppress the background!
Friday, November 19, 2010
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Despite the challenge, direct dark matter searches 
are not “so expensive” and there are many 

technologies...

Friday, November 19, 2010



World-Wide WIMP Searches
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Technologies:
Cryogenic (Ge, Si etc.) Solid Scintillator (NaI, CsI) Noble Liquids (LXe, LAr)

Ultra-low threshold  Directional Bubble chamber 

To see all the details that are visible on the screen, use the "Print" link next to the map.
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Noble Liquids - a revolutionary technology for DM searches
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To see all the details that are visible on the screen, use the "Print" link next to the map.
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Liquid Xe
 Liquid Ar/Ne 

after about 10 years of development, now Noble 
Liquids technology is mature.
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Merits of Liquid Xenon for dark matter detection
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✓Optimized signal detection:

•Xe (large A~131): spin-independent rate ∝ A2

•Xe-129, Xe-131: sensitive to spin-dependent 

• Low energy threshold achievable by high light yield and efficient photosensors

✓Several techniques for background reduction:

• 3D event localization - fiducial selection,  event multiplicity

• Ionization/scintillation ratio - remove electron-type events

✓Scalability:

• “Easy” cryogenics: 170 K (LXe)

• Relatively inexpensive for very large detector (today ~10000 RMB/kg )

Friday, November 19, 2010



A historical evolution
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XENON100

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
∼100x lower background than
XENON10 achieved
Improved shielding
Material screening and selection
Active liquid xenon veto

1 inch PMTs 30 cm ∅ meshes

→ Talk by Alfredo Ferella

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 30 / 38

earlier 
generations
(<100 kg)

current 
generation

(100~1000 kg)

next 
generations
(ton scale)

Future: XENON1t

1.1 ton fiducial mass
(total of 2.2 ton LXe)
Drift length: ∼90 cm
100x background reduction
Muon veto
Copper/titanium cryostat
QUPIDs for photo-detection

→ New collaborators
→ Currently working on MC

simulations and design
+ secure funding
Location under discussion:
Gran Sasso/Modane

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 33 / 38

DAMA/LXe
ZEPLIN I

XENON10
ZEPLIN II
ZEPLIN III

XENON100
XMASS

LUX
PandaX

XENON1T
DARWIN

MAX
LZ20
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How these experiments suppress background?
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• Cosmic ray induced background:  go to a deep underground lab 
(common to all experiments) 

XMASS experiment

→ Search for dark matter
→ Solar neutrinos
→ Double beta decay of 136Xe

→ Picture from February 2010
800 kg of LXe (single phase)
Self-shielding concept
Copper structure
∼800 ton water shield
Plans for DM run within 2010

→ Talk by Kazuyoshi Kobayashi

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 25 / 38

XENON100

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
∼100x lower background than
XENON10 achieved
Improved shielding
Material screening and selection
Active liquid xenon veto

1 inch PMTs 30 cm ∅ meshes

→ Talk by Alfredo Ferella

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 30 / 38

Hunting for WIMPS in the Black Hills Carlos Hernandez Faham, Brown University APJC, Sep 29, 2010

The LUX Program

23

2007-2009

LUX0.1 - CWRU

2011+

LUX - Underground

2010-2011

LUX - Surface

Right now

Zeplin III

83 d operation with 84%
livetime @ Boulby
267.9 kg d effective fiducial
exposure
7 events in the box with
11±3 events expected bg

∼30 cm ∅ and 3.6 cm drift depth
→ high E-field 3.9 kV per cm

0.5 cm electroluminescent gap
31 × 2 inch PMTs
12 kg active target mass

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 27 / 38

ZEPLIN III XENON100 XMASS LUX PandaX

location Boulby/UK LNGS/Italy Kamioka/
Japan

Homestake/
USA

CJPL/China

depth
(water 

equivalent)
2800 m 3500 m 2700 m 4500 m >6000 m

muon flux
(/m2/year)

~10000 2000 ~10000 ~600 20

Friday, November 19, 2010



How these experiments suppress background?
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• Cosmic ray induced background:  go to a deep underground lab 
(common to all experiments) 

• Radiation from rock/lab environment: use passive/active shielding 
(common to all experiments)

S. Fiorucci - Brown University 8

LUX Design – Water Tank

!Water Tank: d = 8 m, h = 6 m

!300 tonnes, 3.5 m thickness on the sides

!Inverted steel pyramid (20 tonnes) under

tank to increase shielding top/bottom

!Cherenkov muon veto

!Ultra-low background facility

!Gamma event rate reduction: ~10-9

!High-E neutrons (>10 MeV): ~10-3

2.75 m2.75 m

1.20 m1.20 m

3.50 m3.50 m

Inverted steel pyramid

Slide design from L de Viveiros

Rendering by J. Thomson

0                  1                 2                   3                  4

Shield Thickness (m)

Rock !

µ neutrons

Rock

neutrons

LUX water shieldingXMASS water shielding
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How these experiments suppress background?
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• Cosmic ray induced background:  go to a deep underground lab 
(common to all experiments) 

• Radiation from rock/lab environment: use passive/active shielding 
(common to all experiments)

Before and after
PandaX lead/poly/Cu 

passive shielding
XENON100 in the 
passive shielding

Friday, November 19, 2010



How these experiments suppress background?
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• Cosmic ray induced background:  go to a deep underground lab 
(common to all experiments) 

• Radiation from rock/lab environment: use passive/active shielding 
(common to all experiments)

• Radiation from shield/detector itself: use low radioactive materials 
(common to all experiments)

S. Fiorucci - Brown University 7

Titanium Vessels

Dodecagonal field cage

+ PTFE reflector panels
PMT holding copper plates

Counterweight

Feed-throughs for cables / pipesThermosyphon

LN bath column

Radiation shield

49 cm

59 cm

Cathode grid

Anode grid

LUX Design – Detector Overview

Before and after

XE100 in low-activity 
stainless steel

XMASS in pure 
copper (OFHC)

LUX in pure 
titanium

Friday, November 19, 2010



low radioactive PMTs are used
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XMASS experiment

→ Search for dark matter
→ Solar neutrinos
→ Double beta decay of 136Xe

→ Picture from February 2010
800 kg of LXe (single phase)
Self-shielding concept
Copper structure
∼800 ton water shield
Plans for DM run within 2010

→ Talk by Kazuyoshi Kobayashi

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 25 / 38
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Hunting for WIMPS in the Black Hills Carlos Hernandez Faham, Brown University APJC, Sep 29, 2010

The LUX Program
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2007-2009

LUX0.1 - CWRU

2011+

LUX - Underground

2010-2011

LUX - Surface

Right now

Zeplin III

83 d operation with 84%
livetime @ Boulby
267.9 kg d effective fiducial
exposure
7 events in the box with
11±3 events expected bg

∼30 cm ∅ and 3.6 cm drift depth
→ high E-field 3.9 kV per cm

0.5 cm electroluminescent gap
31 × 2 inch PMTs
12 kg active target mass

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 27 / 38

ZEPLIN III XENON100 XMASS LUX PandaX

PMT ETEL R8520 R10789 R8778
R8520/
R11410*

U - 0.15 0.7 10 0.15/-

Th - 0.17 1.5 2 0.17/-

K - 11 <5.1 - 11/-

Co - 0.6 2.9 - 0.6/-

unit: mBq/PMT
* radioactivity being measured

Friday, November 19, 2010



Intrinsic Kr-85 background reduction
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Xe has no long lived isotopes BUT has traces of 
radioactive Kr85 (Emax = 687 keV, t ~11 yr) is 
present in natural Kr at ~ 10-11. Commercial Xe 
available with ~1 ppb Kr/Xe 

Cryogenic Distillation Tower (XENON100/XMASS/
PandaX) or Charcoal adsorption technique (LUX) can 
be used to further reduce Kr too ~1ppt level, needed 
for the next generation experiments.

Kr distillation tower
 for XENON100

Friday, November 19, 2010



How these experiments suppress background?
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• Cosmic ray induced background:  go to a deep underground lab 
(common to all experiments) 

• Radiation from rock/lab environment: use passive/active shielding 
(common to all experiments)

• Radiation from shield/detector itself: use low radioactive materials 
(common to all experiments)

• Further background reduction techniques: (detector related)

• fiducial volume selection (WIMP interacts uniformly, but background 
at edge/surface)

• discriminate event type (in general, WIMP only produces nuclear 
recoils, unlike electron recoils)

• event multiplicity (WIMP only scatters once)

Friday, November 19, 2010



Liquid Xenon Detectors for Dark Matter

17

A. Rubbia

Two phase

Friday, November 19, 2010



Liquid Xenon DM detectors
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XMASS experiment

→ Search for dark matter
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→ Double beta decay of 136Xe
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The LUX Program
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2007-2009

LUX0.1 - CWRU

2011+

LUX - Underground

2010-2011

LUX - Surface

Right now

Zeplin III

83 d operation with 84%
livetime @ Boulby
267.9 kg d effective fiducial
exposure
7 events in the box with
11±3 events expected bg

∼30 cm ∅ and 3.6 cm drift depth
→ high E-field 3.9 kV per cm

0.5 cm electroluminescent gap
31 × 2 inch PMTs
12 kg active target mass
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ZEPLIN III XENON100 XMASS LUX PandaX

technique two-phase two-phase single-phase two-phase two-phase

active target 
mass (kg) 12 ~60

~800
 (100) ~300 ~120

Friday, November 19, 2010
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Masaki Yamashita

Concept of background reduction
Self-shielding

PMTs

Single phase
liquid Xe

Volume for shielding

Fiducial volume

Low Background region near the center of the fiducial volume

23ton all volume (d=240cm)
20cm wall cut
30cm wall cut (10ton FV)

0

Large self-shield effect

 pp

7Be solar !

External ! ray from U/Th-chain

ga!! at 10-10 GeV-1

0.267 event/(Xe)ton/year
F. Avignone talk dru = event/day/kg/keV

(XMASS)

Friday, November 19, 2010



Two-phase Xenon for Dark Matter Detection
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WIMPs/Neutrons

nuclear recoil

electron recoil

Gammas

Top PMT Array

S1

S2

Friday, November 19, 2010



An event from XENON100

21Yuan Mei, Rice University Pheno20100510

Event Signatures in XENON100position resolution in a two-phase Xe detector is 2~3 mm in 
both XY and Z!

Friday, November 19, 2010
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background reduction by fiducial volume selection
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 7.4−29.1 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

the one used for the XENON10 blind analysis [3], after
recomputing the corresponding nuclear recoil equivalent
energy using the new Leff parametrization from the global
fit, shown in Fig. 1. The lower bound is motivated by the
fact that the acceptance of the S1 two-fold coincidence
requirement is > 90% above 4PE. The log10(S2/S1) up-
per and lower bounds of the signal region are respectively
chosen as the median of the nuclear recoil band and the
300 PE S2 threshold. No signal candidate event is ob-
served as shown in Fig. 3. The cumulative software cut
acceptance for single scatter nuclear recoils is conserva-
tively estimated to vary between 60% (at 7.4 keVnr) and
85% (at 29.1 keVnr) by considering all events removed by
only a single cut to be valid events (Fig. 3). At 50%
nuclear recoil acceptance, the electronic recoil discrimi-
nation based on log10(S2/S1) is above 99%, predicting
< 0.2 background events in the pre-defined WIMP signal
region. The observed rate, spectrum, and spatial distri-
bution (Fig. 4) agree well with a GEANT4 Monte Carlo
simulation of the entire detector.
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FIG. 5: 90% confidence limit on the spin-independent elas-
tic WIMP-nucleon cross section (solid line), together with
the best limit to date from CDMS (dashed) [12], expecta-
tions from a theoretical model [13], and the areas favored by
CoGeNT (green) [14] and DAMA (blue/red) (3σ, 90%) [15].

An upper limit on the WIMP-nucleon elastic scatter-

ing cross section is derived based on the standard halo
assumptions [16], taking into account an S1 resolution
dominated by Poisson fluctuations, and with Leff from
the global fit, assumed constant below 5 keVnr. Fig. 5
shows the resulting 90% confidence upper limit. This
limit has a minimum at a cross section of 3×10−44 cm2 for
a WIMP mass of 50GeV/c2, using a spectrum-averaged
exposure of 161 kg · days. The interpretation of the
CoGeNT [14] and DAMA [15] signals as being due to light
mass WIMPs is difficult to reconcile with our data. Even
with the 90% confidence lower contour for Leff in Fig. 1
(which raises our a priori chosen threshold of 4 PE from
7.4 keVnr to 9.1 keVnr), most of the CoGeNT favored pa-
rameter space is excluded. However, our data extends
below 4 PE, although at reduced acceptance. For a 7
GeV/c2 WIMP, at the lower edge of the CoGeNT region,
with a cross section of 5×10−41 cm2, we would expect to
find 3.6 events above 3 PE (7.1 keVnr). No events are ob-
served, leading to a rejection of the light WIMP hypoth-
esis with >90% confidence even in this case. This initial
result, based on only 11.17 live days of data, demon-
strates the high potential of this low-background detector
to discover Galactic WIMP dark matter.
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Measured background rate in XENON100

23

Background in the low energy range

→ Lowest ever measured background rate in a dark matter experiment
Teresa Marrodán Undagoitia (UZH) XENON100 experiment Cambridge, 3.08.2010 15 / 35

Friday, November 19, 2010
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electron recoil background rejection by S2/S1
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more than 99% electron recoil events 
are rejected with 50% acceptance of 

nuclear recoil events

εγ>99%

Electron Recoils

Nuclear Recoils

Friday, November 19, 2010



higher drift field, higher electron recoil rejection
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ZEPLIN III: E = 3.9 kV/cm
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εγ>99%

εγ>99.9%

XENON100: E = 0.5 kV/cm
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Current Experimental Status

Friday, November 19, 2010



ZEPLIN III: first science run results

27

Zeplin III

83 d operation with 84%
livetime @ Boulby
267.9 kg d effective fiducial
exposure
7 events in the box with
11±3 events expected bg

∼30 cm ∅ and 3.6 cm drift depth
→ high E-field 3.9 kV per cm

0.5 cm electroluminescent gap
31 × 2 inch PMTs
12 kg active target mass

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 27 / 38
Friday, November 19, 2010



ZEPLIN III: second science run with upgraded detector

• 31 new ultra-low background PMTs from 
ETEL, bkg reduction by 1/20

• upgraded calibration system

• new anti-coincidence veto system installed

28

Photomultipliers upgrade

- Installation of new 31 ultra 
  low background PMTs from ETEL 

- Gamma background 
  reduction x 20
 

Tuesday, 16 November 2010

New anti-coincidence veto system

- With barrel and roof - 3! coverage

- 30 cm of shielding with 15 cm Gd-loaded
  plastic and 15 cm of scintillator

- 32 barrel sections and 20 roof segments 

- Readout from 52 channels of the veto daq
  synchronised with ZEP-III

- Provides tagging of neutrons and gammas     
with efficiences ~ 65 % and 25 %. 

Tuesday, 16 November 2010

New calibration system

- Automated Co-57 source 
delivery system installed for 
improved reproducibility 

- PMT calibration with fibre 
optic coupled LED light gun
performed weekly

- Phantom grid installed above 
the anode plate

- Spatial resolution achieved :
        2 mm FWHM 

Tuesday, 16 November 2010

800 kg-day raw data has accumulated 
for the second science run.

Friday, November 19, 2010



XMASS: ready to take science data soon

29

Masaki Yamashita
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OFHC Filler

Friday, November 19, 2010



30

Friday, November 19, 2010



LUX: detector assembled

31
S. Fiorucci - Brown University 10

!122 2" PMT R8778

! 175 nm, QE > ~30%

! U/Th ~10/2 mBq/PMT

! All tested in LUX 0.1 program

!Dodecagonal field cage

+ PTFE reflector panels

!Copper PMT holding plate

!HV Grids in

place and

tested

Assembly taking place at Sanford

Surface Lab since Spring 2010

LUX Design – Internals

Friday, November 19, 2010



LUX: detector operation at surface facility

32S. Fiorucci - Brown University 24

Sanford Lab – Surface Facility

Friday, November 19, 2010



LUX: underground lab ready in 2011

33
S. Fiorucci - Brown University 28

Sanford Lab – Davis Schedule

!Aug 24 2009: Equipment commissioning complete

!Aug 31 2009: Began excavation of new drift

!Sep 10 2009: Steel structures removal complete

!Nov 15 2009: Detailed Construction Docs 95% complete

!Jul 2010: Excavation complete

!Sep 2010: Rock support & wall finish complete

!Oct 2010: Begin Lab outfitting

!Jul-Oct 2011: Lab ready

Davis Cavern

May 22, 2009

Davis Cavern

Sep 01, 2009

Davis Cavern

Aug 24, 2009

Davis Cavern

Aug 20, 2009

now

Level 4850

Aug 25, 2009

Friday, November 19, 2010



 XENON100: the most advanced Xe dark matter experiment

34

XENON100 detector

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
∼100x less background than XENON10
Material screening and selection
242 low activity 1” PMTs (R8520)
Cooling (PTR) outside the shield
Active liquid xenon veto

1 inch PMTs 30 cm ∅ meshes

Teresa Marrodán Undagoitia (UZH) XENON100 experiment Cambridge, 3.08.2010 10 / 35

170 kg LXe total
60 kg in sensitive target

242 low activity PMTs 

Friday, November 19, 2010
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background reduction by fiducial volume selection

35
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FIG. 4: Distribution of all events (dots) and events below
the nuclear recoil median (red circles) in the TPC (grey line)
observed in the 7.4−29.1 keVnr energy range during 11.17 live
days. No events below the nuclear recoil median are observed
within the 40 kg fiducial volume (dashed).

the one used for the XENON10 blind analysis [3], after
recomputing the corresponding nuclear recoil equivalent
energy using the new Leff parametrization from the global
fit, shown in Fig. 1. The lower bound is motivated by the
fact that the acceptance of the S1 two-fold coincidence
requirement is > 90% above 4PE. The log10(S2/S1) up-
per and lower bounds of the signal region are respectively
chosen as the median of the nuclear recoil band and the
300 PE S2 threshold. No signal candidate event is ob-
served as shown in Fig. 3. The cumulative software cut
acceptance for single scatter nuclear recoils is conserva-
tively estimated to vary between 60% (at 7.4 keVnr) and
85% (at 29.1 keVnr) by considering all events removed by
only a single cut to be valid events (Fig. 3). At 50%
nuclear recoil acceptance, the electronic recoil discrimi-
nation based on log10(S2/S1) is above 99%, predicting
< 0.2 background events in the pre-defined WIMP signal
region. The observed rate, spectrum, and spatial distri-
bution (Fig. 4) agree well with a GEANT4 Monte Carlo
simulation of the entire detector.

]2Mass [GeV/c

10 100 1000

]
2

C
ro

ss
 S

ec
ti

o
n
 [

cm

-45
10

-44
10

-43
10

-42
10

-41
10

-40
10

-39
10

(with channeling)
DAMA

Trotta et al. CMSSM 95% c.l.

CoGeNT

DAMA

CDMS

XENON100

Trotta et al. CMSSM 68% c.l.

FIG. 5: 90% confidence limit on the spin-independent elas-
tic WIMP-nucleon cross section (solid line), together with
the best limit to date from CDMS (dashed) [12], expecta-
tions from a theoretical model [13], and the areas favored by
CoGeNT (green) [14] and DAMA (blue/red) (3σ, 90%) [15].

An upper limit on the WIMP-nucleon elastic scatter-

ing cross section is derived based on the standard halo
assumptions [16], taking into account an S1 resolution
dominated by Poisson fluctuations, and with Leff from
the global fit, assumed constant below 5 keVnr. Fig. 5
shows the resulting 90% confidence upper limit. This
limit has a minimum at a cross section of 3×10−44 cm2 for
a WIMP mass of 50GeV/c2, using a spectrum-averaged
exposure of 161 kg · days. The interpretation of the
CoGeNT [14] and DAMA [15] signals as being due to light
mass WIMPs is difficult to reconcile with our data. Even
with the 90% confidence lower contour for Leff in Fig. 1
(which raises our a priori chosen threshold of 4 PE from
7.4 keVnr to 9.1 keVnr), most of the CoGeNT favored pa-
rameter space is excluded. However, our data extends
below 4 PE, although at reduced acceptance. For a 7
GeV/c2 WIMP, at the lower edge of the CoGeNT region,
with a cross section of 5×10−41 cm2, we would expect to
find 3.6 events above 3 PE (7.1 keVnr). No events are ob-
served, leading to a rejection of the light WIMP hypoth-
esis with >90% confidence even in this case. This initial
result, based on only 11.17 live days of data, demon-
strates the high potential of this low-background detector
to discover Galactic WIMP dark matter.
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Achieved upper limits

36

Phys.Rev.Lett.105,  131302 (2010)

Limit from non-blinded data analysis

Excellent sensitivity: even
for few days of data

→ Sensitivity to low WIMP
masses depends on Leff

Spin independent limit: for
standard halo parameters

E. Aprile et al., arXiv:1005.0380
accepted for publication in PRL

Much more data recorded in blind mode
+ analysis in the high nuclear-recoil energy region

Teresa Marrodán Undagoitia (UZH) XENON100 experiment Cambridge, 3.08.2010 29 / 35

WIMP

2

resolution < 2mm. The outermost LXe volume is used
as an active veto, instrumented with 64 PMTs. The en-
ergy threshold of the veto has been measured to be bet-
ter than 200 keVee (keV electron-equivalent). The signals
from all 242 PMTs are digitized at 100MS/s and 40MHz
bandwidth. The trigger is provided by the summed signal
of 84 central PMTs, low-pass filtered with 1MHz. Given
the strong amplification in the gas proportional region,
at low energies the trigger is given by the S2 pulse, with
an efficiency > 99% above 300 photoelectrons (PE).

The detector has been deployed underground at the
Laboratori Nazionali del Gran Sasso (LNGS), where the
muon flux is reduced by a factor 106, thanks to the av-
erage 3600 m water equivalent of rock overburden. The
LXe is contained in a double walled, vacuum insulated,
stainless steel cryostat. A 200W pulse tube refrigerator
(PTR) continuously liquifies the gas circulated through a
hot getter and maintains the liquid at −91◦C. The PTR
system is installed outside a passive shield to achieve a
lower radioactive background in the target. This shield
consists of a 20 cm thick layer of lead and a 20 cm thick
layer of polyethylene within, to attenuate the background
from external γ-rays and neutrons, respectively. The
shield structure rests on a 25 cm thick slab of polyethy-
lene and is surrounded on the top and three sides by
a 20 cm thick water layer to lower the background con-
tribution from neutrons from the cavern rock. A 5 cm
thick layer of copper covers the inner surface of the
polyethylene to attenuate the gamma background due to
its radioactivity. Calibration sources (57Co, 60Co, 137Cs,
241AmBe) are inserted through a copper tube which pen-
etrates the shield and circles around the detector in the
middle of the drift region.

The gas used for this experiment has been processed
through a distillation column to reduce the 85Kr back-
ground to 33 µBq/kg, as measured with delayed β-γ co-
incidences [5]. With an isotopic abundance of 10−11,
this 85Kr contamination corresponds to 143+130

−90 ppt
(mol/mol), at 90% confidence, of natural Kr.

PMT gains are measured in the single PE regime using
light emitting diodes (LEDs) outside the detector vessel,
connected to optical fibers which illuminate the TPC and
veto volumes. The PMT gains, equalized to 1.9× 106 at
the beginning of the run, are regularly monitored and are
stable within ±2% (σ/µ).

Event positions are calculated using three independent
algorithms, based on χ2 minimization, Support Vector
Machine (SVM) regression, and a Neural Network (NN).
We take the PMT gains into account and correct for non-
uniformities of the drift field as inferred from a finite
element simulation. The three algorithms give consistent
results for radii r < 14 cm with an (x, y) resolution better
than 3mm, as measured with a collimated 57Co source.
This motivated the choice, for the present analysis, of a
40 kg fiducial volume as a cylinder of radius 13.5 cm and
height 24.3 cm.

Corrections for the spatial dependence of the S1 light
collection in the TPC are obtained by irradiating the
detector at different azimuthal positions with an external
137Cs source and computing the average light yield in
1 cm × 2.5 cm (r, z) cells. The average light yield of the
whole TPC for 137Cs 662 keVee γ-rays is 1.57PE/keVee at
a field of 530V/cm. The spatial correction is also inferred
using 40 keVee γ-rays produced during the calibration of
the detector with an external 241AmBe source, via the
inelastic reaction 129Xe (n, n′γ)129 Xe. These γ-rays are
more uniformly distributed in the sensitive volume due to
the larger neutron mean free path. In addition, 164 keVee

γ-rays from the decay of metastable 131mXe, following the
same neutron calibration, are used to infer the spatial
dependence of S1 signals. The corrections inferred from
these independent calibrations differ by less than 3% and
improve the energy resolution (σ/E) at 662 keVee from
24% to 13% using the scintillation signal alone.
Calibrations with 137Cs were taken daily during the

data taking presented here, to infer the electron lifetime
and to subsequently correct the S2 signal for its drift time
dependence. The electron lifetime increased from 154µs
to 192µs, corresponding to an average S2 z-correction of
75% to 60%, respectively. The S2 signal is also corrected
for its (x, y) variation, mostly due to light collection ef-
fects near the edge of the TPC. This dependence is de-
termined using the 40 keVee inelastic reaction calibration
data and computing the proportional scintillation light
yield in 2 cm×2 cm (x, y) cells. No significant differences
(< 2%) were observed between corrections obtained us-
ing other calibration datasets of various γ-ray energies
(164 keVee, 662 keVee). The energy resolution (σ/E) at
662 keVee using the S2 signal alone is improved from 7.3%
to 6.5% after applying the S2 spatial corrections.
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FIG. 1: Global fit to all Leff measurements between 5 keVnr

and 100 keVnr, together with 90% confidence contours (solid
lines) and extrapolations to lower energies (dashed lines).

The nuclear-recoil equivalent energy, Enr, in LXe is
conventionally computed from the scintillation signal,
S1, using Enr = S1/Ly · 1/Leff · See/Snr, where Leff

is the scintillation efficiency of nuclear recoils relative
to that of 122 keVee γ-rays at zero field, and See and
Snr are the electric field scintillation quenching factors
for electronic and nuclear recoils, respectively with mea-
sured values of 0.58 and 0.95 [6]. Since 122 keVee γ-rays
cannot penetrate far in the sensitive volume, their light
yield Ly at 530V/cm is calculated from a fit to the mea-

“hot” low-mass wimps 
and debates:

1002.4703, 1005.0838,1005.2615
1005.3723,1006.0972, 1006.2031
1007.1005, 1009.0549,1010.5187

 ……

achieved competing 
sensitivity for “normal” 

mass WIMPs
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Energy Calibration: determine the energy of nuclear recoils

23

Principle of Operation

WIMP

Xe
e-! Ed

Eg

direct

proportional

Liquid Xe

Gas Xe

PMT Array

Gamma

e- (S2/S1)wimp << (S2/S1)gamma

Gamma

S1 S2

drift time

WIMP

S1 S2

drift time

WIMP or 
Neutronnuclear

recoil

electron
recoil

Gamma or 
Electron

bottom PMT array

top PMT array

122 keV !
(Co-57)

energy of nuclear recoils (NRs)

measured signal in # of pe

light yield for 122 keV ! in pe/keVee

relative scintillation efficiency of 
NRs to 122 keV !’s at zero field

Enr = S1/Ly/Leff · Ser/Snr

quenching of scintillation yield for 
122 keV !’s due to drift field

quenching of scintillation yield for 
NRs due to drift field

(large uncertainty at low energy)

(detector dependent)
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How to improve our knowledge of low-mass WIMPs with 
liquid xenon experiments?

38

• Increase dark matter search exposure
– XE100 has accumulated more than 100 live-days new data  (new 

release soon)

• Precise measurement of Leff at low energy
– efforts ongoing at Columbia and Zurich universities

• Improve Ly of the detector 
– initiative of the PandaX experiment
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PandaX: a liquid xenon detector with high light yield

39

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

RI Level for R11410MOD

Expected RI level : 10~30 mBq/PMT

Estimated RI level

< Unit : mBq/PMT >

Materials Weight (g) 40K U Th Co60 Sub Total

Quartz Faceplate 35 0.0 0.2 0.4 0.1 0.7

Metal Bulb 95 5.7 2.9 1.0 3.5 13.1

Stem (ceramic) 25 0.0 0.0 0.7 5.5 6.2

Insulating Plates 16 0.0 0.1 0.2 0.0 0.3

Electrodes 31 0.0 0.1 0.0 0.0 0.1

Total 202 5.7 3.3 2.3 9.1 20.4

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (1)

Ceramic Stem

Ceramic

Koval Metal

Cu Pipe

Front view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Picture of R11410MOD (2)

Ceramic Stem

Ceramic

Koval Metal

Cu Pipe

Back view of
R11410MOD

Copyright © Hamamatsu Photonics K.K.   All Rights Reserved.

Comparison between 2 Types

R11410MOD

Ceramic Stem
Koval Leads

R11410

Glass Stem

有效质量  25 公斤

LXe

GXe

cathode

anode 

liquid level

37  R11410 PMT

total mass：300 kg
sensitive mass：123 kg

60 cm

15 cm

XENON100 detector

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
∼100x less background than XENON10
Material screening and selection
242 low activity 1” PMTs (R8520)
Cooling (PTR) outside the shield
Active liquid xenon veto

1 inch PMTs 30 cm ∅ meshes

Teresa Marrodán Undagoitia (UZH) XENON100 experiment Cambridge, 3.08.2010 11 / 35
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Pancake design improves the Ly significantly

40
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The light yield in the fiducial volume is 57%, 
about 2.4 times of that for XE100

simulation
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a liquid xenon detector with high drift field

41

有效质量  25 公斤

LXe

GXe

cathode (-75 kV)

anode 

liquid level

5 kV/cm15 cm

Like ZEPLIN III, PandaX will use high field operation. 
Expected electron-type background rejection >99.9%
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The PANDAX experiment at CJPL

• Shanghai Jiao Tong University

• Shanghai Institute of Applied Physics, CAS

• Shandong University

42

Pa
rti

cle
 a
nd

Astrophysics

Xenon Observatory

PandaX

PANDAX

  CDEX

CJPL (China Jin-Ping Laboratory) 
is located in Sichuan province. It 
has 2500 m rock overburden, 
developed by Tsinghua University 
and Ertan Hydropower company.
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Assumptions: 

•5.5 PE/keV

•Energy range: 3-30 PE

•200 day ! 25 kg 

exposure

PANDA-X 

Projected

)*

PandaX: Expected sensitivity

43

zero background

PandaX 
projected
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Summary of the experiments

44

XMASS experiment

→ Search for dark matter
→ Solar neutrinos
→ Double beta decay of 136Xe

→ Picture from February 2010
800 kg of LXe (single phase)
Self-shielding concept
Copper structure
∼800 ton water shield
Plans for DM run within 2010

→ Talk by Kazuyoshi Kobayashi

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 25 / 38

XENON100

30 cm drift length and 30 cm ∅
161 kg total (30-50 kg fiducial volume)
∼100x lower background than
XENON10 achieved
Improved shielding
Material screening and selection
Active liquid xenon veto

1 inch PMTs 30 cm ∅ meshes

→ Talk by Alfredo Ferella

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 30 / 38

Hunting for WIMPS in the Black Hills Carlos Hernandez Faham, Brown University APJC, Sep 29, 2010

The LUX Program

23

2007-2009

LUX0.1 - CWRU

2011+

LUX - Underground

2010-2011

LUX - Surface

Right now

Zeplin III

83 d operation with 84%
livetime @ Boulby
267.9 kg d effective fiducial
exposure
7 events in the box with
11±3 events expected bg

∼30 cm ∅ and 3.6 cm drift depth
→ high E-field 3.9 kV per cm

0.5 cm electroluminescent gap
31 × 2 inch PMTs
12 kg active target mass

Teresa Marrodán Undagoitia (UZH) Liquid noble gases Paris, 19.07.2010 27 / 38

ZEPLIN III XENON100 XMASS LUX PandaX

active target 
mass (kg) 12 ~60

~800
 (100) ~300 ~120

electron recoil 
rejection

99.9% 99% 0 99% 99.9%

energy threshold 
(keVr)

10 9 20 10 5

sensitivity at
100 GeV (cm2)

~10-44 2 x 10-45 1 x 10-45 3 x 10-46 4 x 10-45

sensitivity at 
10 GeV (cm2) >10-42 3 x 10-43 > 10-42 4 x 10-44 1 x 10-44

status science run science run operation surface testing construction
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Conclusion

Liquid Xenon is a mature technology for dark matter 
search. 

With new science data coming from ZEPLIN III and 
XENON100, and new experiments (XMASS, LUX, 
PandaX) joining the effort, we may uncover the nature of 
dark matter soon!
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