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Matter and Energy Content of our Universe
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• Theorists provide strong guidance to us experimentalists

• Prediction for the mass of a dark matter particle span (at least) 29 orders of magnitude: 
! from 10-6 eV (axion) to 1015 GeV (WIMPzilla)

• Predicted cross sections: 
! from non-interacting (gravitino) 
! to strongly interacting (Qballs)

Dark matter candidates
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Some dark matter candidates: 
mass vs. interaction strength plane
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Howie Baer

The dark matter must be some particle 
state not contained in the standard model.  

One good idea are WIMPs (weakly interacting massive 
particles): thermal relics, well motivated (not invented 
to solve the dark matter problem) and testable

Most popular candidate: the neutralino, as the lightest 
supersymmetric particle; mass: ~ 10 GeV - few TeV

3Thursday, November 12, 2009



Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

The WIMP hypothesis is testable
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Underground Above ground At the LHC

We hope to learn a lot from direct detectors, from indirect detectors and from accelerators!
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Direct Detection of WIMPs: principle

WIMP

WIMP • Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus is:

• q = momentum transfer

• µ = reduced mass (mN = nucleus mass; mΧ = WIMP mass)

• v = mean WIMP-velocity relative to the target

• θ = scattering angle in the center of mass system

µ =
m!mN

m! +mN

 
ER =

!q 2

2mN

=
µ2v2

mN

(1! cos")

 
!q 2 = 2µ2v2 (1! cos")

ER
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• For now strongly simplified:

• 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

Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

Expected Rates in a Terrestrial Detector

Particle physics

Astrophysics

R ! N
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Astrophysics Input

7Thursday, November 12, 2009



Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

Local Density of WIMPs in the Milky Way

Data

bulge

Total

(Klypin, Zhao & Somerville 2002)

Sun

disk 

disk + bulge

dark halo

(MWIMP = 100 GeV)
 !" ! 3000 WIMPs #m$3
 !" ! 0.3 GeVcm#3

!halo = 0.1" 0.7 GeVcm"3

!disk = 2 " 7 GeVcm"3

Particle data group:

‘Standard’ value:

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
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Simulations of the Milky Way Dark Halo

Ben Moore et al, UZH, 2008
~ 600 kpc

high resolution (109 particles) 
cosmological CDM simulation 
of a Milky Way type halo

inner 20 kpc: density  

inner 20 kpc: phase space density  

http://xxx.lanl.gov/pdf/0805.1244v1
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• 1. Question: how smooth is the dark matter mass distribution at the solar position?

Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

Spatial Distribution of the Dark Matter

The Aquarius project, 6 halos; arXiv: 0812.0362

High resolution simulations of six 
galaxy halos taken from the 
Aquarius Project

Parameters for the Aquarius 
simulations: 

!m  = 0.25
!Λ   = 0.75
H0= 100 h km s-1 Mpc-1 
h = 0.73

Answer: 
- very smooth
- substructure is far from Sun

2 Vogelsberger et al.

per limits established by other experiments (see Savage et al. 2004;

Gondolo & Gelmini 2005; Gelmini 2006, for a discussion and pos-

sible solutions). Regardless of this, recent improvements in detector

technology may enable a detection of “standard model” WIMPS or

axions within a few years.

Event rates in all direct detection experiments are determined

by the local DM phase-space distribution at the Earth’s position.

The relevant scales are those of the apparatus and so are extremely

small from an astronomical point of view. As a result, interpret-

ing null results as excluding specific regions of candidate param-

eter space must rely on (strong) assumptions about the fine-scale

structure of phase-space in the inner Galaxy. In most analyses the

dark matter has been assumed to be smoothly and spherically dis-

tributed about the Galactic Centre with an isotropic Maxwellian ve-

locity distribution (e.g. Freese et al. 1988) or a multivariate Gaus-

sian distribution (e.g. Ullio & Kamionkowski 2001; Green 2001;

Helmi et al. 2002). The theoretical justification for these assump-

tions is weak, and when numerical simulations of halo formation

reached sufficiently high resolution, it became clear that the phase-

space of CDM halos contains considerable substructure, both grav-

itationally bound subhalos and unbound streams. As numerical res-

olution has improved it has become possible to see structure closer

and closer to the centre, and this has led some investigators to sug-

gest that the CDM distribution near the Sun could, in fact, be almost

fractal, with large density variations over short length-scales (e.g.

Kamionkowski & Koushiappas 2008). This would have substantial

consequences for the ability of direct detection experiments to con-

strain particle properties.

Until very recently, simulation studies were unable to resolve

any substructure in regions as close to the Galactic Centre as the

Sun (see Moore et al. 2001; Helmi et al. 2002, 2003, for example).

This prevented realistic evaluation of the likelihood that massive

streams, clumps or holes in the dark matter distribution could af-

fect event rates in Earth-bound detectors and so weaken the par-

ticle physics conclusions that can be drawn from null detections

(see Savage et al. 2006; Kamionkowski & Koushiappas 2008, for

recent discussions). As we shall show in this paper, a new age has

dawned. As part of its Aquarius Project (Springel et al. 2008) the

Virgo Consortium has carried out a suite of ultra-high resolution

simulations of a series of Milky Way-sized CDM halos. Simula-

tions of individual Milky Way halos of similar scale have been car-

ried out by Diemand et al. (2008) and Stadel et al. (2008). Here we

use the Aquarius simulations to provide the first reliable character-

isations of the local dark matter phase-space distribution and of the

detector signals which should be anticipated in WIMP and axion

searches.

2 THE NUMERICAL SIMULATIONS

The cosmological parameters for the Aquarius simulation set are

Ωm = 0.25, ΩΛ = 0.75, σ8 = 0.9, ns = 1 and H0 =
100 h km s−1 Mpc−1 with h = 0.73, where all quantities have
their standard definitions. These parameters are consistent with cur-

rent cosmological constraints within their uncertainties, in partic-

ular, with the parameters inferred from the WMAP 1-year and

5-year data analyses (Spergel et al. 2003; Komatsu et al. 2008).

Milky Way-like halos were selected for resimulation from a par-

ent cosmological simulation which used 9003 particles to follow

the dark matter distribution in a 100h−1Mpc periodic box. Se-
lection was based primarily on halo mass (∼ 1012M") but also

required that there should be no close and massive neighbour at

1 10
! / !model

10-8

10-6

10-4

10-2

100

f(
!
)

Aq-A-1

Aq-A-2

Aq-A-3

Aq-A-4

Aq-A-5

Poisson(64)

1 10
! / !model

10-8

10-6

10-4

10-2

100

f(
!
)

Aq-A-2

Aq-B-2

Aq-C-2

Aq-D-2

Aq-E-2

Aq-F-2

Figure 1. Top panel: Density probability distribution function (DPDF) for

all resimulations of halo Aq-A measured within a thick ellipsoidal shell

between equidensity surfaces with major axes of 6 and 12 kpc. The lo-
cal dark matter density at the position of each particle, estimated using an

SPH smoothing technique, is divided by the density of the best-fit, ellip-

soidally stratified, power-law model. The DPDF gives the distribution of

the local density in units of that predicted by the smooth model at random

points within the ellipsoidal shell. At these radii only resolution levels 1

and 2 are sufficient to follow substructure. As a result, the characteristic

power-law tail due to subhalos is not visible at lower resolution. The fluc-

tuation distribution of the smooth component is dominated by noise in our

64-particle SPH density estimates. The density distribution measured for

a uniform (Poisson) particle distribution is indicated by the black dashed

line. Bottom panel: As above, but for all level-2 halos after rescaling to

Vmax = 208.49 km/s. In all cases the core of the DPDF is dominated by
measurement noise and the fraction of points in the power law tail due to

subhalos is very small. The chance that the Sun lies within a subhalo is

∼ 10−4. With high probability the local density is close to the mean value

averaged over the Sun’s ellipsoidal shell.

z = 0. The Aquarius Project resimulated six such halos at a series
of higher resolutions. The naming convention uses the tags Aq-A

through Aq-F to refer to these six halos. An additional suffix 1 to
5 denotes the resolution level. Aq-A-1 is the highest resolution cal-
culation, with a particle mass of 1.712×103 M" and a virial mass

of 1.839 × 1012 M" it has more than a billion particles within the

virial radius R200 which we define as the radius containing a mean

density 200 times the critical value. The Plummer equivalent soft-

ening length of this run is 20.5 pc. Level-2 simulations are available

smooth 
component

subhalo 
population

Density probability distribution around the solar circle

6 kpc < r < 10 kpc
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Velocity Distribution of the Dark Matter

• 2. Question: how smooth is the dark matter velocity distribution at the solar position?

The Aquarius project, 6 halos; arXiv: 0812.0362

Answer: smooth, no streams
almost Maxwellian

• But: can we ignore the baryons?  The dark matter only simulations have established a 
baseline for future work. 

Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-

ther details of the halos and their characteristics can be found in

Springel et al. (2008).

In the following analysis we will often compare the six level-2

resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,

we scale the halos in mass and radius by the constant required to

give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-

nate system that is aligned with the principal axes of the inner halo,

and which labels particles by an ellipsoidal radius rell defined as

the semi-major axis length of the ellipsoidal equidensity surface on

which the particle sits. We determine the orientation and shape of

these ellipsoids as follows. For each halo we begin by diagonal-

ising the moment of inertia tensor of the dark matter within the

spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and

shape of the best fitting ellipsoid. We then reselect particles with

6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-

to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark

matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of

DM particles passing through laboratory detectors. It is important,

therefore, to determine not only the mean value of the DM density

8 kpc from the Galactic Centre, but also the fluctuations around this

mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our

simulations using an SPH smoothing kernel adapted to the 64

nearest neighbours. We then fit a power law to the resulting dis-

tribution of ln ρ against ln rell over the ellipsoidal radius range

6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles

in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that

the resulting distribution refers to random points within our ellip-

soidal shell rather than to random mass elements. We normalise the

resulting DPDFs to have unit integral. They then provide a prob-

ability distribution for the local dark matter density at a random

point in units of that predicted by the best fitting smooth ellipsoidal

model.

In Fig. 1 we show the DPDFs measured in this way for all

resimulations of Aq-A (top panel) and for all level-2 halos after

scaling to a common Vmax (bottom panel). Two distinct compo-

nents are evident in both plots. One is smoothly and log-normally

distributed around ρ = ρmodel, the other is a power-law tail to high

densities which contains less than 10−4 of all points. The power-

law tail is not present in the lower resolution halos (Aq-A-3, Aq-

A-4, Aq-A-5) because they are unable to resolve subhalos in these

inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-

sults, suggesting that resolution level 2 is sufficient to get a reason-

able estimate of the overall level of the tail. A comparison of the six

level 2 simulations then demonstrates that this tail has similar shape

in different halos, but a normalisation which can vary by a factor

of several. In none of our halos does the fraction of the distribu-

tion in this tail rise above 5× 10−5. Furthermore, the arguments of

Springel et al (2008) suggest that the total mass fraction in the in-

ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel

to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured

directly from the simulation, while black dashed lines show a multivari-

ate Gaussian model fit to the individual component distributions. Residuals

from this model are shown in the upper part of each panel. The major axis

velocity distribution is clearly platykurtic, whereas the other two distribu-

tions are leptokurtic. All three are very smooth, showing no evidence for

spikes due to individual streams. In contrast, the distribution of the velocity

modulus, shown in the upper left panel, shows broad bumps and dips with

amplitudes of up to ten percent of the distribution maximum. Lower panel:

Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives

the median of all the fitted multivariate Gaussians. The dark and light blue

contours enclose 68% and 95% of all the measured distributions at each ve-

locity. The bumps seen in the distribution for a single box are clearly present

with similar amplitude in all boxes, and so also in the median curve. The

bin size is 5 km/s in all plots.

Velocity distribution in a 2 kpc box the solar circle

modulus major

intermediate minor
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for all six halos with about 200 million particles within R200. Fur-

ther details of the halos and their characteristics can be found in

Springel et al. (2008).

In the following analysis we will often compare the six level-2

resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,

we scale the halos in mass and radius by the constant required to

give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-

nate system that is aligned with the principal axes of the inner halo,

and which labels particles by an ellipsoidal radius rell defined as

the semi-major axis length of the ellipsoidal equidensity surface on

which the particle sits. We determine the orientation and shape of

these ellipsoids as follows. For each halo we begin by diagonal-

ising the moment of inertia tensor of the dark matter within the

spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and

shape of the best fitting ellipsoid. We then reselect particles with

6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-

to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark

matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of

DM particles passing through laboratory detectors. It is important,

therefore, to determine not only the mean value of the DM density

8 kpc from the Galactic Centre, but also the fluctuations around this

mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our

simulations using an SPH smoothing kernel adapted to the 64

nearest neighbours. We then fit a power law to the resulting dis-

tribution of ln ρ against ln rell over the ellipsoidal radius range

6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles

in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that

the resulting distribution refers to random points within our ellip-

soidal shell rather than to random mass elements. We normalise the

resulting DPDFs to have unit integral. They then provide a prob-

ability distribution for the local dark matter density at a random

point in units of that predicted by the best fitting smooth ellipsoidal

model.

In Fig. 1 we show the DPDFs measured in this way for all

resimulations of Aq-A (top panel) and for all level-2 halos after

scaling to a common Vmax (bottom panel). Two distinct compo-

nents are evident in both plots. One is smoothly and log-normally

distributed around ρ = ρmodel, the other is a power-law tail to high

densities which contains less than 10−4 of all points. The power-

law tail is not present in the lower resolution halos (Aq-A-3, Aq-

A-4, Aq-A-5) because they are unable to resolve subhalos in these

inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-

sults, suggesting that resolution level 2 is sufficient to get a reason-

able estimate of the overall level of the tail. A comparison of the six

level 2 simulations then demonstrates that this tail has similar shape

in different halos, but a normalisation which can vary by a factor

of several. In none of our halos does the fraction of the distribu-

tion in this tail rise above 5× 10−5. Furthermore, the arguments of

Springel et al (2008) suggest that the total mass fraction in the in-

ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel

to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured

directly from the simulation, while black dashed lines show a multivari-

ate Gaussian model fit to the individual component distributions. Residuals

from this model are shown in the upper part of each panel. The major axis

velocity distribution is clearly platykurtic, whereas the other two distribu-

tions are leptokurtic. All three are very smooth, showing no evidence for

spikes due to individual streams. In contrast, the distribution of the velocity

modulus, shown in the upper left panel, shows broad bumps and dips with

amplitudes of up to ten percent of the distribution maximum. Lower panel:

Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives

the median of all the fitted multivariate Gaussians. The dark and light blue

contours enclose 68% and 95% of all the measured distributions at each ve-

locity. The bumps seen in the distribution for a single box are clearly present

with similar amplitude in all boxes, and so also in the median curve. The

bin size is 5 km/s in all plots.
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A Dark Matter Disk in the Milky Way?
• In ΛCDM numerical simulations which include the influence of baryons on the dark matter, it has been 

found that:

! stars and gas settle onto the disk early on, affecting how smaller dark matter halos are accreted

! the largest satellites are preferentially dragged towards the disk by dynamical friction, then torn 
apart, forming a disk of dark matter

! in the standard cosmology, the disk dark matter density is constrained to about 0.5 - 2 x halo density

! as we shall see, its lower rotation velocity with respect to the Earth has implications for direct 
detection experiments 

dark disk

Read, Lake, Agertz, Debattista, 

MNRAS 389, 1041, 2008

dark halo
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Particle Physics Input

13Thursday, November 12, 2009



Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

• A general WIMP candidate: fermion (Dirac or Majorana), boson or scalar particle
• The most general, Lorentz invariant Lagrangian has 5 types of interactions (S, P, V, A,T)
• In the extreme NR limit relevant for galactic WIMPs (vWIMP ~ 10-3c), the interactions leading 

to WIMP-nuclei elastic scattering are classified as:

! scalar interactions (WIMPs couples to nuclear mass; from the scalar and vector part of L)

! spin-spin interactions (WIMPs couples to nuclear spin JN, from the axial part of L)

Expected Scattering Cross Sections

fp,n = effective couplings to p, n

〈Sp,n 〉= expectation 
values of the spin content 
of the p, n in the target 
nucleus

ap,n = effective couplings to p, n

! SI =
mN
2

4" (m# + mN )
2 Zfp + (A $ Z ) fn%& '(

2

! SD =
32
"
GF
2 m#

2mN
2

(m# + mN )
2

JN +1
JN

ap Sp + an Sn( )2

large hadronic uncertainties in the cross section
J. Ellis, K.A. Olive, C. Savage, PRD 77, 065026 (2008)
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WIMP Mass and SI Cross Section

• Example for predictions from supersymmetry  [10-8 pb = 10-44 cm2]: 

WIMP mass 

ne
ut

ra
lin

o-
nu

cl
eo

n 
S

I c
ro

ss
 s

ec
tio

n 

in the CMSSM model 

CMSSM2008 
(Roszkowski, Ruiz, Trotta)

H. Baer, arXiv:0812.2442
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Putting it all together
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Expected Interaction Rates

• Integrate over WIMP velocity distribution; in general assumed to be a simple 1D Maxwellian 
(good approximation for isothermal halo with ideal WIMP gas):

• with WIMP-nucleon cross sections 
< 10-7 pb,  the expected rates are 

< 1 event/100kg/day

F2 (ER ) =
3 j1(qR1)
qR1

!

"
#

$

%
&

2

e'(qs )
2

 

dR
dER

=
! 0"0
2m#µ

2 F
2 (ER )

f (!v,t)
vv> mN ER /2µ

2

vmax$ d 3v

 
f (!v,t)! exp "(!v+!vE (t))

2

2# 2

$
%
&

'
(
)

Differential rates (per 100 kg and day)
for different targets (Ar, Ge, Xe)

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

MWIMP = 100 GeV
σWN=1!10-44 cm2

Recoil energy [keVr]

Di
ff.

 ra
te

 [e
ve

nt
s/

(1
00

 k
g 

d 
ke

V)
]

Nuclear form factor
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Effects of a Dark Matter Disk in The Milky Way

• The solar system is embedded into the macroscopic structure of the dark disk

• the local density is constrained by 

• the velocities and dispersions are taken as

! the dark disk increases the rates at low recoil energies and provides and modifies the shape of the 
recoil spectrum, depending on the WIMP mass

! =
"Disk

"SHM
# 2

vdisk = [0,50,0] km ! s"1;   # disk = 50 km ! s"1

Recoil energy below which the signal is 
dominated by the dark disk

XENON10 threshold

Xenon

Germanium

XENON10 thresholdT. Bruch, J. Read, L. Baudis, G. Lake, APJ  696 (2009)
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How would a WIMP signal look like?

• WIMP interactions in detector should be: 

• nuclear recoils

• single scatters, uniform throughout detector volume

• Spectral shape (exponential, however similar to background)

• Dependance on material (A2, F2(Q), test consistency between different targets)

• Annual flux modulation (~ 3% effect, most events close to threshold)

• Direction dependance (larger effect, requires low-pressure gas target)

Sun

Earth

230 km/s
60º

30 km/s
WIMP windv0 solar motion

N
WIMP wind

target00:00 h
12:00 h
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Direct Detection Techniques

Phonons

Charge

NaI: DAMA/LIBRA 
NaI: ANAIS
CsI: KIMS

Light

LXe: XMASS
LAr, LNe: 
DEAP/CLEAN

LXe: XENON 
LXe: LUX
LXe: ZEPLIN
LAr: WARP 
LAr: ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST

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

Al2O3: CRESST-I

WIMP WIMP

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise !T given by:

!T =
E

C(T )
e
"
t

# ,       # =
C(T )

G(T )

C(T) = heat capacity of absorber

G(T)=thermal conductance of the link 

between the absorber and the 

reservoir at temperature T0

Normal metals: the electronic part 

of C(T) ! T, and dominates the heat capacity  

at low temperatures

Superconductors: the electronic part is 

proportional to exp(-Tc/T)

Tc = superconducting transition temperature

and is negligible compared to lattice 

contributions  for T<<Tc

"

E

"

T0

T-sensor
Absorber

C(T)

G(T)

24

Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

!1 MeV yields 4 x 104 photons, with average energy of 3 eV

!dominant decay time of the scintillation pulse: 230 ns, !max = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 

band

gap

conduction band

valence band

scintillation

photon activator

ground state

activator 

excited states

electron

11

• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments

valence band

Egap ! 0.7eV

Electron

energy
semiconductor

conduction band

n-type, coaxial HPGe-detector

Q(t) = Q
!
(t) +Q

+
(t)

6
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Experimental Results 
in November 2009

XENON10: 2008

CRESST: 2008

CMSSM2008 
(Roszkowski, Ruiz, Trotta)

WIMP Mass [GeV]

W
IM

P-
nu

cle
on

 σ
SI

 [c
m

2 ]

Spin-independent cross section 
(normalized to nucleons)

EDELWEISS: 2005

WARP: 2007

ZEPLIN III: 2008

CDMS: 2009

S
p

in-d
ep

end
ent 

CMSSM

CMSSM

XENON10: 129Xe

KIMS: CsI

CDMS-II 73Ge

KIMS: CsI

DAMA: NaI

DAMA: NaI

SuperK

COUPP

DAMA/
LIBRA

XENON10

21Thursday, November 12, 2009



• Assume we have detector of mass M, taking data for a period of time T

• The total exposure will be ε = M ! T [kg days]; nuclear recoils are detected above an energy 
threshold Eth, up to a chosen energy  Emax. The expected number of events nexp will be:

⇒ cross sections for which nexp " 1 

can be probed by the experiment

• If ZERO events are observed, Poisson 

statistics implies that nexp ! 2.3 at 90% CL

=> exclusion plot in the cross 

section versus mass parameter space

(assuming known local density)

Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

Vanilla Exclusion Plot

nexp = ! dR
dER

dEREth

Emax"

ER << Eth

mχ ~ mN

nexp ~ 1/mχ

velocity 
distribution 
tail
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• The total exposure will be ε = M ! T [kg days]; nuclear recoils are detected above an energy 
threshold Eth, up to a chosen energy  Emax. The expected number of events nexp will be:

⇒ cross sections for which nexp " 1 

can be probed by the experiment

• If ZERO events are observed, Poisson 

statistics implies that nexp ! 2.3 at 90% CL

=> exclusion plot in the cross 

section versus mass parameter space

(assuming known local density)
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Vanilla Exclusion Plot

nexp = ! dR
dER

dEREth

Emax"

ER << Eth

mχ ~ mN

nexp ~ 1/mχ

Upper limit systematics                                                                    
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Dominating uncertainty is the local dark matter density ! = 0.1 - 0.8 GeV/cm3.

Vary v and vesc by MCMC to determine astrophysical systematics of the exclusion limit.

Standard halo model parameters:

 v = 220 ± 20 km/s         vesc = 544 ± 40 km/s          != 0.3 GeV/cm3

CTP 2009 , Luxor Egypt                                                Tobias Bruch, University of Zürich                                                                  8

v = 220 ± 20 km/s
vesc = 544 ± 40 km/

T. Bruch, 
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How well could we determine the WIMP mass?

Preliminary study: 
T. Bruch, UZH

30 events in 12’250 (raw) kg days 8 events in 3’500 (raw) kg days

detection 
efficiency
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Cryogenic Experiments at mK Temperatures

• Advantages: high sensitivity to nuclear recoils
• measuring the full nuclear recoil energy in the phonon channel
• low energy threshold (keV to sub-keV), good energy resolution
• light/phonon and charge/phonon: nuclear vs. electron recoil discrimination

! !
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.+!/001,!#2+,!3%!/001,
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H"I5!7%,+8(!7+(+8(%#$!J!KL+$(!MN!KL+$(!7%&8,%-%$'(%#$
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Efficiency: > 99.9% 
E > 20keV

CRESST at LNGS EDELWEISS at LSM CDMS at Soudan

electron recoils

nuclear recoils
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Cryogenic Experiments at mK Temperatures

CRESST at LNGS EDELWEISS at LSM

0 20 40 60 80 100
0

0.5

1

1.5

Recoil energy (keV)
Io

ni
za

tio
n 

yi
el

d

Ge: 121.3 kg d 
(after cuts)

zero observed events

Run 123-124: results in PRL102
Run 125-128: analyzed 
(~185 kg days after all cuts)
- results to be released soon

First SuperTower (1ʼʼ thick ZIPs, each 
650 g of Ge)  installed at Soudan 
(3 kg of WIMP target) and working
Goal: 5 x 10-45 cm2 with 16 kg Ge

Goal: 10 kg (30 modules) of 
Ge detectors in new cryostat
- new ID electrodes with 
much improved surface 
event rejection (1 in 6x104)
- accepted in PLB
- 470 kg day raw exposure 
accumulated
- under analysis; paper by 
end of 2009

CDMS at Soudan

Goal: 10 kg array of 33 CaWO4 
detectors 
- new limit from operating 2 
detectors (48 kg d) published 
in 2008, arXiv:0809.1829v1
- new run with 10 detector 
modules (CaWO4) is in 
progress

G Gerbier -Ulisse wkshop - 10/09 9

2008 physics run with 2 400g IDs

! 86 live days / 4 months / 2x400g detectors
! 18.3 kg.d with < 15 keV threshold, ~50% eff at 10keV

Background free 
Preliminary
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EURECA

• A European coordinated effort to build a ton-scale cryogenic dark matter experiment
• Joint effort of ~110 physicists from EDELWEISS, CRESST, ROSEBUD, CERN + others 

• Part of ILIAS / ASPERA / ApPEC strategy (roadmap)

• Cryogenic detectors are modular and inherently scalable

• Multi-element target for WIMP identification (Ge and solid state scintillators)

• Current topics: 

design study, technology down selection 
major effort in background control and detector fabrication

Preferred site: 60 000 m3 extension of present Laboratoire Souterrain de Modane
- R&D and design study: 2009-2011; Construction: 2011-2015; Science > 2015
- funded by the first ASPERA common call: 
ASPERA News: “Groups in France, Spain and the UK will work on this project. A maximum 
funding of €606k will be provided.”

European Rare Event Calorimeter Array

27Thursday, November 12, 2009



Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

EURECA European Rare Event Calorimeter Array

XENON10: 2008

CRESST: 2008

EDELWEISS: 2005

WARP: 2007

ZEPLIN III: 2008
CDMS: 2008

DAMA/
LIBRA

~30 evt/ton/year

EURECA aim

Space: a volume of 30 x 14 x 14 m3 to accommodate two 
water shields and the EURECA building in between. 

Services: 190 kW electrical power; cooling facilities to remove 
190 kW of heat; radon-free air (700 m3 peak at <0.1 Bq/m3, 
safe for people to work in); purification of 1,000 m3 water; and 
~160 m2 clean room facilities (range of classes).

Request Summary

Away from the EURECA 
facility: 500 m3 for water 
storage and ~150 m3 for 
compressors (liquid 
cryogen system) and gas 
storage.
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Noble Liquids Time Projection Chambers
• Dense, homogeneous targets/detectors; high light and charge yields
• Prompt (S1) light signal after interaction in active volume; charge is drifted, extracted into the gas 

phase and detected as proportional light (S2)
• Challenge: ultra-pure liquid + high drift field; efficient extraction + detection of e-

WIMP (here neutron)

S2
S1

S1

S2

gamma

drift time

drift time

hν

e-

Ed

Eext

Liquid

Gas

ER

hν

hν

hν

tdrift

Ar (A = 40); λ = 128 nm
Xe (A=131); λ = 175 nm

- S2/S1 depends on dE/dx 
- good 3D position resolution

=> particle identification}
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Two-phase Xenon Detectors

ZEPLIN III at Boulby XENON10 at LNGS

APS_2007 Elena Aprile

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

2 - 12 keVee

4.5 –27 KeVr

!  WIMP “Box” defined at

~50% acceptance of

Nuclear Recoils (blue

lines):  [Mean,   -3!]

! 10 events in the “box”

after all  cuts in Primary

Analysis

! 6.9 events expected
from " Calibration

!  NR energy scale

based on 19% constant

QF

 (see Manzur Talk)

6.7 kg LXe (fiducial)
31 x 2ʼʼ cm PMTs

WIMP search run
analyzed: 127 kg d

15 kg (5.4 fiducial), 
89 2ʼʼ PMTs 

136 kg d (after cuts) 
of WIMP search 
data

7 events obs.
in WIMP box
11.6±3.0 expected 
from backgrounds

limit with BG 
subtraction

10 events
observed, 
all BG, no 
subtraction

Results: 
PRL100, 
PRL101

arXiv:0812.1150v1WIMP search box: 10.7 - 30.2 keVr
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The XENON100 Experiment at Gran Sasso

• Dual-phase, Xe-TPC to search for WIMPs by their collision with Xe-nuclei 
• 165 kg (100 kg in active veto) LXe, viewed by 242 PMTs, 30 cm ∅, 30 cm drift
• 3D position reconstruction based on detection of S1 and S2
• Factor of 100 lower background, factor 10 higher mass than  XENON10
• Under operation at LNGS since spring 2008
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XENON100 Photodetectors and Calibration

• 242 Hamamatsu R8520 1’’x1’’ PMTs
• low-radioactivity (U/Th < 0.2 mBq/PMT), 80 with high QE of 33%

! 98 in top array: optimized for fiducial cut efficiency
! 80 in bottom array: optimized for S1 collection -> low Ethr

! 64 in active veto: BG reduction by factor 3-4 
! PMT gain calibration: with LEDs, the SPE response measured

• XENON100 Calibration:
! gamma-sources: 83mKr, 57Co, 137Cs, 60Co, 228Th, 129mXe, 131mXe
! neutron source: AmBe

K. Ni (SJTU)

XENON100 Detector Calibration

21
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S2 spectrum

Bottom and side bottom veto arrays (32 PMTs)

Top and side top arrays in the veto (32 PMTs)

Light Detection in the XENON-100 detector

Alexander Kish, Doktorandenseminar. Zürich  ETH, 5.06.2009

s2c_hist
Entries  19703

Mean   1.601e+05

RMS    5.145e+04

 / ndf 2  6.876 / 10

Constant  12.1!   790 

Mean      656! 1.879e+05 

Sigma     1351! 3.062e+04 

 S2c [pe]
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s2c_hist

Entries  19703

Mean   1.601e+05

RMS    5.145e+04

 / ndf 2  6.876 / 10

Constant  12.1!   790 

Mean      656! 1.879e+05 

Sigma     1351! 3.062e+04 

xe100_090525_0939 xe100_090526_1041: Cs137

Cs137

S2 spectrum

S1 spectrum
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• Detector fully functional, tested on calibration data
• Several short background runs (BG at the level predicted by Monte Carlo simulations!)
• 85Kr (T1/2 = 10.7 y, β- 678 keV) purification in August 2010: 15 - 150 ppt (limited by current stats)
• Detailed LXe veto mapping in 80 different positions; mean veto threshold: 50 keV
• Maximum light yield recently reached (4.5 p.e. at 122 keV); currently improving electron lifetime (>160µs)

• Next: 
! establish gamma band with high stats 60Co calibration data (ongoing)
! neutron calibration run (establish nuclear recoil band)
! 83mKr calibration (9 keV and 30 keV, establish signal position dependance)
! WIMP search run in 2010 
!200 days:  σ = 2 " 10-45 cm2 (at MW =100 GeV)

XENON100 Status and Plans

Figure 1: Example of a XENON100 event with almost maximum drift time: The interaction happened close
to the cathode. One time sample corresponds to 10 ns. The narrow pulse at 720 is the prompt S1 scintillation
light, the broader peak at 16600 is the charge signal (S2).

Light and Charge Signals As already reported at the last scientific committee meeting, we
realized that we had some gas permeation through a seal of the cryostat. After the exchange of
the seal under N2 atmosphere, the detector was prepared for filling by baking and by recircu-
lation of warm xenon gas though the detector and the getter. The analysis of the residual gas
showed that the gas permeation into the detector had been reduced by 2 orders of magnitude.
The decrease of the water content in the xenon gas was monitored with a dedicated device
(TigerOptics HALO). The final value was about 1 ppb, the sensitivity of the device.

Whereas the previous runs showed an increase in light yield during the first weeks after
detector filling until a maximum value was reached, we now observe the maximum light yield
basically immediately. Furthermore, with the improved leak-tightness of the detector and the
improved outgassing, we also observe charges from interactions in the LXe that are drifted
across the TPC and get extracted into the gas phase. The loss of ionization electrons with drift
length, described by the electron lifetime as we measure the drift length in microseconds, is
directly related to the number of remaining electronegative impurities in the LXe. The lifetime
increases with continuous Xe purification and we are able to detect S2 signals from all parts of
the TPC (cf. Fig. 1). The highest value reached so far was 240 µs, however, the maximum was
not reached yet when we decided to stop the run for the Kr purification (see below). Currently,
we are again in the phase of LXe purification and the gamma ray data we continuously acquire
to monitor electron lifetime and light yield show that the detector’s response continues to
improve.

Position Reconstruction; Position Dependence of Light Signal The increased electron
lifetime has allowed us to fully exploit the 3D interaction position reconstruction capabilities of
the TPC for the first time: The z-coordinate is given by the drift time (since the drift velocity
for a given drift field is a constant number), and the xy-position is derived from the hit pattern
on the top PMT array, located in the gas volume. We have developed 3 different reconstruction
techniques, based on neural networks, support vector machines, and χ2-minimization, that
are continuously tested, compared, and improved. A test of the reconstruction quality with a
strongly collimated point source gives a measured uncertainty of ±3 mm in the reconstructed
position, where the error is dominated by the positioning of the source.

2 XENON100 – Status Report November 2009

Data

Background Data Analysis (preliminary)
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Drift time corrected S1 spectra (livetime 12 days)

Drift time correction for each dataset is calculated from the 137Cs calibration 

runs (~1 h) of the same day

Scaled to keVee based on the calibration with 137Cs source (662 keV)

Alexander Kish        |      XENON-100        |        5th Patras Workshop on Axions, WIMPs and WISPs        |       University of Durham         |      July 13, 2009           |  ExtraSlide

PRELIM
INARY

33Thursday, November 12, 2009



Laura Baudis, University of Zurich, LAUNCH, MPIK Heidelberg, Nov 10, 2009

The Xürich Detector

• 1.65 kg dual-phase LXe-TPC, 3 cm drift, viewed by 2 Hamamatsu R9869 PMTs

To calculate the light yield of the detector, measurements with a 57Co source were performed.

Data was taken at 0-field for a position of the source below the TPC (x01-20090929T1127) and at

1 kV/cm for a position on the side of the detector (x01-20090921T1719). Figure 2 (left) shows a

spectrum of the source at the bottom of the detector (on a feedthrough right below the middle of

the sensitive volume). On figure 2 (right), the light yield dependence on the Z-coordinate is shown
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Figure 2: Left: spectrum of 57Co source for a position at the bottom of the detector. Right: light

yield dependence on Z.

for a region between gate grid and cathode grid. For this plot the source was placed on the right

side of the detector and a field of 1 kV/cm was applied. The light yield for 57Co averaged over the

whole sensitive volume corresponds to about 6.5 pe/keV at 0-field.

Mixing chamber for 83mKr

The scheme of the gas system of the Xürich detector including the mixing chamber and the rubid-

ium source is shown in figure 3. The valve on the left of the Rb container was used to bake and
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Figure 3: Scheme of the Xürich gas system including Rb source and mixing chamber.

pump the source, pipes and mixing volume up to valve V2. Then V1 was opened for 4 hours to
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Xürich detector

Teflon structure for the PMTs and the grids

Target mass: ∼ 0.1 kg Xe

Volume: 3 cm drift length and

3.5 cm diameter

Two PMTs (Top and bottom)

PTFE as reflector

Extraction field: 6 kV/cm
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The Xürich Detector: Tests of 83mKr source

• 83mKr: EC decay product of 83Rb; lines at 9.4 keV and at 32.1 keV (also used in KATRIN)

To calculate the light yield of the detector, measurements with a 57Co source were performed.

Data was taken at 0-field for a position of the source below the TPC (x01-20090929T1127) and at

1 kV/cm for a position on the side of the detector (x01-20090921T1719). Figure 2 (left) shows a

spectrum of the source at the bottom of the detector (on a feedthrough right below the middle of

the sensitive volume). On figure 2 (right), the light yield dependence on the Z-coordinate is shown
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for a region between gate grid and cathode grid. For this plot the source was placed on the right

side of the detector and a field of 1 kV/cm was applied. The light yield for 57Co averaged over the

whole sensitive volume corresponds to about 6.5 pe/keV at 0-field.

Mixing chamber for 83mKr

The scheme of the gas system of the Xürich detector including the mixing chamber and the rubid-

ium source is shown in figure 3. The valve on the left of the Rb container was used to bake and
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FIG. 6: (Top) The distribution of delay times between first
and second S1 pulses for events in the 83mKr acceptance win-
dow. An exponential fit to the distribution gives a half-life
of 156 ± 5 ns, consistent with the published value of 154 ns.
(Bottom) Spectra from the two 83mKr transitions, summed
over all runs taken at zero field.

TABLE I: The measured light yield relative to the 57Co line
(Rel. L.Y.), peak resolution at zero field (Res.), and field
quenching fit parameters, ai.

E (keV) Rel. L.Y. Res. (σ/µ) a1 a2 (10−4cm/V)
9.4 1.06±0.06 20.0% 0.34±0.06 6±3

32.1 1.01±0.06 14.4% 0.55±0.03 8.3±1.5
123.6 1 11.5% 0.671±0.003 14.0±0.2

122keV γ-rays. However, there is a small additional con-
tribution from 136keV. The two lines, however, are not
distinguishable from one another due to the detector’s
energy resolution and instead give a single peak, whose
average energy is 123.6 keV. The measurements suggest
a rise in the light yield at lower energies, consistent with
behavior previously observed in LXe [25] and also in the
XENON10 detector [26]. The peak resolutions (σ/µ) are
also shown at zero field. As mentioned in subsection II B,
most LXe detectors use an applied external electric field
in order to collect electrons emitted from the interaction
site. As the applied field is increased, more and more
electrons leave the interaction, suppressing the recombi-
nation process that contributes photons to the scintilla-
tion signal. The result is that the scintillation response
varies strongly with applied field, a phenomenon called
field quenching. It is then crucial that the field quenching
behavior for any calibration sources be known quantita-
tively. Figure 7 shows the light yield as a function of

applied field, normalized to the zero field value, of the
two 83mKr transitions and the 57Co line. The data are
fit with a two-parameter function based on the Thomas-
Imel box model for electron-ion recombination [27], given
by

S(E)

S(0)
= 1 − a1a2E ln

(

1 +
1

a2E

)

, (1)

where E is the electric field strength and S is the scin-
tillation yield. The ai are the two parameters of the fit,
shown in Table I. At decreasing energies, we observe a
consistent decrease in the level of field quenching.

Applied Field [V/cm]

S(
E)
/S
(0
)
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FIG. 7: Field quenching, defined as the light yield of a spec-
tral line divided by the light yield obtained at zero field, or
S(E)/S(0). The level of field quenching decreases at lower
energies, indicating stronger electron-ion recombination along
the recoil track. Data collected from 57Co are consistent with
those previously reported in the literature [28]. Dashed lines
correspond to a fit parameterization described in the text.

The delay time between S1 and S2 gives the drift time
of the electrons, and hence the z-position of the inter-
action. One important motivation for using this source
is that it should disperse uniformly in the active LXe
volume, providing a spatially-uniform calibration. The
summed z-position distribution of 83mKr events taken
at drift fields from 100-1000V/cm is shown in Figure 8
(top). The observed z-dependent rate is flat with varia-
tions consistent with statistical fluctuations on each bin.
With this uniform calibration, the position-dependence
of the detector’s response can be measured and cor-
rected for. Most of the S1 signal is detected by the bot-
tom PMT, and therefore one expects to see a light yield
that is a monotonically decreasing function of z-position
(i.e. more light is collected from events occurring close to
the bottom PMT than for events close to the top). Fig-
ure 8 (bottom) shows the light yield of the 83mKr decays
at all positions along the z-axis between the cathode and

4
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Filter Rb valve

FIG. 4: Schematic of the gas system. The recirculation pump
draws liquid up through the recirculation siphon tube in the
LXe chamber where it is vaporized while leaving the cryostat
space, passed through a getter for purification, and the re-
condensed inside the chamber. The zeolite beads containing
83Rb are located inside the chamber labeled ‘Rb’ and expo-
sure to the gas system is controlled by the valve labeled ‘Rb
valve’.

III. ANALYSIS AND RESULTS

Once the 83mKr has entered the LXe, a 32.1 keV tran-
sition might occur in the active region, which will then
be followed by the 9.4 keV transition. A 83mKr decay
is, therefore indicated by two S1 pulses whose separa-
tion in time is characterized by a decaying exponential
with t1/2=154ns. Some of these transitions will occur
too close in time to be resolved separately, giving a sin-
gle 41.5 keV pulse; however, the strength of this signal is
well below the background level in the Xürich detector.
On the other hand, many of the 83mKr decays have a
double S1 structure, while only a small fraction of non-
83mKr decay events share this feature. An example of
the PMT response from a 83mKr decay is seen in Figure
5 (top).

The events with such a double S1 structure are shown
from one data set in Figure 5 (bottom), with the area of
the first pulse plotted versus the area of the second pulse.
In this space, it is evident that the 83mKr decays form a
population of events that is clearly separated from back-
ground. The box indicates the energy cuts for first and
second S1 pulses used to identify 83mKr decays; before
opening the Rb valve, background data show no events
within this box. After the Rb valve has been opened, the
rate of 83mKr decays in the total LXe volume increases to
the 20Bq level in roughly 10 h. In order to further check
that these are indeed 83mKr decays, the distribution of
S1 delay times (i.e. the time between the first and sec-
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FIG. 5: (Top) PMT output from a 83mKr decay. In this dou-
ble pulse of primary scintillation light (S1), the first pulse cor-
responds to the 32.1 keV transition with the second pulse re-
sulting from the 9.4 keV transition. (Bottom) The area of the
first S1 pulse versus the area of the second, for events show-
ing this characteristic two-pulse structure. Shown are distri-
butions taken before Rb exposure (‘Background’) and during
Rb exposure (‘83mKr’), demonstrating that the population of
83mKr decays is clearly separated from background events.
The box represents the energy cuts used as the 83mKr accep-
tance window.

ond S1 pulses), ∆tS1, of events within the box of Figure
5 (bottom) is fit with a decaying exponential. The result
of the fit, shown in Figure 6 (top), gives t1/2 = 156±5ns,
consistent with the published value of 154 ns [19]. This
excellent agreement validates the claim that these events
are indeed caused by 83mKr decays.

Due to the shaping of the PMT signals by the various
DAQ components, multiple S1 pulses that are delayed
by less than ∼100ns cannot be separately resolved. Ad-
ditionally, the signal is required to be ‘clean’ (i.e. flat
baseline) two samples before and after the pulse, in
order to register as a positive S1 identification during
the offline processing of the data. This makes the effi-
ciency for detecting multiple S1 pulses less than unity
for ∆tS1 < 250ns, as is obvious from Figure 6 (top).
Therefore, the double S1 selection cut detects 83mKr de-
cays with an efficiency of approximately 32% under these
conditions.

The spectra, in p.e., obtained at zero field from the
two transitions of 83mKr are displayed in Figure 6 (bot-
tom). A Gaussian function is fit to each spectrum that is
used to determine the light yield and energy resolution.
The scintillation efficiency, relative to the light yield from
57Co γ-rays (Rel. L.Y.), of 83mKr’s transitions is shown in
Table I. As mentioned in section I, 57Co emits primarily

arXiv:0908.0616v1
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The LUX Experiment

• 350 kg dual phase LXe TPC (100 kg fiducial), with 122 PMTs in large water shield with muon veto

• LUX 0.1: 50 kg LXe prototype with 4 R8778 PMTs was assembled and tested at CWRU

• PMTs: 2’’ diameter, 175 nm > 30% QE; radioactivity: U/Th ~ 9/3 mBq/PMT

• LUX 1.0: full detector to be operated above ground at Homestake in fall 2009

• LUX 1.0: to be installed at Homestake Davis Cavern, 4850 ft in spring 2010 (in 8 m ∅ water tank)

• Predicted WIMP sensitivity: 7 ! 10-10 pb after 10 months 
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Two-phase Argon Detectors

WARP at LNGS ArDM at CERN

WIMP target: 140 kg LAr 
- S1 and S2 read-out with 41 x 3ʼʼ PMTs
- active LAr shield: ~ 8t, viewed by 300 PMTs 

Detector has been installed in December 08
Now under commissioning in Gran Sasso

WIMP target: 1 ton LAr
- S1 read-out with 14 x 8ʼʼ PMTs 
- direct electron readout via LEMs 
   (thick macroscopic GEM)

Detector filled May 2009 at CERN
Calibrations with various sources ongoing
Underground operation: LSC or SunLab
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• R&D and design study for Next-generation noble liquid facility in Europe 

• Primary goals: 
! unify and coordinate extensive existing expertise in Europe (groups from XENON, WARP, ArDM 

plus new groups, including US groups from XENON and WARP)
! study both argon and xenon as WIMP target media and provide recommendation for facility (full 

technical design report) in 3 years from now
! submit full proposal in response to second ASPERA call

• Components: 
! optimize detector design (use real data from current ‘prototypes’: XENON100, WARP140, ArDM)
! optimize noble gas purification procedures (for traces of H2O, O2, etc and radioactivity)
! identify material selection and process control needed for ultra-low BG operation
! define ancillary equipment requirements
! explore the optimal underground location and cost effective shielding configuration
! study science impact

• Possible locations: LNGS (Italy), ULISSE (Modane extension, France), or SUNLAB (Poland)

DARWIN 

Combinations font - logo ‘IMPACT’ in Simple, LinotypeUnivers, 

as FrutigerNext LT.
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• Aimed physics reach: σSI=10-47 cm2  with 1t (10t) LXe (LAr) fiducial mass in 3 years

• Funding: provided by the national instruments of each participant (‘virtual pot’)
• ASPERA News: “Groups in Italy, France, the Netherlands and Switzerland will be funded 

to work on this project at a total cost of €633k.”

DARWIN 

Combinations font - logo ‘IMPACT’ in Simple, LinotypeUnivers, 

as FrutigerNext LT.

Participants: 
Switzerland (ETHZ, UZH), PIs: C. Amsler, L. Baudis (PC), A. Rubbia
Germany (MPIK, KIT, Münster), PIs: M. Lindner, G. Drexlin, C. 
Weinheimer 
France (Subatech), PI: D. Thiers 
Italy (INFN: L’Aquila, Milano, Napoli, Padova, Pavia, Torino), PI: G. 
Fiorillo 
Netherlands (Nikhef), PIs: P. Decowski, F. Linde 
Poland (IFJ PAN, US, PWr), PIs: A. Zalewska,  J. Kisiel,  M. 
Chorowski
USA (Columbia, Princeton, Rice, UCLA), PIs: E. Aprile, C. Galbiati, 
U. Oberlack, K. Arisaka 
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MAX: Multi-ton Argon & Xenon

• S4 Proposal for an engineering study to design in parallel a large Ar and Xe detector for the ISE 
(DUSEL Initial Suite of Experiments)

• Aimed physics reach: σSI=10-47 cm2  for 5t Ar-TPC (5 yr run) and 2.4 t Xe-TPC (2 yr run)

MAX Collaboration: groups from DarkSide, XENON + 
others; USA, Italy, Portugal, Germany, Japan, China, 
Switzerland 

MAX has funded with 3.5 M US$ (the competing study, 
LUX/LZ3, has been funded at the same level) for 3 
years
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Summary (I)

• Various targets and techniques are being employed to search for WIMPs
• Steady progress in the last ~ 10 years: > factor 100 increase in sensitivity!
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Theory (SUSY): Balz, Baer, Bednyakov, Bottino, Cirelli, 
Chattopadhyay,  Ellis, Fornengo, Giudice, Gondolo, 
Massiero, Olive, Profumo, Roszkowski, Ruiz, Santoso, 
Spanos, Strumia, Tata, Trotta ...+ many others

Heidelberg -Moscow 1998

Best limits in 2009
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Summary (II)
• Good news: experiments are probing some of the theory regions 
• Next generation projects should reach the ≲ 10-10 pb level 
• What will they see? (nobody has been there before!)

Theory (SUSY): Balz, Baer, Bednyakov, Bottino, Cirelli, 
Chattopadhyay,  Ellis, Fornengo, Giudice, Gondolo, 
Massiero, Olive, Profumo, Roszkowski, Ruiz, Santoso, 
Spanos, Strumia, Tata, Trotta ...+ many others

Heidelberg -Moscow 1998

SuperCDMS1t, WARP1t, ArDM, LUX, 
XENON1t, EURECA, XMASS, DARWIN,...

?
Best limits in 2009
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