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Astroparticle physics: definition

aspera-eu.org:

A new multidisciplinary field of research that deals with the study of 
particles coming from the Universe

Astroparticles: high-energy photons, neutrinos, cosmic rays, dark 
matter particles, gravitational waves

on the one hand: we aim to learn more about high-energy cosmic phenomena and 
the violent processes that give rise to them

on the other hand: astrophysical sites of violent phenomena are used as a 
laboratory to test the fundamentals laws 

the Universe seems to be a rather violent place
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Astroparticle physics: some questions
High energy cosmic rays: origin, what are the accelerators?

Neutrinos: mass scale, hierarchy

Dark matter: composition, distribution
Dark Matter is Scaffolding for Structure Formation 

Massey et al Nature 445, 286 (2007) 

Weak lensing in 2 deg HST COSMOS field provided first high fidelity DM 
map which could be compared to that of radiating baryons and stellar 
mass density in matched volumes 

Contours 
(WL derived 
DM) 
 
Red = hot 
gas (XMM) 
 
Blue (stellar 
mass) 
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HE cosmic rays: facilities*
Charged particles: Pierre Auger, Telescope Array; future: JEM-EUSO (on ISS), 
Square Kilometer array

Gammas: HESS, MAGIC, VERITAS, ARGO/YBG;  future: CTA, HAWC, LHASSO

Neutrinos: IceCube, ANTARES, NESTOR, NEMO; proposed: KM3Net, PINGU, 
GVD/Baikal

*not an exhaustive list

  

Aart Heijboer ● ORCA: Measuring the mass hierarchy in the Mediterranean – Jan 2010 – Bad Honnef

 sep 2009 
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HE gammas: instrumentation

The hearts of these facilities (air/water Cherenkov detectors) - the cameras - use 
photodetectors that observe Cherenkov light (lambda  ~ 300 - 600 nm)

In general, photomultipliers (PMTs) are used because of: well established technology, 
large areas, large gains, single photoelectrons sensitivity

However, issues with magnetic fields, use of high-voltage, after-pulsing, damage in 
daylight, bulky, high costs etc

Other promising detector technologies: APDs operated in Geiger mode (G-APDs) -> 
some issues: optical cross talk, costs still high but decreasing, T-stability; intrinsic dark 
rate below night sky background is feasible

1GeV 10 GeV 100 GeV 1 TeV 10 TeV
satellites air Cherenkov telescopes

water Cherenkov detectors

E�
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HE gammas: instrumentation

New ideas: cameras out of SiPMs 

One proof-of-principle: FACT, using G-APDs

A. Biland - ETHZ :  FACT Experience

refurbished CT3: 
~10m2 mirror
 f/d ~ 1.4, DC,
 2200m a.s.l.

Main Components

A. Biland - ETHZ :  FACT Experience

refurbished CT3: 
~10m2 mirror
 f/d ~ 1.4, DC,
 2200m a.s.l.

Main Components

1440 channels G-APD with solid cone

A. Biland - ETHZ :  FACT Experience

Focal Plane

A. Biland - ETHZ :  FACT Experience

Focal Plane

A. Biland - ETHZ :  FACT Experience

Summary: it worksSummary: it works !      first showers ...

First events from October 2011

A. Biland - ETHZ :  FACT Experience

First G-APD Cherenkov Telescope
goal: proof of principle for G-APDs being viable

alternative to PMTs for IACTs
(not 1-to-1 replacement => we don’t like name SiPM)

due to limited time and resources:
not optimized for mass-production

install camera in refurbished CT3 @ LaPalma

add some nice pictures ...

Goals: - proof of concept that G-APDs are usable in IACTs
            - long term monitoring of bright AGNs

no time for extended R&D
==> install novel camera 
(not optimized for mass production)
       in refurbished CT3

Hegra telescope 
structure
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HE gammas: instrumentation

Example: CTA small size telescope might use G-APDs

Pixel size naturally matches small dishes; operation during full Moon is possible 
(30% more lifetime)

Possible sensor geometry: hexagonal, ~ 100 mm2 sensitive area, 4 channels

UniGeneva with 
Hamamatsu
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HE neutrinos and CRs: instrumentation
Projects use photodetectors, mostly photomultipliers (PMTs)

Issues for future detectors or upgrades: increase sensitivity, energy range, angular and/or 
temporal resolution, robustness

New ideas: innovative detection units, such as multiple-small PMTs in an optical module, 
focal surface with thousands of small PMTs, wavelength shifting optical modules

Multi-PMT optical 
module for KM3Net

KM3Net

• 17’’ pressure sphere
• 31x 3’’ PMT
➔  ~3x larger Aeff

➔  directional sensitivity

South Pole adaption

• cylindrical pressure housing

But...

• High noise rate
➔  ~ 1 kHz total
• High power density
➔  Ø(100W) vs. 4W 
• Cost

(scales with photocathode area)

• Complexity
(readout channels)

sboeser@physik.uni-bonn.de

Multi-PMT concept
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KM3NeT: a future European research infrastructure

Photomultipliers for the KM3NeT optical modules
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KM3NeT technical design [1]

Detection unit of the telescope – flexible tower with horizontal bars, each holding two multi-PMT OMs 

Artist view of the KM3NeT telescope 

    

          

KM3NeT specification for 3-inch PMTs

       Quantum efficiency (QE) at 470 nm     >20%           Transit time spread (TTS)<2ns (sigma)

       Inhomogenity of cathode response     <10%           Peak to valley ratio         >3

       Supply voltage                      <1400V           Length                 <12cm

       Gain                         >2x106           Convex input window      198mm radius 

       Dark count rate at 15°C  <3 kHz

 New Hamamatsu PMTs R6233mod

Three pieces were delivered in January 2011 and tested. Preliminary results of measurements of 

quantum efficiency (QE), single photoelectron (spe) jitter, centre-to-edge difference (CED) in transit 

time of  photoelectrons from the photocathode to the first dynode, total transit time spread (TTS), 

dark rate, gain and peak-to-valley ratio are presented. 

 

TTS of R6233mod PMT Quantum efficiency of new Hamamatsu PMTs R6233mod

Serial no QE at 390nm 
%

Spe jitter 
ns

TTS
FWHM, ns

Gain Dark rate 
kHz

Peak-to-valley

ZB3501 27.3 1.4 6.8 1.5·106 @ 1200V 1.2 1.8

ZB3511 26.6 1.3 5.8 2.0·106 @ 1100V 2.5 3.5

ZB3519 26.9 1.3 6.4 2.1·106 @ 1200V 2.8 3.1

One day dark rate curve (black line) of the 

R6233mod PMT correlating to ambient 

temperature (red circles)

Transit time across the photocathode (CED). Red curve - scan in a 

dynode’s system symmetry plane, black curve - perpendicular

New ETEL PMTs D783KFLA

Two new ETEL PMTs are available for tests since May 2011. Test results will be presented elsewhere.

45 dummy PMTs from ETEL are used for mechanical prototyping of optical modules.  

            

Electromechanical prototype of the multi-PMT OM. 

Dummy PMT from ETEL is shown in the insert 

            
New 3-inch ETEL D783KFLA PMTs 

New MELZ PMT

            
New 3-inch Hamamatsu R6233mod PMT New MELZ PMT

Increased photon collection efficiency through use of expansion cone – aluminium  reflector

Photonis XP53B20 PMT – with expansion cone designed, manufactured and assembled in KVI, 

University of Groningen (see “Multi-PMT optical module for the KM3NeT neutrino telescope” poster for 

more details) – is being tested. Angular acceptance is  measured by illumination of the whole assembly 

with a pulsed LED from a distance of 3m, covering a PMT polar range of ±90°. A mask of 76mm 

diameter is used to estimate the PMT’s sensitivity without the expansion cone, to normalize the 

angular acceptance to this value.

            
Angular acceptance of PMT with reflector normalized to 
the front-illuminated PMT without reflector.  Colours 
correspond to different illumination levels per pulse. Red – 
single photoelectron,  black – a few tens photoelectrons.

PMT with expansion cone of 52mm radius in the setup for an 

angular acceptance test. The mask nearby is used to 

shadow the reflective ring.

MELZ (Moscow, Russia) is developing a new 82mm diameter PMT. An effective photocathode 

diameter of 76mm is expected, corresponds to a ~20% increase of the effective photocathode area in 

comparison with a standard 3-inch PMT. The new PMT is under internal tests at the company. 

Expected delivery of first samples – September 2011.

Neutrino telescope with an instrumented volume of > 5 km3 at 

the bottom of the Mediterranean Sea at a depth of 2.5 – 5 km.  

Detection principle: Cherenkov light emitted by charged 

particles resulting from neutrino interactions in the matter 

surrounding the telescope. 

Detection of high-energy neutrinos   from distant 

astrophysical sources or from annihilation of dark matter 

particles:  a new window on the Universe. 

Innovative detection units: 

multi-PMT digital optical modules (OM) containing 31 3-inch phototubes; 

the segmentation aids in distinguishing single-photon from multi-photon hits; 

two-photon hit separation with 85% probability;

small transit time spread, no magnetic shielding required 

Manufacturing: 

ET Enterprises Ltd (ETEL), Hamamatsu, and MELZ develop 

new types of 3-inch PMTs; first PMT samples have been 

delivered and tested

 
Reflector cone: 

Each 3-inch PMT surrounded by reflective cone 

additional photons onto the photocathode → increased effective 

photocathode area → increased sensitivity.

  

Prototypes

of multi-PMT OMFlexible tower

Storey of flexible tower

Multi-PMT optical 
module for the 
SouthPole
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Focal Surface 
Detectors
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Comparison of JEM-EUSO with the largest ground observatories

Organization University of Tokyo
University of Tokyo 

and University of Utah

Ground Array + 
Fluorescence Ground Telescope

Ground Array + 
Fluorescence Ground Telescope

launch expected 
in 2013

International 
Space Station

University of Utah

Yamanashi, Japan Utah, USA

Ground Array
Fluorescence

Ground Telescope

1990–2004

150 500 ~7,000 760 125,000

1, 
experiments terminated

observed less than 1,
experiments terminated

50 (expected), 
3 (observed)

10 (expected)
350 – 1,700
(expected)

1997–2006 2005– 2007–

Argentina Utah, USA

Fluorescence 
Space Telescope

International 
Consortium

International 
Consortium

Location

Type of Detectors

Period of operations

Yield of EHE events
(No./year)

Effective aperture
(km2·sr)

AGASA HiRes Auger JEM-EUSOTelescope Array

Mission Operation of JEM-EUSO
Altitude about 400km Number of pixels of the focal surface about 0.2 million

Observation latitude and longitude N51°– S51° × all longitudes Resolution of the ground about 0.8km

Filed of view 60° Duty cycle 12–25%

Aperture (ground area size) 0.2 million km² Mission duration 3 (+2) years

Diameter of telescope 2.5m Total mass ~1.9 ton

Optical system Two double-sided Fresnel lens and 
a high-precision Fresnel lens Power usage < 1kW

Structure

Launch
JAXA’s Space Station Transfer 
Vehicle (HTV) carries JEM-EUSO
HTV will be launched by a H-IIB rocket (JAXA) 
and autonomously carry JEM-EUSO to ISS. 
Robotic arms of ISS will deploy JEM-EUSO at 
JEM module of “Kibo.”

Space Station Transfer Vehicle (HTV) approaching ISS  ©JAXA

Electronics

Support of Focal Surface Structure

Focal Surface Detectors

Fresnel Lens #2

Precision Fresnel lens

Iris

Fresnel lens #1

Fresnel Lens

Realizing a wide field-of-view 
and light-weight
The JEM-EUSO telescope uses Fresnel lenses. A Fresnel lens is 
a semi-flat lens having circular grooves that eliminate the 
large mass of a standard convective or concave lens. A thin 
and light Fresnel lens is necessary for use in space, 
performing the optical functions in the same way as a thick 
and heavy lens. JEM-EUSO uses two curved double-sided 
Fresnel lenses of UV-transmitting plastic and one 
micro-grating Fresnel lens. This design allows the best 
efficiency for the widest field-of-view. The size of the 
triple-lens is 2.5-m diameter, composed of the central 1.5-m 
part and the circular outer annular lenses.

2.5m

Central lens and annular lenses configuration enable a lens size 
larger than can be manufactured on a single machine.

6,000 photomultipliers
The focal surface is curved with a 
diameter of 2.26m. About 6,000 
1-inch square multianode photomul-
tiplier tubes (PMTs) detect the light 
from the different locations in the 
earth’s atmosphere. Earlier PMTs had 
a limited photo-sensitive area of only 
45%. JEM-EUSO and Hamamatsu 
Photonics jointly developed PMTs to 
have a higher effective area of 85%.

Focal Surface
It consists of 164 modules, 
and the total number of 
PMTs is 5,904.

Light-sensing module
Covering a focal surface of 
2.26m diameter with 5,904 
PMTs, each PMT having 6 × 6 
=36 photo-sensitive units.

2.26m

Photomultipliers
The PMT surface has 85% 
active area, having 6 × 6 
pixels with a total area of 
26.2 mm square.

High Technologies 
     are Supporting JEM-EUSO

New Astronomy using Earth’s Atmosphere as a Gigantic Observatory
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5904 1-inch PMTs, JEM-
EUSO focal surface
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KM3NeT technical design [1]

Detection unit of the telescope – flexible tower with horizontal bars, each holding two multi-PMT OMs 

Artist view of the KM3NeT telescope 

    

          

KM3NeT specification for 3-inch PMTs

       Quantum efficiency (QE) at 470 nm     >20%           Transit time spread (TTS)<2ns (sigma)

       Inhomogenity of cathode response     <10%           Peak to valley ratio         >3

       Supply voltage                      <1400V           Length                 <12cm

       Gain                         >2x106           Convex input window      198mm radius 

       Dark count rate at 15°C  <3 kHz

 New Hamamatsu PMTs R6233mod

Three pieces were delivered in January 2011 and tested. Preliminary results of measurements of 

quantum efficiency (QE), single photoelectron (spe) jitter, centre-to-edge difference (CED) in transit 

time of  photoelectrons from the photocathode to the first dynode, total transit time spread (TTS), 

dark rate, gain and peak-to-valley ratio are presented. 

 

TTS of R6233mod PMT Quantum efficiency of new Hamamatsu PMTs R6233mod

Serial no QE at 390nm 
%

Spe jitter 
ns

TTS
FWHM, ns

Gain Dark rate 
kHz

Peak-to-valley

ZB3501 27.3 1.4 6.8 1.5·106 @ 1200V 1.2 1.8

ZB3511 26.6 1.3 5.8 2.0·106 @ 1100V 2.5 3.5

ZB3519 26.9 1.3 6.4 2.1·106 @ 1200V 2.8 3.1

One day dark rate curve (black line) of the 

R6233mod PMT correlating to ambient 

temperature (red circles)

Transit time across the photocathode (CED). Red curve - scan in a 

dynode’s system symmetry plane, black curve - perpendicular

New ETEL PMTs D783KFLA

Two new ETEL PMTs are available for tests since May 2011. Test results will be presented elsewhere.

45 dummy PMTs from ETEL are used for mechanical prototyping of optical modules.  

            

Electromechanical prototype of the multi-PMT OM. 

Dummy PMT from ETEL is shown in the insert 

            
New 3-inch ETEL D783KFLA PMTs 

New MELZ PMT

            
New 3-inch Hamamatsu R6233mod PMT New MELZ PMT

Increased photon collection efficiency through use of expansion cone – aluminium  reflector

Photonis XP53B20 PMT – with expansion cone designed, manufactured and assembled in KVI, 

University of Groningen (see “Multi-PMT optical module for the KM3NeT neutrino telescope” poster for 

more details) – is being tested. Angular acceptance is  measured by illumination of the whole assembly 

with a pulsed LED from a distance of 3m, covering a PMT polar range of ±90°. A mask of 76mm 

diameter is used to estimate the PMT’s sensitivity without the expansion cone, to normalize the 

angular acceptance to this value.

            
Angular acceptance of PMT with reflector normalized to 
the front-illuminated PMT without reflector.  Colours 
correspond to different illumination levels per pulse. Red – 
single photoelectron,  black – a few tens photoelectrons.

PMT with expansion cone of 52mm radius in the setup for an 

angular acceptance test. The mask nearby is used to 

shadow the reflective ring.

MELZ (Moscow, Russia) is developing a new 82mm diameter PMT. An effective photocathode 

diameter of 76mm is expected, corresponds to a ~20% increase of the effective photocathode area in 

comparison with a standard 3-inch PMT. The new PMT is under internal tests at the company. 

Expected delivery of first samples – September 2011.

Neutrino telescope with an instrumented volume of > 5 km3 at 

the bottom of the Mediterranean Sea at a depth of 2.5 – 5 km.  

Detection principle: Cherenkov light emitted by charged 

particles resulting from neutrino interactions in the matter 

surrounding the telescope. 

Detection of high-energy neutrinos   from distant 

astrophysical sources or from annihilation of dark matter 

particles:  a new window on the Universe. 

Innovative detection units: 

multi-PMT digital optical modules (OM) containing 31 3-inch phototubes; 

the segmentation aids in distinguishing single-photon from multi-photon hits; 

two-photon hit separation with 85% probability;

small transit time spread, no magnetic shielding required 

Manufacturing: 

ET Enterprises Ltd (ETEL), Hamamatsu, and MELZ develop 

new types of 3-inch PMTs; first PMT samples have been 

delivered and tested

 
Reflector cone: 

Each 3-inch PMT surrounded by reflective cone 

additional photons onto the photocathode → increased effective 

photocathode area → increased sensitivity.
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Comparison of JEM-EUSO with the largest ground observatories

Organization University of Tokyo
University of Tokyo 

and University of Utah

Ground Array + 
Fluorescence Ground Telescope

Ground Array + 
Fluorescence Ground Telescope

launch expected 
in 2013

International 
Space Station

University of Utah

Yamanashi, Japan Utah, USA

Ground Array
Fluorescence

Ground Telescope

1990–2004

150 500 ~7,000 760 125,000

1, 
experiments terminated

observed less than 1,
experiments terminated

50 (expected), 
3 (observed)

10 (expected)
350 – 1,700
(expected)

1997–2006 2005– 2007–

Argentina Utah, USA

Fluorescence 
Space Telescope

International 
Consortium

International 
Consortium

Location

Type of Detectors

Period of operations

Yield of EHE events
(No./year)

Effective aperture
(km2·sr)

AGASA HiRes Auger JEM-EUSOTelescope Array

Mission Operation of JEM-EUSO
Altitude about 400km Number of pixels of the focal surface about 0.2 million

Observation latitude and longitude N51°– S51° × all longitudes Resolution of the ground about 0.8km

Filed of view 60° Duty cycle 12–25%

Aperture (ground area size) 0.2 million km² Mission duration 3 (+2) years

Diameter of telescope 2.5m Total mass ~1.9 ton

Optical system Two double-sided Fresnel lens and 
a high-precision Fresnel lens Power usage < 1kW

Structure

Launch
JAXA’s Space Station Transfer 
Vehicle (HTV) carries JEM-EUSO
HTV will be launched by a H-IIB rocket (JAXA) 
and autonomously carry JEM-EUSO to ISS. 
Robotic arms of ISS will deploy JEM-EUSO at 
JEM module of “Kibo.”

Space Station Transfer Vehicle (HTV) approaching ISS  ©JAXA

Electronics

Support of Focal Surface Structure

Focal Surface Detectors

Fresnel Lens #2

Precision Fresnel lens

Iris

Fresnel lens #1

Fresnel Lens

Realizing a wide field-of-view 
and light-weight
The JEM-EUSO telescope uses Fresnel lenses. A Fresnel lens is 
a semi-flat lens having circular grooves that eliminate the 
large mass of a standard convective or concave lens. A thin 
and light Fresnel lens is necessary for use in space, 
performing the optical functions in the same way as a thick 
and heavy lens. JEM-EUSO uses two curved double-sided 
Fresnel lenses of UV-transmitting plastic and one 
micro-grating Fresnel lens. This design allows the best 
efficiency for the widest field-of-view. The size of the 
triple-lens is 2.5-m diameter, composed of the central 1.5-m 
part and the circular outer annular lenses.

2.5m

Central lens and annular lenses configuration enable a lens size 
larger than can be manufactured on a single machine.

6,000 photomultipliers
The focal surface is curved with a 
diameter of 2.26m. About 6,000 
1-inch square multianode photomul-
tiplier tubes (PMTs) detect the light 
from the different locations in the 
earth’s atmosphere. Earlier PMTs had 
a limited photo-sensitive area of only 
45%. JEM-EUSO and Hamamatsu 
Photonics jointly developed PMTs to 
have a higher effective area of 85%.

Focal Surface
It consists of 164 modules, 
and the total number of 
PMTs is 5,904.

Light-sensing module
Covering a focal surface of 
2.26m diameter with 5,904 
PMTs, each PMT having 6 × 6 
=36 photo-sensitive units.

2.26m

Photomultipliers
The PMT surface has 85% 
active area, having 6 × 6 
pixels with a total area of 
26.2 mm square.

High Technologies 
     are Supporting JEM-EUSO

New Astronomy using Earth’s Atmosphere as a Gigantic Observatory

表面↑天

↓地

中に折り込む面 表紙裏表紙山折り
▼

山折り
▼

kowalski@physik.uni-bonn.de

Text

Wavelength shifting optical module (WOM)

Basic concept
• Wavelength shifters (WLS)
➔concentrate light 

WLS bars
• large sensitive area
• inexpensive

• low noise rate (< 1Hz/kg)

Readout
• small PMT(s) 
➔ low noise (~ few Hz)

Pressure vessel
• fused silica (quartz)
➔UV transparent
➔ low noise (<0.1 Hz/kg)
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(Low-energy) Neutrinos: facilities*

Detectors are located in underground 
facilities to suppress the cosmic ray flux

Water Cherenkov detectors: SNO, 
SuperKamiokande; future: 
HyperKamiokande, proposed 
MEMPHYS

Scintillators: LVD, KamLAND, Borexino; 
proposed LENA

Liquid Argon: ICARUS; proposed 
GLACIER

*not an exhaustive list
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(Low-energy) Neutrinos: Instrumentation

Water/scintillator detectors observe Cherenkov/scintillation light, with PMTs

(New) Ideas: hybrid photo detector with avalanche diode (HPD), large 
photosensor with scintillator (idea already used in Lake Baikal - QUASAR, 
and DUMAND - SMART, projects)

LAr: idea is to detect electrons with LEM readout
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CONFIDENTIAL

!  !For!first!proof!test!in!water,!10!of!86inch!HPD!will!be!provided!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!by!Hamamatsu!photonics!K.K.!(HPK).!
"  !Also!candidate!for!outer!detector!of!Hyper6K.!
"  !First!step!before!tes9ng!206inch!HPD!
"  !This!8”!HPD!will!be!released!to!market!aher!our!test!(~2013).!

!  Amplifier!and!HV!Power!Supply!are!packed!inside!end!cap.!!
"  Low!Voltage!(10V)!cable!in!water!instead!of!HV!in!water.!

!  Currently!we!have!4!HPDs!prototype!at!Kamioka.!!

23/Aug.!2012� Hybrid!Photo6Detector!study!at!Kamioka!(Y.Nishimura)� ��

HV!module!
(2ch!10kV/500V!Max)�

Amplifier!(1st!ver.)!!
(Current!to!Voltage!amplifier)�

8”!HPD�

LV!!
10V�Signal�

86inch�

5mmφ!avalanche!diode�

8”!Photocathode!
(sensi9ve!λ!~!300!–!650nm)�

5mmφ!!
!
avalanche!diode!(AD)� Cable�

Control�

Coax.�

LV!PS�

HPD!out�

Signal!out�

1!HV!cable!(~2kV)!
!in!case!of!PMT→�
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Optical module 
for LENA

Hybrid 
photodetector for 
HyperK

PM with scintillator 
for HyperK LEM/THGEM 

for GLACIER
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Figure 4. 2D CAD drawing of the readout sandwich, providing charge extraction, amplification and de-
tection. The main elements are listed on the left (numbers): the signal distribution PCB plane (1), the HV
decoupling capacitors (2), the HV distribution PCB plane (3), 2D anode (4), LEM (5), extraction grid in gas
(6) and in liquid (7). Other components shown in the graphics (letters) are the connectors for the signal ca-
bles (a) behind the surge arresters (b), 33 W resistors (c), the multi pin connectors between the anode and the
HV distribution plane (d), epoxy frames and spacers (e) and finally supporting angles to attach the sandwich
to the drift volume (f). 2D anode

Figure 5. Picture of the 76⇥40 cm2 LEM with close-up of its holes (left) and picture of the 2D anode with
close-up of its strips (right).

company specialised in PCB manufacturing3. In order to maximise the amplification gain, 40 µm
thick dielectric rims were chemically etched [5]. To prevent the surface from corrosion, the metal
electrodes were passivated. A picture of the LEM with a closeup of the holes is shown in Figure 5.
To maintain a uniform distance from the anode, a 2 mm thick spacer is installed in between the top
LEM face and the anode strips. Its shape matches the division in sectors of the LEM in order not
to introduce additional dead space. The same structure is installed below the LEM to reduce the
sagging due to its weight.

The anode, produced at the CERN TS/DEM workshop, has the same active area as the LEM
and 256 channels per view, but is not subdivided into sectors. In view of a possible test beam,
in order not to have any strip parallel to the incoming particles, the strips are rotated by 45o with
respect to the long anode side. Pictures of the anode and a close view of the strips are shown in
Figure 5.

The two extraction grids, with a distance of 1 cm from each other, are mounted 1.2 cm be-

3Eltos S.p.A., San Zeno (AR) Italy.
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company specialised in PCB manufacturing3. In order to maximise the amplification gain, 40 µm
thick dielectric rims were chemically etched [5]. To prevent the surface from corrosion, the metal
electrodes were passivated. A picture of the LEM with a closeup of the holes is shown in Figure 5.
To maintain a uniform distance from the anode, a 2 mm thick spacer is installed in between the top
LEM face and the anode strips. Its shape matches the division in sectors of the LEM in order not
to introduce additional dead space. The same structure is installed below the LEM to reduce the
sagging due to its weight.

The anode, produced at the CERN TS/DEM workshop, has the same active area as the LEM
and 256 channels per view, but is not subdivided into sectors. In view of a possible test beam,
in order not to have any strip parallel to the incoming particles, the strips are rotated by 45o with
respect to the long anode side. Pictures of the anode and a close view of the strips are shown in
Figure 5.

The two extraction grids, with a distance of 1 cm from each other, are mounted 1.2 cm be-
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Dark matter: is it made of Weakly Interacting 
Massive Particles?

χ q

χ

χ

q

χ

q q

Deep underground In space At the LHC

We expect complementary information from direct detectors, from indirect detectors and from the LHC

q

χq

χ--
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WIMP search

Indirect detection

��� e+e�, pp

Direct detection

� N� � N

Production at LHC

p + p� � + a lot

� Talk by A. Baroncelli

Teresa Marrodán Undagoitia (UZH) Dark Matter Grenoble, 21/07/2011 4 / 31
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Direct Detection of WIMPs: Principle

Elastic collisions with nuclei in ultra-low background detectors

Energy of recoiling nucleus:  few tens of keV (WIMP)

ER

• q = momentum transfer (~ 10 - 100 MeV)
• µ = reduced WIMP-nucleus mass 
• v = mean WIMP-velocity relative to the target
• θ = scattering angle in the center of mass system

ER =
q2

2mN
=

µ2v2

mN
(1� cos�)

Goodman and Witten, PRD31, 1985

�

�
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Expected Interaction Rates

(Standard halo model with ρ= 0.3 GeV/cm3)

heavier WIMPs

Nuclear recoil 
spectrum for 
different target 
nuclei

lighter 
nuclei

MWIMP = 100 GeV
σWN=1×10-47 cm2

heavier
nuclei

Recoil rate after integration over WIMP velocity distribution

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�
.
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The experimental challenge

To observe a signal which is:
very small ( few keV)
extremely rare (1 per ton per year?)
embedded in a background that is millions of times higher

• Why is it challenging?

• Detection of low-energy particles - done!
➡e.g. micro-calorimetry with phonon readout

• Rare event searches with ultra-low backgrounds - done!
➡e.g SuperK, Borexino, SNO, etc

• But: can we do both?
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Detection Techniques

Phonons

Ionization

NaI: DAMA/LIBRA, 
NAIAD, ANAIS, DM-Ice
CsI: KIMS

Scintillation

LXe: ZEPLIN-I, XMASS
LAr, LNe: DEAP/CLEAN

C, F, I, Br: 
PICASSO, COUPP, SIMPLE
Ge: Texono, CoGeNT
CS2,CF4, 3He: DRIFT 
DM-TPC, MIMAC 
Ar+C2H6: Newage

Al2O3, TeO2, LiF: 
CRESST-I, CUORE

WIMP
WIMP

LXe: XENON , 
LUX, ZEPLIN, 
Panda-X
LAr: DarkSide, 
ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST, ROSEBUD

Erecoil
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Detect a temperature increase after a particle interacts in an absorber

Phonons: Cryogenic Experiments at T~ mK

χχ

T0

T-sensor

Absorber
C(T)

ERG(T)

�T =
E

C(T )
e�

t
⌧

⌧ =
C(T )

G(T )

C(T ) / m

M

✓
T

⇥D

◆3

JK�1

m = absorber mass

M = molecular weight of absorber

ΘD = Debye temperature (at which the 
highest frequency gets excited)
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Transition Edge Sensors

The substrate is cooled well below the SC transition temperature Tc

The temperature rise (~ µK) is measured with TES

passive tungsten grid

250 μm  x 1 μm W
(35 nm thick)

380 μm x 55 μm Al
fins (300 nm thick)

R

T

normal conducting

transition edge

superconducting

Example: TES for CDMS detectors
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Cryogenic Experiments at T~ mK

Advantages: high sensitivity to nuclear recoils (measure the full energy in the 
phonon channel); good energy resolution, low energy threshold (keV to sub-keV)

Ratio of light/phonon or charge/phonon: 

nuclear versus electronic recoils discrimination -> separation of S and B

Background region

Expected signal region

Ratio of 
charge 
(or light)
to
phonon

• 133Ba

•  252Cf
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CDMS, CRESST, EDELWEISS
Absorber masses from ~ 100 g to 1400 g (SuperCDMS at SNOLab)

Currently running at Soudan, LNGS, Modane

Future: EURECA (multi-target approach, up to 1 ton mass), SuperCDMS (150 
kg) and GEODM (1 ton Ge detectors)

Enectali Figueroa-Feliciano - UCLA Dark Matter 2012

SuperCDMS

1. Suppress all backgrounds          
(factor of millions)

2. Discriminate between remaining 
background and desired signal        
(make your detector as smart possible)

Strategy:

Enectali Figueroa-Feliciano - Dark Attack 2012

Science Reach for SNOLAB
>50X better sensitivity than 10-kg phase, with 

demonstrated control over backgrounds

• Goal: σSI < 10-46 cm2       
@ 60 GeV/c2

• ~200 kg, all Ge, in a phased 
deployment

• iZIP design, w/ bigger 
detectors (1.38 kg) to 
reduce fab costs

• At the same time, upgrade 
experimental infrastructure

10cm x 3.8cm, 1.4 kg
SNOLAB prototype iZIP

Significant R&D funds in 2012, aiming for construction start in 2014

EDW II - Run 13EDW II - Run 13

! 3rd July: 4)800 g FID detectors installed at LSM

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector

EDELWEISS Ge FID Detector

CRESST detector: 
~ 300 g CaWO4

SuperCDMS Ge detector

Enectali Figueroa-Feliciano - Dark Attack 2012

Outlook: EURECA

• Multi-target (Ge, 
CaWO4)

• EDELWEISS, CRESST, 
Rosebud + others

EURECA multi-target 
approach (Ge, CaWO4, ...)
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New phonon and charge sensors
Interleaved z-ionization and phonon detectors (iZIPs,SuperCDMS), 
interdigitized charge electrodes (EDELWEISS)

To suppress surface-events with reduced charge collectionPhonon-Ionization (EDELWEISS) 

• All fiducial volume: more 
statistics than stacked 
ID-400 statistics 

• No event in NR 
• Expected to be and is 

indeed better than IDs! 

Preliminary 

ID (350000 ) 

Fiducial 
mass 
~600g 

Enectali Figueroa-Feliciano - Dark Attack 2012

Edelweiss

• Interdigitated 
design provides 
excellent 
surface 
rejection

• Fiducial volume 
53% for 400 g 
design

• Measure both 
charge and 
total phonon 
signal

NTD
+4.0 -1.0

-4.0 +1.0

Fiducial
Volume
(drawn by hand)

EDELWEISS FID 
detector designSuperCDMS 

!   Search with germanium iZIP detectors 
!   Operating at ~50 mK 

!   Enables phonon and charge readout 
!   Charge to phonon ratio separates nuclear and 

electron scatters 
!   interleaved Z-sensitive ionization and 

phonon sensors on both faces 
!   Surface event identification 
!   Outer phonon guard ring 

January 29, 2013 

SuperCDMS$iZIP$detectors$have$phonon$and$
ionizaCon$instrumentaCon$on$both$faces$
allowing$superior$zIsensiCvity.$

By$holding$a$potenCal$between$ionizaCon$and$phonon$
electrodes,$a$more$complex$electric$field$is$created.$$Charge$
near$the$surface$of$the$detector$is$collected$on$only$one$side.$$
Charge$in$the$bulk$of$the$detector$is$collected$on$both$faces.$

SuperCDMS - Jeter Hall - Closing in on Dark Matter 5 

SuperCDMS 

!   Search with germanium iZIP detectors 
!   Operating at ~50 mK 

!   Enables phonon and charge readout 
!   Charge to phonon ratio separates nuclear and 

electron scatters 
!   interleaved Z-sensitive ionization and 

phonon sensors on both faces 
!   Surface event identification 
!   Outer phonon guard ring 

January 29, 2013 

SuperCDMS$iZIP$detectors$have$phonon$and$
ionizaCon$instrumentaCon$on$both$faces$
allowing$superior$zIsensiCvity.$

By$holding$a$potenCal$between$ionizaCon$and$phonon$
electrodes,$a$more$complex$electric$field$is$created.$$Charge$
near$the$surface$of$the$detector$is$collected$on$only$one$side.$$
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SuperCDMS - Jeter Hall - Closing in on Dark Matter 5 

charge near the surface of the 
detectors is collected only on one 
side

charge in the bulk of the 
detectors is collected on both 
sides 

SuperCDMS-SNOLAB 

!   SuperCDMS has proposed a 200 
kg cryogenic germanium array 
for the SNOLAB facility 

!   Projected spin-independent 
sensitivity of 8x10-47 cm2 

!   See talk by R. Schnee on 
Saturday for more details 

January 29, 2013 

Procurement$and$performance$tesCng$of$
100$mm$x$33$mm$germanium$detectors$is$
ongoing.$$First$100$mm$iZIP$has$been$
fabricated.$$The$proposed$SuperCDMSI
SNOLAB$project$involves$fabricaCng$and$
deploying$144$of$these$detectors.$

A$detector$fabricaCon$exercise$
demonstrated$the$throughput$needed$
for$SuperCDMSISNOLAB$

Cryogenic$and$mechanical$engineering$
indicates$it$will$be$possible$to$assemble$
and$operate$this$proposed$experiment.$

SuperCDMS - Jeter Hall - Closing in on Dark Matter 13 

SuperCDMS iZIPs: 
phonon and ionization 
instrumentation on 
both faces
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Scintillation/Ionization: Noble Liquids

Noble liquids: high light and charge yield; transparent to their own light

Large, scalable, homogeneous and self-shielding detectors

    





   



  









 

  

 



hXeXeXeXe

heatXeXe

XeXeeXe

XeXeXe




























hXeXeXe  


LAr

LXe

LNe

     Aprile et al., Phys. Rev. Lett. 97 (2006)

�LNe ⇠ 78nm

�LAr ⇠ 128nm

�LXe ⇠ 178nm
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Dual-phase detectors: TPCs
Prompt (S1) light signal after interaction in the 
active volume

Charge is drifted, extracted into the gas phase 
and detected as proportional light (S2) 

Charge/light depends on dE/dx: particle 
identification

3D-position resolution: fiducial volume cuts

drift 
field

Cathode

Gate grid

Anode

PMT array

PMT array

direct light (S1)

proportional light (S2)

e-

e-

S1

S2
drift time of electrons

S1: 4 photoelectrons 
detected from about 
100 S1 photons

S2: 645 photoelectrons detected from 32 
ionization electrons which generated about 
3000 S2 photons
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Single-phase detectors (light only)
XMASS at Kamioka (LXe), DEAP/CLEAN at SNOLab (LAr)

Challenge: ultra-low absolute background

DEAP-3600 at SNOLab:
3600 kg LAr (1t fiducial)
single-phase detector
under construction 
to run in 2014

MiniCLEAN at SNOLab:
500 kg LAr (150 kg fiducial)
single-phase open volume
under construction 
to run in summer 2013

Masaki Yamashita

lower half

&]<%K(DA,'%

upper and lower half

2010年3月23日火曜日

XMASS at Kamioka:
in water Cherenkov shield at 
Kamioka
835 kg LXe (100 kg fiducial), 
single-phase, 642 PMTs
soon to take science data

DEAP Construction

31

Photos from 
M. Boulay &
 T. Flower, 

DEAP-3600 
collaboration

Acrylic VesselSteel Shell

Saturday, February 2, 2013

IV Underground

27
Saturday, February 2, 2013
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Liquid xenon and liquid argon TPCs

XENON100 at 
LNGS: 

in conventional 
shield 161 kg LXe 
(~50 kg fiducial), 
dual-phase, 242 
PMTs
taking science data

LUX at SURF: 

in water 
Cherenkov shield
350 kg LXe (100 
kg fiducial), dual-
phase, 122 
PMTs, physics 
run to start in 
early 2013

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

ArDM at 
Canfranc:

850 kg LAr TPC
2 arrays of PMTs
in commissioning 
at Canfranc 
Laboratory

DarkSide at LNGS

50 kg LAr (depleted 
in 39Ar) TPC in 
CTF at LNGS
under construction
to run 2013 - 2014

DS350"model"DS310"data"

8.9"pe/keV"

PandaX in 
conventional 
shield at CJPL: 

stage I: 123 kg 
LXe (25 kg 
fiducial), dual-
phase, 180 PMTs
starts in early 
2013

Current Status - Stage Ia

PandaX Stage Ia:
Currently undergoing
commissioning:

Major components at
CJPL

Clean room environment:
TPC assembled

Slow control in place

Cryogenic system
operating

Xenon on site

Small xenon fill and
liquefaction so far

DAQ installed

Personnel on site daily

Scott Stephenson PANDA-X February 2, 2013 17
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Liquid xenon and liquid argon 
detectors

Under construction: XENON1T at LNGS, 3 t LXe in total

Future and R&D: XMASS (5 t LXe), LZ (7 t LXe), DARWIN (20 t LXe/LAr)

XENON1T TPC

darwin.physik.uzh.ch

LUX

LUX+ZEPLIN = LZ

23

x482
3’’ PMTs

7 tonnes
LZ

x122
2’’ PMTs

300 kg

LUX??? !!!

LZ (LUX + ZEPLIN) 7t LXe DARWIN 20 t LXe/LAr

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
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Photodetectors in noble liquids
So far mostly PMTs: high QE ( ~30-35%), work at low-T, high-P

Ultra-low radioactivity: < 1 mBq/PMT (U/Th/K/Co/Cs)

Quartz window: transparent to the Xe 178 nm scintillation light

XENON100 array LUX array

XMASS 2-inch PMT

XENON1T, PANDA-X, LZ
 3-inch PMT

LUX

LUX Anatomy

8

Thermosyphon

2’’ Hamamatsu R8778
Photomultiplier Tubes (PMTs)

Titanium Vessels

PMT Holder Copper Plates

Dodecagonal field cage
+ PTFE reflector panels

• 370 kg (300 kg active) LXe
• 122 PMTs (2’’ round)
• Low-background Ti cryostat
• PTFE reflector cage
• Thermosyphon used for cooling (>1 kW)

LUX 2-inch PMT

XMASS array



La
ur

a 
Ba

ud
is,

 U
niv

er
sit

y 
of

 Z
ur

ich
, V

CI
20

13
, V

ien
na

Photodetectors in noble liquids

New ideas: gas photomultipliers (GPMs)

hybrid photodetectors (QUPID), LAAPDs (so far in EXO - LXe)

QUPID for LXe/LAr detectors

Cryo-GPM with double-THGEM in LXe 
THGEM :     thickness = 400 m 
 electrode         hole Ø = 300 m 
                           hole spacing = 700 m 
                           rim size = 50 m   

DriftE


IndE


VTHGEM

4 
m

m
  

4 
m

m
  

4 
m

m
  

TransE


VTHGEM

Double-THGEM GPM  
with CsI photocathode on top 

MgF2 window 

Reflective CsI 
photocathode 

Ne/CH4 

GPM location 

LXe TPC 
gamma-converter 
with field shaping 

Anode 
Ø = 32 mm 

Duval & al. 2011 JINST 6 P04007  
Duval 2011 JINST 6 P4007  

Double-THGEM: 
Alpha-particle 
pulses from 
scintillation in LXe 

11 

Gain ~105 

A. Breskin, RD51-CERN February 2012 
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A. Breskin, RD51-CERN February 2012 

GPM LXe/LAr detectors

 Weizmann involvement in XENON Dark-Matter experiment 
     Development of Photosensors for Liquid-xenon detectors  

Large-volume LXe TPC 
 

WIMP 
interaction LXe 

e- 

GPM Detector 

Primary 
 scintillation 

EG 

EL 

Secondary 
 scintillation Xe 

GPM Detector 

UV-window 

UV-window 

Ne/CF4 

Weizmann Institute Concept 

GPM (gas photomultiplier): 
• Simple, flat, robust 

Initial design of the XENON 1 ton two-phase LXe 
DM TPC detector with vacuum photon detectors.   

? LXe 
vacuum 
photon 
detectors 

Design of XENON 1ton 

1m 

10 Presented by Amos in MPGD2011, KOBE 
A. Breskin, RD51-CERN February 2012 
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Cryo-GPM with double-THGEM in LXe 
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TPC Assembly

EXO 
LAAPDs



Room temperature scintillators
NaI: DAMA/LIBRA, ANAIS; CsI: KIMS

New idea: DM-Ice -> 17 kg NaI deployed as feasibility 
study at the South Pole (look for annual modulation in the 
southern hemisphere, 2.4 km deep in ice)

Goal: build a 250-500 kg NaI detector array, closely 
packed inside a pressure vessel; use IceCube as a veto

Karsten Heeger, Univ. of Wisconsin NUSS, July 13, 2009 

DM-Ice Prototype Detector

2-4 keV

R.Bernabei et al, Eur.Phys.J. C67 

Amplitude of the modulation: ~ 0.018 counts day-1 kg-1 keV-1

T = 1 year, ϕ = June 2±7 days

Karsten Heeger, Univ. of Wisconsin TIPP, June 10, 2011 

DM-Ice Prototype Detector Deployment

Karsten Heeger, Univ. of Wisconsin TIPP, June 10, 2011 

DM-Ice Concept

South Pole with IceCube 

South Pole 

runway 

AMANDA 

Amundsen-Scott South Pole Station 

IceCube 

~2500m

IceCube

!"#$%&'"()*"+,-,.-/0"100)2"+,,3"45-"-6,"*.,

local muon veto 
in ice

local muon veto 
in ice

250 kg NaI 
detector array in 
pressure vessel

arXiv:1106.115 

DAMA/LIBRA

KIMS

DM-Ice

DM-Ice



Bubble chambers
• Detect single bubbles induced by high dE/dx nuclear recoils in heavy liquid bubble chambers 

(with acoustic, visual or motion detectors)
• Large rejection factor for MIPs (1010), scalable to large masses, high spatial granularity
• Existing detectors: COUPP, PICASSO, SIMPLE
• Future: COUPP-500 -> ton-scale detector

Example:

n-induced 
event 
(multiple 
scatter)

WIMP: 
single 
scatter 

Recoil range << 1 µm in a liquid - very high dE/dx

Nigel&J.T.&Smith&& & & & & &&&&&&&&&&&Dark&A3ack!&&&&&&&&&&&&&&&&&& & & &&&&&&&&&&&&&&&&&&&&&&&&16th&July,&2012

PICASSO-III Deployment

PICASSO-III 
Water shieldPICASSO-III 

TPCS Boxes 
and target

COUPP 60 kg CF3I 
detector installed at 
SNOLAB; physics run 
in March 2013

PICASSO at SNOLAB

COUPP-60 
• 60 kg CF3I detector installed at SNOLAB with 10-45 cm2 SI projected 
sensitivity. 

February 2nd, 2013 17 Russell Neilson 

• Superheated fluid CF3I 
– F for spin dependent 
– I for spin independent 

 
• Observe bubbles with two 

cameras and piezo-acoustic 
sensors. 

COUPP bubble chambers 

February 2nd, 2013 4 Russell Neilson 

COUPP 4 kg 
CF3I detector at 
SNOLAB 



Directional detectors
R&D on low-pressure gas detectors to measure the recoil 
direction, correlated to the galactic motion towards Cygnus

MicroTPCs: MIMAC (CF4, CHF3, H gas), NEWAGE (CF4 gas)

TPC: DRIFT (negative ion, CS2), DM-TPC (CF4 gas)

New ideas: see talk by D. Nygren

MIMAC 100x100 mm2(v2) 
(designed by IRFU- Saclay (France)) 

LTPC Conference- Paris - December 17th 2012 D. Santos (LPSC Grenoble) MIMAC 100x100 mm2

5l chamber at Modane

Some DMTPC Prototypes

“10L” Dual-TPC currently operating
underground at the Waste Isolation
Pilot Plant.

“4-shooter” 18L TPC currently
undergoing finalncommissioning at
MIT.

Cosmin Deaconu (MIT/LNS) DMTPC December 15, 2012 12 / 37

18l DM-TPC at MIT
CCD readout NEWAGE, Kamioka

Ecosystem of directional detection

DMTPC. That’s us. More on us later :)
DRIFT. Negative-Ion TPC with CS

2

.
MIMAC. Micromegas TPC with CF

4

.
NEWAGE. µpixel TPC CF

4

.
Emulsions. Digital readout of emulsions.

Cosmin Deaconu (MIT/LNS) DMTPC December 15, 2012 8 / 37

DRIFT, Boulby Mine

MIMAC (MIcro-tpc MAtrix of Chambers) 

Strategy :  
!  Matrix of  micro-TPC  (~50 mbar) 
!  Energy (ionization) and  3D track) 
!  Multi-target (1H, 19F, …) 
!  Interaction axiale (spin-spin ) 
!  4He, CH4, C4H10, CF4  has been tested ! 
 

Recoil 19F (measured) 
(E ~ 40 keVee) 
50 mbar   CF4 + CHF3 (30%)  

Prototype Bi-chamber  (5 L) (2x (10x10x25 cm3 ) 
Installed at Modane –Fréjus (France) in June 2012   

25 James Battat     Bryn Mawr College 

3.2 keV Cd 

6.4 keV  Fe 

8.1 keV  Cu   

X-ray calibration by fluorescence 
From Cd , Fe and Cu foils 

Energy (ADC units) 

Get total E from 
charge integral 
 
But don’t know  
energy of  each hit 

LED 

Alta U6 CCDs 
1024x1024, 24�m pixels   
1”x1”, 1 Mpixel chip 
Binned 4x4 in hardware 
Shutter-less operation 
Large read-noise:  9 e- RMS 
 

Canon SLR lenses 
FD 85mm f/1.2 

CCD&readout:&&combining&4&cameras&

Image mosaic parameters  
determined from LED illumination 36 

41 

DM-TPC 
n-calibration

NEWAGE 
(New generation WIMP search  

with an advanced gaseous tracker experiment)�

PI: Kentaro Miuchi （KOBE university） 

NEWAGE-0.3a 
detector 

40cm 

30cm µPIC 
(Toshiba) 

30 x 30 x 31 cm3, 400 um pitch 

James Battat     Bryn Mawr College 26 
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The WIMP landscape
Parameter space above thick blue line excluded

Green/yellow bands:
1- and 2-σ expectation, based on zero signal
Limit (dark blue): 
Limit at MW = 50 GeV: 7 x 10-45 cm2 (90% C.L.) 

Phys. Rev. Lett. 109 (2012)



WIMP search evolution in time

~1 event kg-1yr-1

About a factor of 10 every 2 years!
Can we keep this rate of progress?

L. B., Physics of the Dark 
Universe 1, 94 (2012)

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1


Summary

Astroparticle physics: a growing and exciting field of research

I have covered only a small part in this talk -> see parallel sessions

Detectors/facilities: from micro-TPCs (few grams of material) to 1 Gton of water

Energies: from sub-keV to > 1020 eV: very different technological requirements

Common goal: a deeper understanding of our mysterious Universe



End



DARk matter WImp search with Noble liquids

20 t LXe (and/or LAr) cryostat in  large water 
Cherenkov shield 

R&D and design study for next-generation noble liquid detector

Physics goal: build the “ultimate WIMP detector”, before the possibly irreducible neutrino 
background takes over; probe WIMP cross sections down to ~10-48 cm2

100 GeV WIMP

pp neutrinos

bb-decay

2νbb: EXO measurement of 136Xe T1/2
Assumptions: 50% NR acceptance, 99.5%  ER discrimination
Contribution of 2νbb background can be reduced by depletion

darwin.physik.uzh.ch arXiv:1012.4764v1

10 m

http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
http://xxx.lanl.gov/abs/1012.4764v1
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Beyond Current Detectors

fixed galactic model
reconstruction probabilities 
for Ar, Ge, Xe

fixed galactic model
reconstruction probabilities 
for Xe, Xe + Ge, Xe + Ge + Ar

To reconstruct WIMP properties, larger detectors are needed

Different targets are sensitive to different directions in the mχ- σSI plane

Miguel Pato, Laura Baudis, Gianfranco Bertone, Roberto Ruiz de Austri, Louis E. Strigari and Roberto Trotta Phys. Rev. D 83, 083505 (2011) 

4

target � [ton�yr] ⇥cut ANR �eff [ton�yr] Ethr [keV] ⇤(E) [keV] background events/�eff
Xe 5.0 0.8 0.5 2.00 10 Eq. (7) < 1
Ge 3.0 0.8 0.9 2.16 10 Eq. (6) < 1
Ar 10.0 0.8 0.8 6.40 30 Eq. (8) < 1

TABLE I: Characteristics of future direct dark matter experiments using xenon, germanium and argon as target nuclei. In all
cases the level of background in the fiducial mass region is negligible for the corresponding e�ective exposure. See Section III
for further details.

Finally, for a liquid Ar detector, we assume a total
mass of 20 tons (10 tons in the fiducial region), 1 year
of operation, an energy threshold for nuclear recoils of
Ethr,Ar = 30 keV and an energy resolution of [44]

⌅Ar(E) = 0.7 keV
⇤

E/keV . (8)

To calculate realistic exposures, we make the following
assumptions: nuclear recoils acceptances ANR of 90%,
80% and 50% for Ge, Ar and Xe, respectively, and an
additional, overall cut e⇧ciency ⇥cut of 80% in all cases,
which for simplicity we consider to be constant in energy.
We hypothesise less than one background event per given
e⇥ective exposure �eff , which amounts to 2.16 ton⇥yr in
Ge, 6.4 ton⇥yr in Ar and 2 ton⇥yr in Xe, after allow-
ing for all cuts. Such an ultra-low background will be
achieved by a combination of background rejection using
the ratio of charge-to-light in Ar and Xe, and charge-to-
phonon in Ge, the timing characteristics of raw signals,
the self-shielding properties and extreme radio-purity of
detector materials, as well as minimisation of exposure
to cosmic rays above ground.

The described characteristics are summarised in Table
I. We note that in the following we shall consider recoil
energies below 100 keV only; to increase this maximal
value may add some information but the e⇥ect is likely
small given the exponential nature of WIMP-induced re-
coiling spectra.

IV. STATISTICAL METHODOLOGY

We take a Bayesian approach to parameter inference.
We begin by briefly summarizing the basics, and we refer
the reader to [45] for further details. Bayesian inference
rests on Bayes theorem, which reads

p(�|d) = p(d|�)p(�)

p(d)
, (9)

where p(�|d) is the posterior probability density func-
tion (pdf) for the parameters of interest, �, given data
d, p(d|�) = L(�) is the likelihood function (when viewed
as a function of � for fixed data d) and p(�) is the prior.
Bayes theorem thus updates our prior knowledge about
the parameters to the posterior by accounting for the in-
formation contained in the likelihood. The normalization
constant on the r.h.s. of Eq. (9) is the Bayesian evidence
and it is given by the average likelihood under the prior:

p(d) =

⇥
d�p(d|�)p(�). (10)

The evidence is the central quantity for Bayesian model
comparison [46], but it is just a normalisation constant
in the context of the present paper.
The parameter set � contains the DM quantities we

are interested in (mass and scattering cross-section), and
also the Galactic model parameters, which we regard as
nuisance parameters, entering the calculation of direct
detection signals, namely ⇤0, v0, vesc, k, see Eq. (3) and
Section V. We further need to define priors p(�) for all of
our parameters. For the DM parameters, we adopt flat
priors on the log of the mass and cross-section, reflecting
ignorance on their scale. For the Galactic model param-
eters, we choose priors that reflect our state of knowl-
edge about their plausible values, as specified in the next
section. Those priors are informed by available observa-
tional constraints as well as plausible estimations of un-
derlying systematical errors, for example for ⇤0. Finally,
the likelihood function for each of the direct detection ex-
periments is given by a product of independent Poisson
likelihoods over the energy bins:

L(�) =
�

b

N N̂b
R

N̂b!
exp (�NR) , (11)

where N̂b is the number of counts in each bin (generated
from the true model with no shot noise, as explained be-
low) and NR = NR(Emin

b , Emax
b ) is the number of counts

in the b-th bin (in the energy range Emin
b ⇤ E ⇤ Emax

b )
when the parameters take on the value �, and it is given
by Eq. (5). We use 10 bins for each experiment, uniformly
spaced on a linear scale between the threshold energy and
100 keV. We have checked that our results are robust if
we double the number of assumed energy bins. Using the
experimental capabilities outlined in Section III, we com-
pute the counts NR that the benchmark WIMPs would
generate, and include no background events since the ex-
pected background level in the fiducial mass region is
negligible (cf. Table I). The mock counts are generated
from the true model, i.e. without Poisson scatter. This
is because we want to test the reconstruction capabilities
without having to worry about realization noise (such a
data set has been called “Asimov data” in the particle
physics context [47]).
To sample the posterior distribution we employ the

MultiNest code [48–50], an extremely e⇧cient sampler
of the posterior distribution even for likelihood functions
defined over a parameter space of large dimensionality
with a very complex structure. In our case, the likeli-
hood function is unimodal and well-behaved, so Monte

model uncertainties are dominated by !0 and v0, and, once
marginalized over, they blow up the constraints obtained
with fixed Galactic model parameters. This amounts to a
very significant degradation of mass (cf. Table III) and
scattering cross-section reconstruction. Inevitably, the
complementarity between different targets is affected—
see the right frame of Fig. 2. Still, for the 50 GeV bench-
mark, combining Xe, Ge, and Ar data improves the mass
reconstruction accuracy with respect to the Xe only case,
essentially by constraining the high-mass tail.

In order to be more quantitative in assessing the useful-
ness of different targets and their complementarity, we use
as figure of merit the inverse area enclosed by the 95%
marginalized contour in the log10ðm"Þ # log10ð#p

SIÞ plane
inside the prior range. Notice that for the 250 GeV bench-
mark the degeneracy between mass and cross section is not
broken—this does not lead to a vanishing figure of merit
(i.e. infinite area under the contour) because we are re-
stricting ourselves to the prior range. Figure 3 displays this
figure of merit for several cases, where we have normalized

to the Ar target at m" ¼ 250 GeV with the fixed Galactic
model. Analyses with fixed Galactic model parameters
are represented by empty bars, while the cases where all
Galactic model parameters are marginalized over with
priors as in Table II are represented by filled bars. First,
one can see that all three targets perform better for WIMP
masses around 50 GeV than 25 or 250 GeV if the Galactic
model is fixed. When astrophysical uncertainties are
marginalized over, the constraining power of the experi-
ments becomes very similar for benchmark WIMP masses
of 25 and 50 GeV. Second, Fig. 3 also confirms what
was already apparent from Fig. 1: Ge is the best target
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FIG. 2 (color online). The joint 68% and 95% posterior probability contours in the m" # #p
SI plane for the case in which

astrophysical uncertainties are taken into account. In the left frame, the effect of marginalizing over !0, v0 and all four (!0, v0,
vesc, k) astrophysical parameters is displayed for a Xe detector and the 50 GeV benchmark WIMP. In the right frame, the combined
data sets Xeþ Ge and Xeþ Geþ Ar are used for the three DM benchmarks (m" ¼ 25; 50; 250 GeV).

TABLE III. The marginalized percent 1# accuracy of the DM
mass reconstruction for the benchmarks m" ¼ 25; 50 GeV is

shown. The figures between brackets refer to scans where the
astrophysical parameters were marginalized over (with priors as
in Table II), while the other figures refer to scans with the
fiducial astrophysical setup.

Percent 1# accuracy
m" ¼ 25 GeV m" ¼ 50 GeV

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)

F
ig

ur
e 

of
 m

er
it

1

10

=25 GeVχm =50 GeVχm =250 GeVχm

Empty: fixed astrophysics Filled: incl. astrophysical uncertainties

A
r

G
e

X
e

X
e+

G
e

X
e+

G
e+

A
r

A
r

G
e

X
e

X
e+

G
e

X
e+

G
e+

A
r

A
r

G
e

X
e

X
e+

G
e

X
e+

G
e+

A
r

FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

There are several other recent results that determine !0,
both consistent [60] and somewhat discrepant [61] with our
adopted value. Even in light of these uncertainties, we take
Eq. (16) to represent a conservative range for the purposes
of our study.

For completeness Table II summarizes the information
on the parameters used in our analysis.

VI. RESULTS

A. Complementarity of targets

We start by assuming the three dark matter benchmark
models described in Sec. II (m# ¼ 25; 50; 250 GeV with
"p

SI ¼ 10%9 pb) and fix the Galactic model parameters to
their fiducial values, !0 ¼ 0:4 GeV=cm3, v0 ¼ 230 km=s,
vesc ¼ 544 km=s, k ¼ 1. With the experimental capabil-
ities outlined in Sec. III, we generate mock data that, in
turn, are used to reconstruct the posterior for the DM
parameters m# and "p

SI. The left frame of Fig. 1 presents
the results for the three benchmarks and for Xe, Ge, and Ar

separately. Contours in the figure delimit regions of joint
68% and 95% posterior probability. Several comments are
in order here. First, it is evident that the Ar configuration is
less constraining than Xe or Ge ones, which can be traced
back to its smaller A and larger Ethr. Moreover, it is also
apparent that, while Ge is the most effective target for the
benchmarks with m# ¼ 25; 250 GeV, Xe appears the best
for a WIMP with m# ¼ 50 GeV (see below for a detailed
discussion). Let us stress as well that the 250 GeV WIMP
proves very difficult to constrain in terms of mass and cross
section due to the high-mass degeneracy explained in
Sec. II. Taking into account the differences in adopted
values and procedures, our results are in qualitative agree-
ment with Ref. [27], where a study on the supersymmet-
rical framework was performed. However, it is worth
noticing that the contours in Ref. [27] do not extend to
high masses as ours for the 250 GeV benchmark—this is
likely because the volume at high masses in a supersym-
metrical parameter space is small.
In the right frame of Fig. 1 we show the reconstruction

capabilities attained if one combines Xe and Ge data, or
Xe, Ge, and Ar together, again for when the Galactic
model parameters are kept fixed. In this case, for m# ¼
25; 50 GeV, the configuration Xeþ Arþ Ge allows the
extraction of the correct mass to better than Oð10Þ GeV
accuracy. For reference, the (marginalized) mass accuracy
for different mock data sets is listed in Table III. For m# ¼
250 GeV, it is only possible to obtain a lower limit on m#.
Figure 2 shows the results of a more realistic analysis,

that keeps into account the large uncertainties associated
with Galactic model parameters, as discussed in Sec. V.
The left frame of Fig. 2 shows the effect of varying only !0

(dashed lines, blue surfaces), only v0 (solid lines, red
surfaces), and all Galactic model parameters (dotted lines,
yellow surfaces) for Xe and m# ¼ 50 GeV. The Galactic

TABLE II. The parameters used in our analysis, with their
prior range (middle column) and the prior constraint adopted
(rightmost column) are shown. See Secs. IV and V for further
details.

Parameter Prior range Prior constraint

log10ðm#=GeVÞ (0.1, 3.0) Uniform prior
log10ð"p

SI=pbÞ ð%10;%6Þ Uniform prior
!0=ðGeV=cm3Þ (0.001, 0.9) Gaussian: 0:4" 0:1
v0=ðkm=sÞ (80, 380) Gaussian: 230" 30
vesc=ðkm=sÞ (379, 709) Gaussian: 544" 33
k (0.5, 3.5) Uniform prior
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FIG. 1 (color online). The joint 68% and 95% posterior probability contours in the m# % "p
SI plane for the three DM benchmarks

(m# ¼ 25; 50; 250 GeV) with fixed Galactic model, i.e., fixed astrophysical parameters, are shown. In the left frame we show the

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.
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reconstruction probabilities 
for Xe, Xe + Ge, Xe + Ge + Ar

including galactic uncertaintiesfixed galactic model
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Light: DAMA/LIBRA

Muon rate in LNGS*

Origin of the time variation in the observed rate:
motion of the Earth-Sun system through the WIMP halo?
environmental effects?
unclear!

Muon rate variation at LNGS: Amplitude: ~ 0.015; T = 1 year, ϕ = July 15±15 days
* M.Selvi et al., Proc. 31st ICRC, ŁÓDŹ 2009

see also David Nygren, arXiv:1102.0815
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CoGeNT: low-mass WIMPs?

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Recent GoGeNT Analysis
Plot from J Collar, Feb 2012

Spectral and modulation analysis in CoGeNT seem to point to a similar WIMP mass & coupling, 
BUT then modulated amplitude is definitely not what you would expect from a vanilla halo (way too large).

PRELIMINARY (Collar, work in progress)

Component of low energy surface events 
estimated to be leaking into spectrum 
after best fit to surface events

Difference between total events after 
cuts, after subtracting estimates of 
known backgrounds

J. Collar, Feb 2012

arXiv: 1002.4703; C. E. Aalseth et 
al., PRL106

Point-contact, 330 g Ge detector at Soudan
Energy threshold: ~ 0.5 keV ionization (~ 2 keV NR energy)
2011: claim of an annual modulation at 2.8-σ level (0.5 - 3 keVee), ~ 450 days

Enectali Figueroa-Feliciano - Dark Attack 2012

CoGeNT @ UCLA 2010

• Red line is their 
interpretation of 
a possible WIMP 
signal

• Blue line is their 
interpretation of 
their 
background
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Modulation: DAMA/LIBRA, CoGeNT 

DAMA/LIBRA (250 kg NaI, 0.82 tons-year):   
8.9-σ effect

CoGeNT (330 g HPGe, 450 d): 2.8-σ effect

Origin of the time variation in the observed rate 
- unclear!
Movement of the Earth-Sun system through 
the dark matter halo?
Environmental?

2-4 keV

R.Bernabei et al, Eur.Phys.J. C67 (2010)

DAMA/LIBRA

CoGeNT

CDMS

arXiv:1203.1309
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keV

nr

kg day]�1 are excluded at the 99% C.L.
For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⌘ L

0

/L
1

, where L
0

is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and �, while L

1

is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the �2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keV

nr

interval.
We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed

  0
.17
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0.3
5 [
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nr k

g d
ay
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//2 (~Apr.1)

3//2 (~Oct.1)

/
(~Jul.1)

0
(Jan.1)

FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.

CoGeNT

CDMS

http://xxx.lanl.gov/abs/1203.1309
http://xxx.lanl.gov/abs/1203.1309
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Expected Rates in a Terrestrial Detector

R ⇠ N
��
m�

⇥�N hvi

Particle physics

Astrophysics

N = number of target nuclei in a detector

ρχ = local density of the dark matter in the Milky Way

<v> = mean WIMP velocity relative to the target

mχ = WIMP-mass

σχN =cross section for WIMP-nucleus elastic scattering
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Local Density of WIMPs in the Milky Way

WIMP flux on Earth: ~ 
105 cm-2s-1 (100 GeV WIMP)

Even though WIMPs are weakly 
interacting, this flux is large 
enough so that a potentially 
measurable fraction will 
elastically scatter off nuclei

~ 600 kpc

(J. Diemand et all,  Nature 454, 2008, 735-738)

⇢
halo

⇠ 0.3 GeV · cm�3

MW = 100GeV)
⇠ 3000 WIMPs · m�3



La
ur

a 
Ba

ud
is,

 U
niv

er
sit

y 
of

 Z
ur

ich
, M

ün
st

er
 c

ol
lo

qu
ium

, 2
01

3

WIMP Scattering Cross Sections
A general WIMP candidate: fermion (Dirac or Majorana), boson or scalar particle

The most general, Lorentz invariant Lagrangian has 5 types of interactions

In the extreme NR limit relevant for galactic WIMPs (10-3 c) the interactions leading 
to WIMP-nuclei scattering are classified as (Goodman and Witten, 1985):

scalar interactions (WIMPs couple to nuclear mass, from the scalar, vector, 
tensor part of L)

spin-spin interactions (WIMPs couple to the nuclear spin, from the axial part of L)

fp, fn: effective couplings to 
protons and neutrons

ap, an: effective couplings to 
protons and neutrons

〈Sp〉and〈Sn〉
expectation values of the p and 
n spins within the nucleus

�SI ⇠ µ2

m2
�

[Zfp + (A� Z)fn]
2

�SD ⇠ µ2 JN + 1

JN
(aphSpi+ anhSni)2
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WIMP scattering cross section

N N

Z0

�0 ⇠ 10�39 cm2

�0 ⇠ 10�45 cm2

N N

h

�

�

�

�
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How to separate WIMPs from backgrounds
Signatures:

nuclear recoils

annual modulation of the recoil spectrum

diurnal modulation of the flux direction

Sun

Earth

230 km/s
60º

30 km/s
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The background noise
Electromagnetic radiation

natural radioactivity in detector and shield 
materials

airborne radon  (222Rn) 

cosmic activation of materials during storage/
transportation at the Earth’s surface

Neutrons

radiogenic from (α,n) and fission reactions

cosmogenic from spallation of nuclei in materials 
by cosmic muons

Alpha particles

210Pb decays at the detector surfaces

nuclear recoils from the Rn daughters
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Depth, meters water equivalent

Soudan

Kamioka

Gran Sasso

Homestake
 (Chlorine) Baksan

Mont Blanc

Sudbury 

WIPP 

Muon flux vs overburden

NUSL - Homestake

 Proposed NUSL Homestake
 Current Laboratories

Cosmic rays: operate 
deep underground


