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! ...and it dominates the Universe Matter Budget	
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…but what is it made of? courtesy of G. Bertone 
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Dark Matter has to be

• neutral
• massive (cold)
• stable
• no EM interaction
• non-baryonic
• correct density

→ “physics beyond the standard model”

No Standard Model Candidate
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Many models and a zoo of candidates 

• the most convincing evidence 
for a particle candidate to be 
the dark matter is direct 
detection in a terrestrial 
experiment

• Axion and WIMPs well-
motivated candidates  and 
well suited for detection with 
existing technologies
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• Light pseudoscaler as a natural solution to the srong CP problem (Peccei & Quinn)
problem

• An excellent DM candidate as its density relative to critical density is given by:

                                                            

• Axions with ~ 20 µeV can account for all the DM density of the Universe ( Ωm ≈ 0.23). Much lighter 
axions would overclose Universe thus  1 µeV is lower limit on ma from cosmology

• Sikivie (PRL51, 1983 & PRD32, 1985) showed that such light axions could resonantly convert into a 
quasi-monochromatic microwave signal in a cavity in a strong B-field (Primakov-effect). 

• conversion power depends on axion-photon coupling constant, mass and density of axions 

Axion
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ADMX
• Axion Dark Matter eXperiment since 1996 in search of axions in the few μeV range
• microwave cavity, up to 8T, down to 100mK (ADMX-phase II)
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ADMX
• Axion Dark Matter eXperiment since 1996 in search of axions in the few μeV range
• microwave cavity, up to 8T, down to 100mK (ADMX-phase II)
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Weakly Interacting Massive Particles
• relic particles in thermal equilibrium in the early Universe

• Decouple from the rest of the particles when M >> T (“cold”)

• Their relic density can account for the dark matter if the annihilation 
cross section is weak (~ picobarn range)

• Such particles are predicted to exist in most Beyond-Standard-Model 
theories (neutralino, lightest Kaluza-Klein particle, etc)

�+ �̄ $ X + X̄

��h
2 ' 3⇥ 10�27cm3s�1 1

h�Avi

h�Avi ⇠
↵2

(100GeV)2
⇠ 10�25cm3s�1

Wednesday, June 5, 13



How to search for WIMPs
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Deep underground In space At the LHC

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

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

Elastic collisions with nuclei in ultra-low background detectors

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

ER

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

ER =
q2

2mN
=

µ2v2

mN
(1� cos�)

Goodman and Witten, PRD31, 1985

�

�
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Expected Rate in a Terrestrial Detector

Particle physics

Astrophysics

NT = number of target nuclei in a detector

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

g(v) = integral over WIMP velocity distribution in lab frame

mχ = WIMP-mass

σχN =cross section for WIMP-nucleus elastic scattering

R / NT
⇢�
m�

��N g(v)

⇢
halo

⇠ 0.3 GeV · cm�3
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WIMP Scattering Cross Sections

A general WIMP candidate: fermion (Dirac or Majorana), boson or scalar particle
The most general, Lorentz invariant Lagrangian has 5 types of interactions
In the extreme NR limit relevant for galactic WIMPs (10-3 c) the interactions leading to 
WIMP-nucleon scattering classified as (Goodman and Witten, 1985):
scalar interaction (WIMP couples to nuclear,mass from the scalar, vector, tensor part of L)

spin-spin interaction (WIMPs couples 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 protons  and 
neutrons spin within the nucleus

�SI ⇠ µ2

m2
�

[Zfp + (A� Z)fn]
2

�SD ⇠ µ2 JN + 1

JN
(aphSpi+ anhSni)2
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WIMP Mass and Cross Section
• Example for recent predictions from supersymmetry: 

• WIMP-nucleon scattering cross section as low as ~ 10-48 cm2(10-12 pb)

 mass0
1
χ∼

0 200 400 600 800 1000 1200

2 h0 1
χ∼

Ω
lo

g 

-4

-2

0

2

4

 | CMS)θp(
68% BCR 95% BCR 

 mass0
1
χ∼

0 200 400 600 800 1000 1200

 <
 0

.1
3

2 h0 1
χ∼

Ω
p)

 [p
b]

 fo
r 

0 1χ∼ (
σξ

lo
g 

-14

-12

-10

-8

-6

-4
 | CMS)θp(

68% BCR 95% BCR 

Figure 7: Marginalized 2D posterior densities of Ωh2 (left) and rescaled spin-independent

scattering cross section off protons (right) versus LSP mass. For the latter, only points

with Ωh2 < 0.13 are taken into account. The grey and black contours enclose the 68%

and 95% Bayesian credible regions, respectively.
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~ 1 event kg-1 year-1

~ 1 event ton-1 year-1

pMSSM (19 parameters at the weak scale)
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Expected Interaction Rate
Recoil rate after integration over WIMP velocity distribution
 

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

heavier WIMPs

lighter WIMPs
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spectrum for different 
WIMP masses
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Expected Interaction Rate 

heavier WIMPs

Nuclear recoil 
spectrum for 
different target 
nuclei

lighter 
nuclei

MWIMP = 100 GeV
σWN=1×10-47 cm2heavier

nuclei

Recoil rate after integration over WIMP velocity distribution
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WIMP Detection Challenges

• Expected signal is:
• very small ( few keV)

• detectors with very low energy threshold
• extremely rare (1 per ton per year?)

• detectors with very large mass and long term stability
• embedded in a background that is millions of times higher

• detectors operated deep underground
• detectors shielded with effective but clean materials 
• detectors built with lowest radioactivity materials 
• detectors with effective S/N discrimination 
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WIMP Detection Background
• Electromagnetic radiation

• natural radioactivity in detector and 
shield materials

• airborne radon  (222Rn) 

• cosmic activation of materials during 
storage/transport 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

Cosmic rays: operate 
deep underground
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electronic recoils 
• are most common background
• scintillate and ionize more (for given energy)
→ discriminate between the two

e.g. measure both energy and some additional parameter  
(ionization yield, scintillation yield, ratio ionization/ 
scintillation, pulse decay time, acoustic signal)

The Power of Discrimination

e-/γ: electronic recoil n/WIMPs: nuclear recoil

electronic recoils (Co60) 

neutron recoils (AmBe)
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Detection Techniques

Phonons

Ionization

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

Scintillation

LXe:  XMASS
LAr, LNe: DEAP/CLEAN

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

Al2O3, TeO2, LiF: 
CRESST-I, CUORE

WIMP
WIMP

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

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST, ROSEBUD

Erecoil

courtesy of Laura Baudis 
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Worldwide WIMP Searches

SNOLab
DEAP/CLEAN

Picasso
COUPP

Soudan
SuperCDMS

CoGeNT

Homestake
LUX

Modane
EDELWEISS

MIMAC
Canfranc

ArDM
Rosebud

ANAIS

Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

South Pole
DM Ice

YangYang
KIMS

Jinping
Panda-X

CDEX

Kamioka
XMASS
Newage

Boulby
DRIFT

courtesy of Laura Baudis 
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The WIMP landscape: Spin Independent
The parameter space above thick blue line is excluded

XENON100 yields the strongest limit todate above 10 GeV

Phys. Rev. Lett. 109 (2012)
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The WIMP landscape: Spin Dependent
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 arXiv:1301.6620WIMP-neutron coupling WIMP-proton coupling

~50% of xenon has spin
XENON100 yields the strongest neutron-only limit 
XENON100 yields competitive proton-only limit
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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)
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Room temperature scintillators
• NaI: DAMA/LIBRA 250 kg of ultra-pure crystals at LNGS. Observed a time variation in the event 

rate with: T = 1 year,  phase = June 2±7 days, amplitude = 0.018 events/(kg keV day)

• CsI: KIMS 103 kg of ultra-pure crystals at Yangyang laboratory. ER / NR discrimination based 
on time structure of events; does not confirm DAMA/LIBRA modulation

• Future: ANAIS( NaI) at Canfranc and DM-Ice (NaI) at South Pole. A17 kg NaI crystal deployed 
since 2011 to search for annual modulation in the southern hemisphere, 2.4 km deep in ice. 
Analysis underway. Final goal is a 250-500 kg NaI detector array, closely packed inside a 
pressure vessel; use IceCube as a veto

DAMA/LIBRA
KIMS

2 

KIMS 

Mineral Oil (30cm) & Muon det. 

Lead (15cm) 

Polyethylene (5cm) 

Copper (10cm) 

CsI(Tl) cryst
al 

Experimental Status and Target Mass 

CsI(Tl) Crystal  8x8x30 cm3  

 (8.7 kg) + 3” PMT (9269QA) 

•  2005. 12 – 2006. 3  4 crystals ran ! limits 
•  2009.  9 – 2012. 10.  12 crystals (total 104.4kg) ! limits, modulations 
•  2012. 10 – 2013. 12  12 crystals in test mode. ! PMT upgrades. 
•  2014.  1. -   upgrade run, KIMS-NaI, AMoRE-DARK 

Phys.Rev.Lett. 108 (2012) 181301 
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Modulation: DAMA/LIBRA, CoGeNT 
• DAMA/LIBRA (250 kg NaI, 0.82 tons-year):   8.9-σ effect 

(2-4 keV)

• CoGeNT (330 g HPGe, 450 d): 2.8-σ effect (0.5 - 3 keV)

• Modulation signal compatible with what is expected from a 
DM particle, due to the movement of the  Earth-Sun sytem 
through the DM halo

• However when interpreted as due to “vanilla WIMP” other 
experiments fail to observe such modulation, including 
KIMS.

• Origin of the time variation in the observed rate remains 
unclear!

• Environmental effects? Unknown background?

DAMA/LIBRA

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

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

• The temperature rise (~ µK) is measured with Transition Edge Sensors

 Cryogenic Experiments at T~ mK

χχ

T0

T-sensor

Absorber
C(T)

ERG(T)

�T =
E

C(T )
e�

t
⌧

⌧ =
C(T )

G(T )

C(T ) / m

M

✓
T

⇥D

◆3

JK�1

m = absorber mass

M = molecular weight of absorber

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

• Disadvantages: small mass, complex and expensive fabrication, surface 
contamination

Background region

Expected signal region

Ratio of 
charge 
(or light)
to
phonon

• 133Ba

•  252Cf
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CDMS, CRESST, EDELWEISS
Absorber masses from ~ 100 g to 1500 g (SuperCDMS at SNOLab)

Currently running at Soudan, LNGS, Modane

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

Enectali Figueroa-Feliciano - UCLA Dark Matter 2012

SuperCDMS

1. Suppress all backgrounds          
(factor of millions)

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

Strategy:

Enectali Figueroa-Feliciano - Dark Attack 2012

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

demonstrated control over backgrounds

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

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

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

• At the same time, upgrade 
experimental infrastructure

10cm x 3.8cm, 1.4 kg
SNOLAB prototype iZIP

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

EDW II - Run 13EDW II - Run 13

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

! 2 NTD heat sensors, 6 electrodes

! 218 ultrasonics bondings / detector

EDELWEISS Ge FID Detector

CRESST detector: 
~ 300 g CaWO4

SuperCDMS Ge detector

Enectali Figueroa-Feliciano - Dark Attack 2012

Outlook: EURECA

• Multi-target (Ge, 
CaWO4)

• EDELWEISS, CRESST, 
Rosebud + others

EURECA multi-target 
approach (Ge, CaWO4, ...)
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SuperCDMS at Soudan

• Currently operating 5 towers of iZIP detectors 
(~9 kg Ge) in the existing cryostat at Soudan 

• After 3 years of operation, expected to 
improve sensitivity (SI) by a factor of ~10 over 
existing CDMS II results, or the same as 
XENON100 best limit of 2 x 10-45 cm2

to reject perimeter events.  

Installation complete Nov. 8, 2011.  
Operating with final detector 
settings since Mar. 2012.
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Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

CoGeNT H2013L
CRESST-II H2012L
DAMAêLIBRA H2008L
XENON100 H2012L
XENON10 S2 H2013L
EDELWEISS Low-threshold H2012L
CDMS II Ge H2010L
CDMS II Ge Low-threshold H2011L
90% Upper Limit, this data
90% Upper Limit CDMS II Si Combined
Best fit, this data
68% C.L., this data
90% C.L., this data

Profile Likelihood Confidence Intervals

• A profile likelihood analysis favors a WIMP
+background hypothesis over the known 
background estimate as the source of our 
signal at the 99.81% confidence level (~3σ, p-
value: 0.19%).

• The maximum likelihood occurs at a WIMP 
mass of 8.6 GeV/c2 and WIMP-nucleon cross 
section of 1.9x10-41cm2.

• We do not believe this result 
rises to the level of a 
discovery, but does call for 
further investigation.
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CoGeNT

CoGeNT H2013L
CRESST-II H2012L
DAMAêLIBRA H2008L
XENON100 H2012L
XENON10 S2 H2013L
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CDMS II Ge H2010L
CDMS II Ge Low-threshold H2011L
90% Upper Limit, this data
90% Upper Limit CDMS II Si Combined
Best fit, this data
68% C.L., this data
90% C.L., this data

✤ A profile likelihood analysis favors a 
WIMP+background hypothesis over the 
known background estimate as the 
source of signal (3 events) at the 
99.81% C.L. (~3σ, p-value: 0.19%)

✤ Si ZIP detectors (106 g) 
✤ Data: July2007 - Sep 2009

✤ The maximum likelihood occurs at a 
WIMP mass of 8.6 GeV/c2 and WIMP-
nucleon cross section of 1.9 x 10-41

✤

CDMS II: Si Results

3” (7.6 

1 
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How would these events look like in 
XENON100?

• 1307 events, including events 
below our analysis threshold, 
and after all acceptances

• 264 events in the ROI. No way 
we would have missed them!!!

• New neutron calibration of 
XENON100 with a YBe source 
planned to target lower NRs
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Scintillation/Ionization: Noble Liquids
• Noble liquids: high light and charge yield; transparent to their own light

• Large, scalable, homogeneous and self-shielding detectors

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

     Aprile et al., Phys. Rev. Lett. 97 (2006)
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Noble Liquids as Scintillators
• Advantage: scintillation from the breakup of dimers leads to two time constants: prompt (few ns) 

from excited atoms and delayed (tens of ns) from ionized atoms -> Pulse Shape Discrimination

• Disadvantage: scintillation in the VUV where common windows stop working -> special PMTs with 
mostly quartz windows and built to withstand several bar pressure and low temperature

�LNe ⇠ 78nm

�LAr ⇠ 128nm

�LXe ⇠ 178nm
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Photomultipliers developed for LXe
•  LT bialkali photocathodes: high QE ( ~30-40%), all metal body, Al seal (up to 5 bar and -100C)

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

• Quartz (sapphire under development) window: transparent to the Xe 178 nm scintillation light

XENON100 array LUX array

XMASS 2-inch PMT

XENON1T 3-inch PMT

LUX

LUX Anatomy

8

Thermosyphon

2’’ Hamamatsu R8778
Photomultiplier Tubes (PMTs)

Titanium Vessels

PMT Holder Copper Plates

Dodecagonal field cage
+ PTFE reflector panels

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

LUX 2-inch PMT

XMASS array

XENON100 1-inch PMT
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XMASS, CLEAN/DEAP)
(XENON,,LUX,ZEPLIN II/III,WARP,ArDM)

Two Basic Detector Concepts

courtesy of Andre Rubbia 
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Single-phase detectors
• XMASS (current) at Kamioka (LXe), DEAP/CLEAN (future) at SNOLab (LAr)

• Large volume with simple mechanical structure, easily scalable

•  Zero field and large PMTs coverage allows high light yield and low energy threshold

• Background reduction by self-shielding and hit pattern reconstruction

DEAP-3600 at SNOLab:
3600 kg LAr (1t fiducial) in 
water Cherenkov shield
under construction 
to run in 2014

MiniCLEAN at SNOLab:
500 kg LAr (150 kg fiducial)
under construction 
to run in summer 2013

XMASS at Kamioka:
835 kg LXe (100 kg fiducial) in water 
Cherenkov shield 
642 PMTs: 15 pe/keV 
 <5keVee ~25keVr in fiducial volume; 
Operated in 2011-12 
will resume science run in 2014 

DEAP Construction

31

Photos from 
M. Boulay &
 T. Flower, 

DEAP-3600 
collaboration

Acrylic VesselSteel Shell

Saturday, February 2, 2013

IV Underground

27
Saturday, February 2, 2013
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XMASS Status
• unexpected BG: 2 order larger than estimated from dominant PMT BG

• most BG from Al seal of PMTs. For <5keV BG most likely culprit is Gore-Tex 
(14C) used b/w PMTs 

• detector disassembled and improvement work in progress

• Al seal covered by Cu ring; Gore-Tex removed and additional Cu structure 
will cover gaps b/w rings to avoid leakage events produced b/w rings

• Next Detector: 5 ton and 1ton FV. New PMT with selected material under 
development with feedback from ongoing refurbishment work

• start construction in 2014. Sensitivity (SI)  < 10-46cm2 at 5keVee (~25keVr) 
for 1ton FV and much lower threshold in full volume
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DEAP-3600 Status
• well separated singlet/triplet lifetimes in Ar allow for good PSD: demonstrated to 10-8 with 

DEAP-1; projected to 10-10 at 15 keVee 

• Sensitivity (SI)  ~ 10-46cm2 at 15keVee (60keVr)  for 1ton  FV after 3-yr run
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Double-phase detectors: TPCs
Prompt (S1) light signal after interaction in the 
active volume

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

Charge/light depends on dE/dx: particle 
identification

3D-position resolution: fiducial volume cuts

drift 
field

Cathode

Gate grid

Anode

PMT array

PMT array

direct light (S1)

proportional light (S2)

e-

e-

S1

S2

drift time of electrons

S1: 4 photoelectrons detected from about 
100 S1 photons

S2: 645 photoelectrons detected from 32 
ionization electrons which generated 
about 3000 S2 photons
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The Power of a TPC for Background Rejection

• 3D event imaging allows to select 
single scatter events and only in a 
central volume with lowest 
background exploiting LXe self-
shielding

• Gammas from detector  
components and external sources 
stopped at edges

• Remaining background in 
fiducialized volume dominated by 
events from 85Kr and 222Rn in LXe
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Liquid xenon and liquid argon TPCs

XENON100 at LNGS: 

in conventional shield 
161 kg LXe (~50 kg 
fiducial),  242 PMTs

in DM search

LUX at SURF: 

in water 
Cherenkov shield
300 kg LXe (100 
kg fiducial),  122 
PMTs

in operation

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:
in conventional shield
850 kg LAr 

2 arrays of PMTs
in commissioning

DarkSide at LNGS
in liquid scintillator 
and  water  shield
50 kg LAr (depleted 
in 39Ar) 
in commissioning

PandaX at CJPL: 

in conventional 
shield:
 123 kg LXe (25 kg 
fiducial), 180 PMTs

in commissioning

Current Status - Stage Ia

PandaX Stage Ia:
Currently undergoing
commissioning:

Major components at
CJPL

Clean room environment:
TPC assembled

Slow control in place

Cryogenic system
operating

Xenon on site

Small xenon fill and
liquefaction so far

DAQ installed

Personnel on site daily

Scott Stephenson PANDA-X February 2, 2013 17
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XENON100 Status
• 161 kg of LXe:  62 kg in the active target 

and  rest as active LXe veto viewed by PMTs

• TPC with 30 cm drift with two PMT arrays 
(242 PMTs) to detect the prompt and 
proportional light

• 2012 results for SI and SD DM search  plus 
a study of response to NRs and results from 
dedicated R&D set-ups. 

• Progress on analysis of same data for: 
annual modulation, MeV and GeV DM, etc.

• In 2013 new distillation of the Xe has 
lowered  Kr/Xe level to < 1.3 ppt (90% CL) 
reducing background from  85Kr to <0.05 
mDRU (in 2012 data this was 0.6 mDRU)

• New AmBe neutron calibration completed

• New Dark Matter search started with 
excellent detector performance. Plan to take 
data over 1 year

see A. Kish talk
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LUX Status
• LXe TPC - 300 kg active / 100 kg fiducial 

• Installed in water tank at 4850 level of SURF/Homestake

• Xenon condensed Feb 2013 - circulating > 20 SLPM 

• Short (~ 60 day) WIMP search run - result by end 2013

• Full year-long WIMP search run to begin in 2014

• Sensitivity goal (SI): 7x 10-46 cm2 with 300 days x 100kg and 
zero background

Large Underground Xenon 
Experiment

• LUX
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DarkSide Status
• DS-50 (50kg) LArTPC  in commissioning underground

•  38  PMTs (3 in) to detected Ar light shifted by TPB

• PSD (like in DEAP) plus Charge/Light ratio and 3D spatial resolution (sub-
sub-cm) for BG rejection

• underground Ar to avoid pile-up from  39Ar

• neutron veto and water shield (Borexino CTF) facilities completed

• Sensitivity (SI) goal ~ 10-45cm2 at 100 GeV for zero background 
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!

Future ton-scale LXe and LAr Detectors 
• Funded and under construction @ LNGS: XENON1T ( 3.5t LXe )

• Funded for construction start in 2014 @ Kamioka: XMASS (5t LXe)

• Funded for commissioning start in 2014@ SNOLAB: DEAP-3600 (LAr)

• Funded for R&D, proposals in preparation: LZ (7 t LXe) & DS-5000 (5t LAr)

• Under  study:  DARWIN (20 t LXe/LAr)

DARWINLZ

DS-5000
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Some of the Technical Challenges for 
large volume liquid TPCs

• limited choice of construction materials with the required low 
radioactivity level -> need large effort on materials screening and 
selection with multiple techniques

• drift electrons over 1 meter distance with a nominal 1kV/cm field-> 
need low outgassing materials & ultra pure liquid (<1ppb O2) & 
extreme HV 

• maximize scintillation light collection -> PMTs with highest QE but 
also lowest radioactivity & efficient reflectors (LXe) or reliable 
wavelength shifters (LAr)

• built a dedicated cryogenic facility with a 1 m TPC at Columbia 
(XENON1T Demonstrator) to test technologies relevant for large 
volume LXeTPCs: 

• achieved high purity on fast time scale with continuous gas 
circulation through heated getter  at~100 SLPM

• tested custom-made low radioactivity HV feedthrough to > 100kV

• tested performance of new R11410 PMTs in a LXeTPC, with E-field

• measured directly the charge (via S2) from events drifting 1 meter
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XENON1T

ICARUS

XENON1T

WARP

LNGS Hall B

• 3.5 ton LXeTPC 
• 1m drift gap and 1 kV/cm field
• 250 PMTs (R11410-21):>35%QE
• in water tank: 10m high, Ø 9.6m
• active Cherenkov  μ-veto
• construction in HallB started
• data taking in 2015
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1 m

10 m

Water

XENON1T
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 What you can expect from XENON1T 

A limit on  WIMP-Nucleon SI 
interactions at the 10-47 cm2 

level after 2ton-years of data 

THIS IS MY NIGHTMARE

A statistically significant WIMP signal of 
~100 events if cross section at 10-45 cm2 

after 2 ton-years of data or  by 2017

 THIS IS MY DREAM
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...and this is how the nightmare might unfold by the end of the 
decade: we reach the irreducible background from solar and 
atmospheric neutrinos at ~10-48 cm2 ....and still no signal

Asymmetric 
DM
T. Lin +

NMSSM
J. Cao +
1104.175
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It is however better to dream and wish for multiple 
experiments with different targets to reconstruct the 
properties of the DM particle and with the input from a 
new particle discovery at the LHC in 2015

fixed galactic model
reconstruction probabilities 
for Ar, Ge, Xe

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

Phys. Rev. D 83, 083505 (2011) 

4

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

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

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

⌅Ar(E) = 0.7 keV
⇤

E/keV . (8)

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

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

IV. STATISTICAL METHODOLOGY

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

p(�|d) = p(d|�)p(�)

p(d)
, (9)

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

p(d) =

⇥
d�p(d|�)p(�). (10)

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

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

L(�) =
�

b

N N̂b
R

N̂b!
exp (�NR) , (11)

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

b , Emax
b ) is the number of counts

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

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

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

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

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

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

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

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

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

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

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

Xe 6.5% (14.3%) 8.1% (20.4%)
Ge 5.5% (16.0%) 7.0% (29.6%)
Ar 12.3% (23.4%) 14.7% (86.5%)
Xeþ Ge 3.9% (10.9%) 5.2% (15.2%)
Xeþ Geþ Ar 3.6% (9.0%) 4.5% (10.7%)
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FIG. 3 (color online). The figure of merit quantifying the
relative information gain on dark matter parameters for different
targets and combinations thereof is shown. The values of the
figure of merit are normalized to the Ar case at m" ¼ 250 GeV
with fixed astrophysical parameters. Empty (filled) bars are for
fixed astrophysical parameters (including astrophysical uncer-
tainties).
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!0 ¼ 0:4" 0:1 GeV=cm3 ð1"Þ: (16)

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

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

VI. RESULTS

A. Complementarity of targets

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

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

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

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

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

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

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

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

Parameter Prior range Prior constraint

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

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

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

reconstruction capabilities of Xe, Ge, and Ar configurations separately, whereas in the right frame the combined data sets Xeþ Ge and
Xeþ Geþ Ar are shown.
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Summary and Prospects
• We remain in the dark about 85% of the matter in the Universe. This is both 

embarassing but also an extraordinary opportunity for discovery. 

• The hypothesis that the dark matter could be made of a new, heavy, neutral, 
stable and weakly interacting particle is well motivated by the expectation of new 
physics at the weak scale. 

• 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. A few claim a signal  but there is plenty of  controversy and confusion 
which will be resolved with more data and better control of backgrounds.

• WIMP detectors with noble liquid targets of several tons are in construction or 
advanced design phase, and the first data are expected by 2015.  With two 
orders of magnitude or better sensitivity, they might be able to prove or disprove 
the WIMP hypothesis and provide complementary information to indirect 
searches and the LHC.

• However, as we keep searching for a WIMP signal, we should remain open for 
surprises!
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