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Direct Detection of WIMPs: Principle
Elastic collisions with nuclei in ultra-low background detectors

Energy of recoiling nucleus:  few keV to tens of keV

NN = number of target nuclei in a detector

ρ0 = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

mW = WIMP-mass

σ =cross section for WIMP-nucleus elastic scattering

Particle physics
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Astrophysics

High-resolution cosmological simulation with 
baryons: F.S. Ling et al, JCAP02 (2010) 012
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Figure 7. (Left) Average density of DM particles with 7 < R < 9 kpc as a function of the height from
the galactic disk z (R is the spherical radius to the galactic center). The dashed line gives the average
value for the entire spherical shell. To select particles in z slices, we used a thickness �z = 2 kpc.
(Right) Ratio of ring to shell densities as a function of distance from the galactic center for di↵erent
planes. The ratio fluctuates around 1.2 for the galactic plane (blue), while it drops to a value ⇠ 0.9
for other planes (green, magenta). For the plane yz, the sudden peak at R ' 13 kpc is due to the
presence of a satellite halo, visible on figure 8.b.
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Figure 8. Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

|z| < 3 kpc, we have Nstar = 143, 320. The distribution of v
r

and v
�

are shown on figure 6. We
observe that the dark matter and the star particles are indeed co-rotating in the solar neigh-
borhood. The mean tangential velocity is hv

�

i = 201 km/s but tends towards hv
�

i = 225 km/s
for stars closer to the galactic plane, which is consistent with Milky Way rotation curve
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Density map of the dark matter halo 
rho = [0.1, 0.3, 1.0, 3.0] GeV cm-3

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

JCAP02(2010)030

Figure 2. Velocity distribution functions: the left panels are in the host halo’s restframe, the right
panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative to Galactic
DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell centered at
8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the median and
the minimum and maximum values over the 100 sample spheres, and the dotted line represents the
best-fitting Maxwell-Boltzmann distribution.

kpc for GHALO and GHALOs, and contain a median of 31,281, 21,740, and 14,437 particles
in the three simulations.2

The resulting distributions, both in the halo rest frame and translated into Earth’s rest
frame, are shown in figure 2. The shell averaged distribution is plotted with a solid line, while
the light and dark green shaded regions indicate the 68% scatter around the median and the
absolute minimum and maximum values of the distribution over the 100 sample spheres.
For comparison we have also overplotted the best-fitting Maxwell-Boltzmann (hereafter MB)
distributions, with 1D velocity dispersion of �1D = 130, 100, and 130 km/s. These clearly

2
Tables of g(vmin) determined from the spherical shell and the 100 sample spheres, and trac-

ing the annual modulation over 12 evenly spaced output times, are available for download at

http://astro.berkeley.edu/⇠mqk/dmdd/.
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Halo restframe Earth restframe
M. Kuhlen et al, JCAP02 (2010) 030

From cosmological simulations of galaxy formation: 
departures from the simplest case of a Maxwell-
Boltzmann distribution

However, a simple MB distribution is a good 
approximation, and yields conservative results

Velocity distribution of WIMPs in the galaxy



Particle physics
SUSY: scattering cross sections on nucleons down to ~ 10-48 cm2(10-12 pb)

Here example in CMSSM, after LHC 1/fb

predictions from SUSY
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Figure 14. The 68% and 95% CL contours (red and blue, respectively) in the CMSSM (left) and the
NUHM1 (right). The solid lines are for fits including the XENON100 [25] and LHC1/fb data, whereas
the dotted lines include only the pre-LHC data [5].

larger value of tanβ, but this may eventually
lead to subsidiary tension with the LHC H/A
constraints and the tightening experimental vise
on BR(Bs → µ+µ−). In any case, it will be
important to subject the (g − 2)µ constraint to
closer scrutiny, and the upcoming Fermilab and
J-PARC experiments on (g − 2)µ [66] are most
welcome and timely in this regard. In parallel, re-
finements of the experimental inputs for the pre-
diction of (g − 2)µ from both low-energy e+e−

and τ decay data would also be welcome. It will
be also necessary to subject the theoretical cal-
culations within the SM and the corresponding
estimates of the remaining theoretical uncertain-
ties to further scrutiny.

The dark matter upper limit on the sparticle
mass scale remains unchanged, and is respon-
sible for the disfavoured region above m1/2 ∼
2500 GeV visible in our figures for the CMSSM
and the NUHM1. On the other hand, the dark
matter constraint on m0 is not so strong, as also
seen in the figures, extending well beyond the
range displayed. Considering the impact of di-
rect jets + /ET searches only, the regions of the
CMSSM and NUHM1 (m0,m1/2) planes in Fig. 2
with p-values significantly non-zero extend be-
yond the likely reach even of the full-energy LHC

in its high-luminosity incarnation. A fortiori, the
same is true for the regions of these planes allowed
at the current 95% CL (∆χ2 = 5.99 relative to the
global minima, bounded by the blue contours in
Fig. 1). This is even more true of the full regions
of the CMSSM and NUHM1 (m0,m1/2) planes
that are allowed by the dark matter constraint.
In light of this discussion, under what circum-

stances could one conclude that the CMSSM or
NUHM1 is excluded? Currently, our best fits in
both these models have p-values above 10%, com-
parable to that of SM fits to precision electroweak
data from LEP and SLD, and the F-test shows
that both the CMSSM and NUHM1 are war-
ranted extensions of the SM, in the sense that in-
troducing their parameters provides an improve-
ment in χ2 that is valuable in both cases. More-
over, it seems unlikely that the LHC will soon be
able to explore all the region of the (m0,m1/2)
planes in Fig. 2 where the models’ p-values ex-
ceed 5%, nor does the LHC seem likely soon to
push Fχ (see Fig. 3) to uninterestingly low lev-
els. This is not surprising, as in the high-mass
limit the superpartners decouple and one is left
essentially with the SM with a light Higgs.
One way for the LHC to invalidate the mod-

els studied here would be to discover an SM-like

~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

CMSSM
Buchmueller et al;
arXiv:1110.3568v1 [hep-ph]

2011

http://xxx.lanl.gov/abs/1102.4585v1
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~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

CMSSM

MasterCode, O.Buchmueller et al

Eur.Phys.J. C72 (2012) 2243
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2013

SUSY: scattering cross sections on nucleons down to ~ 10-48 cm2(10-12 pb)

Here example in CMSSM, after LHC 5/fb, XENON100 and Bs->µµ



Particle physics
Many other possibilities for WIMPs: singlet (scalar, fermionic) dark matter, inert 
Higgs, minimal DM etc (see previous talk)

can be probed by direct detection experiments
Future detection of singlet DM

Singlet DM will be probed to mS ! 10 TeV by
LUX, XENON1T in the near future

Excluded

JC, K. Kainulainen,
P. Scott, C. Weniger,
arXiv:1306.4710

J.Cline, McGill U. – p. 25

Jim Cline, Invisibles Workshop,
Durham, Lumley Castle 2013

(Klasen, Yaguna & Ruiz-Alvarez:  arXiv:1302.1657)

TOO HEAVY FOR LHC BUT WITHIN REACH OF 
FUTURE DIRECT DETECTION EXPERIMENTS 

XENON1T

3. MINIMAL DARK MATTER & SIBLINGS

jeudi 18 juillet 2013

Michel Tytgat, Invisibles Workshop,
Durham, Lumley Castle 2013

(Klasen, Yaguna & Ruiz-Alvarez:  arXiv:1302.1657)
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Expected Interaction Rates
Recoil rate after integration over WIMP velocity distribution

Recoil spectrum for 
different WIMP masses

Kinematics
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spectrum gets shifted to low energies for low WIMP masses⇒
need light target and/or low threshold on ER to see light WIMPs

T. Schwetz, TEXAS 2010, 9 Dec 2010 – p. 7
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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
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The experimental challenge

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

Specific dark matter signatures
rate and shape of recoil spectrum depend on target material
motion of the Earth cause a

temporal variation in the rate
directional dependance

June

December

galactic planeCygnus

WIMP wind

v≈220 km/s



The world wide wimp search

SNOLab
DEAP

CLEAN
Picasso
COUPP
DAMIC

Soudan
SuperCDMS

CoGeNT
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LUX
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EDELWEISS
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ArDM

Rosebud
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Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

South Pole
DM Ice

YangYang
KIMS

Jinping
Panda-X

CDEX
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DRIFT



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



Cryogenic Experiments at T~ mK
Absorber masses from ~ 100 g to 1400 g 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

Produc1on&of&Scin1lla1ng&CaWO4&Single&Crystals&

& !Set!up!of!successful!in!house!produc1on&of&scin1lla1ng&&&&
&&CaWO4&single&crystals&at!TUM!Garching!

& !Control!over!crystal&parameters&(intrinsic!purity,!op;cal!

!!proper;es,!geometry!…)!

& !High!relevance!for!future&detector&produc1on&&
&&100kg&–&1000kg&(e.g.EURECA) 

“Rudolf VI” , raw ingot ~850g 
annealed 

~300g detector crystal 

 New CRESST detector modules for Run33 

Raw ingot after growth Czochralski furnace 

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

SuperCDMS

9 kg Ge running at 
Soudan (15 x 600 g)

proposed 200 kg Ge at 
SNOLab (1.4 kg crystals)

CRESST

18 detector modules (5 kg) 
installed at LNGS

low background run to 
start in 2013

EDELWEISS-III

commissioning run with 15 
FID detectors in spring 
2013 (12 kg Ge)

fall 2013: installation of 40 
x 800 g (32 kg Ge)



New results from CDMS-Si
3

FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies, while the gray band shows the range
of charge thresholds. Electron recoils in the detector bulk
have yield near unity. The data are colored to indicate recoil
energy ranges (dark to light) of 7–20, 20–30, and 30–100 keV
to aid the interpretation of Fig. 3.

the exposure of this analysis is equivalent to 23.4 kg-days
over a recoil energy range of 7–100 keV for a WIMP of
mass 10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [22] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons in this exposure.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields con-
sistent with nuclear recoils from a previously unblinded
dataset [23] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[23] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data.

blind. After unblinding, we developed a Bayesian es-
timate of the rate of misidentified surface events based
upon the performance of the phonon timing cut mea-
sured using events near the WIMP-search signal region
[23]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
for the fact that the passage fraction of singles and mul-
tiples di↵ers by a factor of 1.7+0.8

�0.6, as measured on low-
yield events outside of the nuclear recoil band. The sys-
tematic uncertainty on the leakage estimate comes from
the uncertainty on this scale factor, the choice of prior in
the Bayesian analysis, and the method used to reweigh
the energy distribution of surface events from calibration
data to reflect the distribution in WIMP search data.
The final model predicts an updated surface-event leak-
age estimate of 0.41+0.20

�0.08(stat.)
+0.28
�0.24(syst.) misidentified

surface electron-recoil events in the eight Si detectors.
Classical confidence intervals provided similar estimates
[24].

After all WIMP-selection criteria were defined, the sig-
nal regions of the Si detectors were unblinded. Three
WIMP-candidate events were observed, with recoil en-
ergies of 8.2, 9.5, and 12.3 keV, on March 14, July 1,
and September 6 of 2008, respectively. Two events were
observed in Detector 3 of Tower 4, and the third was ob-

140 kg d exposure

3 events detected, 0.7 expected
likelihood analysis: 0.19% probability for known background-only hypothesis
best fit: 8.6 GeV, 1.9 x 10-42 cm2

Analysis ongoing of low-threshold run (CDMS-lite) at Soudan with one Ge detector

9th Patras workshop, June 26th 2013                                                  Silvia Scorza - SMU

CDMS II Si - Results
•  Profile likelihood analysis favors 
WIMP+background hypothesis over 
known backgrounds as the source of 
signal at the 99.8% C.L. (~3σ)
•  The maximum likelihood occurs at 
a WIMP mass of 8.6 GeV/c2 and 
WIMP-nucleon cross section of 
1.9x10-41cm2

•  Not significant enough to be a 
discovery, but does call for further 
investigation.

•  Optimal interval sets SI cross 
section < 2.4x10-41cm2 @ 90% C.L. 
for 10 GeV/c2 WIMP

http://arxiv.org/abs/1304.42791304.4279v2
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Projections: Cryogenic Experiments

 Institute for Nuclear Physics 22 26.06.2013 V.Yu. Kozlov | The EDELWEISS dark matter search program | Patras 2013, Mainz, Germany 

Edelweiss-3: Sensitivity goals 

(1) 

(2) 

(1) ,Standard‘  WIMP: 12000 kgd, ER>15keV, 
       no event 

(2) Low-mass WIMP: 1200 kgd (4 FID800) 
      HEMT R&D: 300eV FWHM, ER>3keV (4K) 

(2014-2015): 

High Electron Mobility Transistor (HEMT): 
works at low temperature, low noise, low power,  … 

9th Patras workshop, June 26th 2013                                                  Silvia Scorza - SMU

• Array of 15 iZIPs in the Soudan 
infrastructure built for CDMS-II

• Factor >x10 sensitivity increase over 
CDMS-II

- Larger detector mass (x2.5 thicker 
detectors) 
- Fiducial fraction improved to ~50% 
from 35% 
- Surface background negligible

Installation complete Nov. 8, 2011.Detectors have 
been operating in DM-search mode since March 2012.

Projected WIMP sensitvity for 
SuperCDMS- Soudan after 3 calendar 

years (Spring 2015).

11

9th Patras workshop, June 26th 2013                                                  Silvia Scorza - SMU

Low mass WIMP search

CDMSlite search, an 
ionization only search 
strategy with lower 
threshold

• Use Neganov-Luke 
amplification to 
increase the signal-to-
noise for low- energy 
events
• Ionization energy 
from interaction gets 
amplified and 
measured through the 
total phonon energy Pt 
only

17

Low-Threshold search, optimizing the analysis to approach the hardware trigger threshold
• Nuclear recoil discrimination down to 2 keVr, but significant overlap of electron and 
nuclear recoil distributions
• Note that this projection assumes fewer events with no ionization detected

Perspec1ves&for&Next&CRESST&Run&(Run33)&

•  Radon&preven1on:&new!clamp!material,!radon&free!air!during!moun;ng,!fully!scin;lla;ng!
design,!...&

•  IF&Low>mass&WIMPs&exist:!Confirma;on!of!Dark!MaNer!scenario!with!high!confidence!
•  IF&Run32&signals&were&background&induced:!Compete;ve!limits!over!a!wide!WIMP&mass!

range!!!

�!2!ton&days!of!exposure!
(aZer!cuts)!within!2!years!of!
data&taking!

Exposure!of!Run32!(~730kg&d)!
Should!be!reached!aZer!~1year!

CRESST 
projectedSuperCDMS

Soudan projected

  

Results : spin-independent 
[arXiv:1303.0925, PRL13]

● New limits probed and excluded some of the low-mass WIMP 

allowed regions implied by other experiments.

Texono: 1 kg Ge, Eth=500 eV 

Edelweiss



Future Cryogenic Experiments at T~ mK

SuperCDMS at SNOLab: proposed 200 kg Ge detectors, reach: 8x10-47 cm2

EURECA at LSM extension (approved): phased approach150 kg to 1 ton, multi-
target (CaWO3, Ge), reach 10-46 - 10-47 cm2

Potential collaboration between SuperCDMS and EURECA, at the 200 kg level

Enectali Figueroa-Feliciano - Dark Attack 2012

Outlook: EURECA

• Multi-target (Ge, 
CaWO4)

• EDELWEISS, CRESST, 
Rosebud + others

9th Patras workshop, June 26th 2013                                                  Silvia Scorza - SMU

Experimental Set-up

• Cryostat volume of up to 
400 kg target

• 200 kg experiment with 
sensitivity of 8 x 10-47 cm2 

at 60 GeV/c2

• Pb/Cu shielding for 
external radiation 

• Increased PE shielding 
(neutrons)

• Possible neutron veto

Dimensions:
13 feet diameter
14 feet height 

DILUITION 
FRIDGE CRYOCOOLER

EBOX

WATER Shielding closing 
LIQUID SCINTILLATOR TANK

21

SuperCDMS at SNOLab EURECA at DOMUS



Scintillation/Ionization: Noble Liquids
High light and charge yield; transparent to their own light

Large, scalable, homogeneous and self-shielding detectors -> fiducialization

In air, by volume - Ar: 0.93%, Ne: 0.0018%, He: 0.00052%, Kr: 0.00011%, Xe: 0.0000087%
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LAr

LXe

LNe

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

�LNe ⇠ 78nm

�LAr ⇠ 128nm

�LXe ⇠ 178nm

Light Charge



Two detector concepts

E

-HV

PMT array

S1

S2

e-

e-

S1 S2
S1

time time

PMT array

S1

+HV

Single phase Double phase (TPC)

+ PSD



Single-phase detectors
XMASS at Kamioka (LXe), DEAP and CLEAN at SNOLab (LAr)

Challenge: ultra-low absolute background (materials, radon, alphas)

DEAP at SNOLab:

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

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction 
to run in 2014

XMASS at Kamioka:

835 kg LXe (100 kg fiducial), 
single-phase, 642 PMTs
unexpected background found
detector refurbished
new run this fall -> 2013

Introduction Rate modulation Bolometers Noble gases Others

XMASS experiment
! Search for dark matter
! Solar neutrinos
! Double beta decay of 136Xe

800 kg of LXe in single phase (self-shielding)
1st DM run! unexpected BG from PMTs found
Detector refurbished, resume data-taking this summer

Run with high light
yield of 14.7 PE/keVee
Eth = 0.3 keVee

Search for solar axions
published recently
arXiv:1212.6153

Nigel&J.T.&Smith&& & & & & &&&&&&&&&&&ICRC&2013&5&Rio&de&Janeiro&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&8th&July,&2013

MiniCLEAN Construction

Outer vessel 
constructed in 
water shield

MiniCLEAN inner vessel 
under construction with 
light guide inserts



Liquid xenon and liquid argon TPCs

XENON100 at 
LNGS: 

161 kg LXe 
(~50 kg fiducial)

242 1-inch PMTs
taking new science 
data

LUX at SURF: 

350 kg LXe 
(100 kg fiducial)

122 2-inch PMTs
physics run since 
spring 2013
first result this fall

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 
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014

DarkSide at LNGS

50 kg LAr (dep in 39Ar)
(33 kg fiducial)

38 3-inch PMTs
in commissioning 
since May 2013
to run in fall 2013

PandaX at CJPL: 

125 kg LXe 
(25 kg fiducial)

143 1-inch PMTs
37 3-inch PMTs
started 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

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab



Noble liquid recent results: 
spin-independent cross section

XENON100: Phys. Rev. Lett. 109 (2012)
ICRC 2013 Template

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

4.5

Fig. 4: Simulated WIMP energy spectra in the XMASS
detector assuming the maximum cross section that provides
a signal rate no larger than the observation in any bin above
0.3 keVee. WIMP mass of 7, 12, 18 GeV cases are shown.
(from bottom to top in thin line)

for each WIMP mass and MC events were distributed
uniformly throughout the detector volume using a liquid
scintillation decay constant of 25 ns [11]. The size of the
error bars comes primarily from the systematic uncertainty
in the xenon scintillation decay constant, 25±1 ns, which
is estimated based on the difference between the XMASS
model [11] and the NEST simulation [12] based on Dawson
et al. measurement [13]. A systematic error on the selection
efficiency is determined based on the error resulting from a
linear fit to the points in the figure.

4 Result and Conclusions

The differential energy spectrum of nuclear recoil by WIMP
were calculated base on [14]. In Fig. 4, the simulated WIMP-
s energy spectra was shown together with the observed
spectrum after the data reduction was applied. WIMPs
are assumed to be distributed in an isothermal halo with
vo = 220 km/s, a galactic escape velocity of vesc = 650 km/s,
and an average density of 0.3 GeV/cm3. In order to set a
conservative upper bound on the spin-independent WIMP-
nucleon cross section, the cross section is derived not to
exceed the observed one in any energy bin above 0.3 keVee.
the resulting 90 % confidence level (C.L.) limit derived
from this procedure is shown in Fig. 5. The impact of the
uncertainty from Leff is large in this analysis, so its effect
on the limit is shown separately as a band.

Detail study on background in the energy spectrum, we
believe that most of them originate on the inner surface of
the detector [4, 22]. These events are attributed to radioac-
tive contamination in the aluminum seal of the PMT en-
trance windows, 14C decays in the GORE-TEX R� sheets
between the PMTs and the copper support structure. On
going refurbishment of XMASS detector to remove those
background will achieve more than one order of magnitude
better sensitivity on WIMP-nucleon scattering cross section
and will be started in fall 2013.













          


 
































Fig. 5: Spin-independent elastic WIMP-nucleon cross sec-
tion as a function of WIMP mass. All systematic un-
certainties except that from Leff are taken into accoun-
t in the XMASS 90 % C.L. limit line. The effect of the
Leff uncertainty on the limit is shown in the band. Lim-
its from other experiments and favored regions are also
shown [15, 16, 17, 18, 19, 20, 21].
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Liquid xenon and liquid argon detectors

Under construction: XENON1T at LNGS, 3.5 t LXe in total

commissioning in 2014, first run in 2015; goal 2 x 10-47 cm2

Near future:  XMASS (5 t LXe), DarkSide-5000 (5 t LAr) 

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

XENON1T: 3.5 t LXe LZ: 7t LXe DARWIN: 20 t LXe/LAr

da
rw

in
.p
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si

k.
uz

h.
ch

LUX

LUX+ZEPLIN = LZ

23

x482
3’’ PMTs

7 tonnes
LZ

x122
2’’ PMTs

300 kg

LUX??? !!!

XMASS%project 

��

• !In!this!slide,!I’d!like!to!explain!our!XMASS!project!at!Kamioka!observatory!in!
Japan.!
• !Our!Binal!goal,!a!ten!ton!scale!detector!of!XMASSE2!will!cover!multiple!purposes!
such!as!dark!matter,!pp!solar!neutrino!and!0ν2β!decay.!
• !Refurbishment!of!XMASSEI!will!be!completed!in!this!autumn!and!XMASSE1.5!is!
planed!to!start!in!2015.!They!are!mainly!for!dark!matter!search.!
• !Commissioning!data!of!XMASSEI!was!taken!from!Nov.!2010!to!May.!2012.!!

Y.#Suzuki,#hep-ph/0008296#

XMASS: 5t LXe

DarkSide 50june 27, 2013 p. 21

Darkside 5000

● R&D and engineering for ton-scale experiment 
"DS G2" with 5t liquid Argon (active volume) and 
a sensitivity of 2·10-47 cm2

● reuse same neutron veto + water Cherenkov veto

DarkSide: 5 t LAr

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


Argon/xenon complementarity

20/30 t yr Ar

XENON100 (current)

10 100 1000
10!48

10!47

10!46

10!45

10!44

mΧ !GeV"

Σ
Χ

p
!c

m
2
"

10/20 t yr Xe

v0 = 220± 20 km/s

⇢� = 0.3± 0.1GeV cm�3

vesc = 544± 40 km/s

Xe alone: 10 t yr

70 events

180 events

43 events

Xe 10 t yr and Ar 20 t yr

74 events

260 events

78 events

Newstead, Jacques, Krauss, Dent, Ferrer: arXiv:1306.3244 [astro-ph.CO]

http://arxiv.org/abs/1306.3244
http://arxiv.org/abs/1306.3244


Room temperature scintillators
NaI: DAMA/LIBRA 250 kg at LNGS; time variation in the event rate with: T = 1 yr,  
phase = June 2±7 days, A = 0.018 events/(kg keV day)

CsI: KIMS 103.4 kg at Yangyang laboratory; ER vs. NR discrimination based on time 
structure of events; does not confirm DAMA/LIBRA in an annual modulation search

NaI: ANAIS, 250 kg, under construction at LSC; DM-Ice, proposed 250 kg at the 
South Pole

2-4 keV

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

T = 1 year, ϕ = June 2±7 days

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

DAMA/LIBRA KIMS
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ANAIS

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

DM-Ice Prototype Detector

DM-Ice
17 kg NaI 
as 
feasibility 
study 
within 
IceCube
2.4 km 
deap

Cross Section Limit
Spin-independent : 𝜎 = 𝜎 ,    Spin-dependent : 𝜎 , = 𝜎 ,
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Spin-independent
(WIMP-nucleon)

Spin-dependent
(WIMP-proton)

Spin-dependent
(WIMP-neutron)



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: SIMPLE, COUPP, PICASSO (-> PICO)
• 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 
since 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 



Spin-dependent results

XENON10
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WIMP-neutron coupling WIMP-proton coupling

Phys. Rev. Lett. 111 (2013)
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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)

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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Neutrino: Solar, DSNB, ATM

Neutrinos as backgrounds
Electronic recoils from pp solar neutrinos: ~ 10-48 cm2

Nuclear recoils from 8B solar neutrinos: below 10-44 cm2  for low-mass WIMPs

Nuclear recoils from atmospheric + DSNB: below 10-48 cm2

100 GeV WIMP
at 10-47 cm2

pp neutrinos

136Xe bb-decay

⌫ + e� ! ⌫ + e� ⌫ +N ! ⌫ +N

after Strigari, New J. Phys. 11 (2009) 105011
LB, Physics of the Dark Universe 1, 94 (2012)

8B neutrinos

atm + DSNB 
neutrinos

100 GeV WIMP
at 4 x 10-49 cm2

6 GeV WIMP
at 2 x 10-45 cm2

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


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 and Prospects

Cold dark matter is still here with us

It could be made of a new, heavy, neutral, stable and weakly interacting particle

We have entered the era of data: direct detection, the LHC, indirect detection

Direct detection experiments have reached unprecedented sensitivity (cross 
sections down to 10-8 pb) and can probe WIMP with masses from a few GeV to 
a few TeV

“Ultimate” WIMP detectors might be able to prove or disprove the WIMP 
hypothesis and provide complementary information to indirect searches and the 
LHC

However, we should be prepared for surprises!



End



XENON100 predictions for light WIMPs

How would the CDMS-Si signal look like in XENON100’s Run10 data?

WIMP-nucleon cross section : 1.9 x 10-41 cm2

~ 220 (+300, -85) events in the ROI (high, and low 
contours of Leff and Qy error bands)

Enectali Figueroa-Feliciano / U.Mich. Light Dark Matter 2013

Next Steps: SuperCDMS Soudan!

*
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S
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SuperCDMS Low Theshold
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WIMP with mW = 8.6 GeV

CDMS Si results, 140 kg d 



WIMP Scattering Cross Sections
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



WIMP scattering cross section

N N

Z0

�0 ⇠ 10�39 cm2

�0 ⇠ 10�45 cm2

N N

h

�

�

�

�

See DarkSusy for detailed predictions
http://www.physto.se/~edsjo/darksusy/

http://www.physto.se/~edsjo/darksusy/
http://www.physto.se/~edsjo/darksusy/


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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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



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



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
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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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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



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)



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


