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Status of searches for testable DM candidates

DM ∈ {WIMPs, LSP, Axion, Sterile ν,
KKP, gravitinos, Asymm.DM,
hidden sector DM ...}

DM DM

SM SM

DIRECT DETECTION
NO DEFINITE SIGNAL

INDIRECT
DETECTION
NO DEFINITE

SIGNAL

COLLIDER
PRODUCTION
NO DEFINITE
SIGNAL

Direct dark
matter searches
can probe various
DM candidates
NOT only
WIMPs.
WIMP class is the
most exploited for
various reasons so
far. No definitive
signal is bringing
wide DM candidate
search back in the
focus.
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Noble liquids searching for WIMPs (”vanilla” SI interaction)
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Noble liquids can deliver competitive

mutliple target searches in both regions

and more
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WIMP Signal in noble liquids (”vanilla” SI interaction)

Mass Range ≈ (1MeV/c2 - 10TeV/c2)
Signal (M'1GeV/c2) = single nuclear recoil (NR).
Background = electronic recoil, NR from n, NR of other than
target nuclei, degraded α recoil, accidental, ...
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Noble liquid targets
Noble liquids are radio-pure, going after ultra radio-pure.

LXe -nat LAr-nat LAr-UG LHe
A 131.3 40.0 4

ρ [g/cm3] 2.94 1.40 0.145

λ [nm] 178 125 80

LY|E=0 [ ph
MeV ] 42000 40000 19000

Isotope [mBq/kg] �a (136Xe) 103(39Ar) <b6.5(39Ar) none
222Rn [µBq/kg] c (3-20) <d 0.8-e16 NA NA

natKr fO(1ppt) NA �g NA

a: 136Xe (T1/2 = 2.2 1021 y); b: Cosmic rays and radiogenic processes induce 39Ar ,

underground Ar is depleted, 1204.6061, 1204.6024, c: Rn removal using activated

carbon, 1309.7024, d: preliminary result from DS-50, e: DEAP 1406.0462; f: 85Kr:

removal by cryogenic distillation/chromatography/centrifuges 1309.7024, g: 85Kr:

radiogenic origin, should not be present in underground Ar
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Against neutron background
n: µ-induced, α-n, fission reactions
Go underground reduce µ flux. Not enough except @CJPL lab.
Shielding against µ-induced n insufficient, but will reduce ext. γ

Water shield thickness [cm]
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Muon-induced neutrons
Gammas from rock radioactivity (E<3 MeV)
Neutrons from rock radioactivity (E<10 MeV)

1406.2374v1

µ veto required to reduce

µ-induced n <0.01 ev/year

LUX, DS-50, DEAP, CLEAN, XMASS, XE1T ...

utilize Cherenkov µ veto

To reduce radiogenic neutrons from detector material:
Material screening via Ge, Mass spectroscopy, NAA ...
Build neutron veto close to target to detect escaping neutrons
Only DarkSide program uses boron-loaded LSV (1010.3609v1)

Vetos enable both rejection and characterization of the
background!
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Light in single phase noble liquid detector

4π coverage of PMTs gives excellent light yield.
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Background rejection in single phase
Fiducialization + Multiple scatter + Active veto
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High light yield in single phase - LXe
XMASS-1 (835/100 kg) at Kamioka with water shield

LY=14.7pe/keVee @ 122keVee ⇒ 4PE = ∼ 3keVr

arXiv:1301.2815
(c) Kamioka Observatory

electron coupling of DM

arXiv:1211.5404,1212.6153,1406.0502
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High surface radio-purity in single phase - LXe
Surface contamination of PMTs + poor po-
sitioning of surface events limited the sensitivity of first run.

events from dead zone

new run in 2014

Detector refurbished

see talk by K.Hiraide on Wed.
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High LY and pulse timing in single phase - LAr
Pulse shape discrimination crucially depends on # of photons.
PSD power = O(107 − 1011)

S1 ∝ ( q
τfast

e−1/τfast + q
τslow

e−1/τslow )

τfast= 7ns, τslow = 1600ns

q = Singlet
Triplet

= f(dE/dx)

F90∼0.3. F90∼0.7

F90 = fraction of S1
within first 90ns

Current best PSD =DEAP-1 is 108 at ∼100PE (0904.2930)

Challenge for LAr, but validations are ongoing! Model the F90

discrimination parameter to accounts for macroscopic effects related to

argon micro-physics, detector properties and reconstruction and noise

effects(see DarkSide - talk at UCLA 2014)
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About to take data single phase - LAr + CW

DEAP-3600/1000kg CLEAN-500/150kg

see talk today by S. Peeters

1406.0462v1 1403.4842v1
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Light&charge in dual phase noble liquid detector
R = {LXe (LUX, XENON, PandaX), LAr (DarkSide, ArDM)}
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Dual phase noble liquid detectors - Present
XENON100
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DarkSide-50

150kg
&40kg

data taking atm Ar

LUX
data taking

370kg
&118kg
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ArDM
1st data taking

850kg
&100kg

see talk at UCLA DM14’see talk at UCLA DM14’

PandaX Ia
1st data taking

125kg
&25kg

1405.2882
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Background rejection in dual phase
Fiducialization+Multiple scatter+PSD(LAr)+S2/S1+Active veto
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see talk by K. Ni on Wed

E.Pantic (TeVPa/IDP 14’) pantic@ucdavis.edu UC Davis 15/36

15/36



Background rejection via 3D event reconstruction
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1310.8214v2

3D event reconstruction
XENON100∼3mm (x,y), ∼0.3mm (z)

LUX∼4-6mm (x,y)

Multiple scatter rejection
XENON100, LUX∼3mm

PandaX, DS-50 algorithms

under development
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Electronic recoil background rejection via S2/S1
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

NR Signal model (AmBe)

ER Background mod. (60Co,232Th)

XENON100 data

XENON100@530V/cm

∼99.75% ER rejection

@ 40% NR acceptance in ROI

1310.8214v2

LUX@181V/cm
∼99.6% ER rejection

@ 50% NR acceptance in ROI

Novel calibration method

via tritiated methane
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Electronic recoil background rejection via PSD
DarkSide-50: Background free exposure of 280kg·day with AAr.
Corresponds to that expected in 2.6 year of UAr DS-50 run.
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Electronic recoil background rejection via PSD
DS-50 has ×10 more data with AAr⇒ preparing publication.

Final goal is 18ton-y exposure to probe PSD for DS-G2.
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Energy scale via S1 or S2 is nonlinear
Twice the energy recoil (NR/ER) 6= twice the signal in S1 (S2).
Same energy NR and ER give different signal in S1 (S2).
Same energy recoil different E-field 6= same signal in S1 (S2).

Separation of electron and nuclear recoils 
with charge to light ratio

17LUX Dark Matter Experiment / Sanford Lab Rick Gaitskell (Brown) / Dan McKinsey (Yale)

LUX WIMP Search, 85 live-days, 118 kg

•Event energies in keVee and keVnr
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Electron recoils primarily from Compton scatters

Nuclear recoils ⇒ WIMPs

LUX data
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Recoil energy reconstruction via S1 or S2

Eer = S1 1

LY (Eref )

See

Re

Re(Eer )= relative ER scintillation efficiency

Light =⇒ S1 Enr = S1 1

LY (Eref )

See

SnrLeff

Leff (Enr ) = LY (Enr )
LY (Eref )

|zero−field = relative NR scintillation efficiency

Eer ,nr

Charge =⇒ S2 Eer ,nr = S2 1

g

1

Qy

Qy (Eer ,nr ) in #e/keVer ,nr at E-field.
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Recoil energy reconstruction via S1 + S2

S1 nph = S1 1

ε1

=Nex +rNi

Recombination r is E-field, particle dependent

Eer ,nr = 1
QF

Weff (Nex +Ni )

QF= Electronic excitation quenching, QF er =1

S2 ne = S2 1

g

=(1-r)Ni

Modeling using experimental data and recombination theory.
Publicly available = NEST 1106.1613

See also 1007.3549, 1101.6080,1011.3990 and See talk by A. Hitachi on Wednesday

E.Pantic (TeVPa/IDP 14’) pantic@ucdavis.edu UC Davis 22/36

22/36



Light and Charge Yields at low energies

θ

θ

Tagging

Mono-E neutron,
γ source

End-point
Mono-E neutron
source

Leff in LXe:1104.2587

LY(ER) in LXe:1209.3658

LY(ER) in LXe:1303.6891

Leff Snr in LAr:1306.5675

Qy (NR) in LAr:1406.4825

Qy (NR) in LAr:1402.2037

(2D) MC-data comparison

Wide-E neutron source, γ lines
Qy (NR) and Leff in LXe: 1304.1427

Internal γ lines: 83mKr, 37Ar, activ. 127Xe
LY(ER) in LUX, DarkSide-50 and many R&D detectors

Tagging in-situ

Mono-E neutron source

Qy (NR) and Leff in LXe: see LUX UCLA DM ’14 talk

Enr = En
2mnMXe

(mn+MXe)2 (1− cosθ)
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LXe response to NR via neutron tagging

6

FIG. 5 Ionization yield from nuclear recoils measured with
small scale two-phase xenon detectors (labeled Columbia and
Case), at different electric field (27).
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FIG. 6 Field dependence of scintillation and ionization yield
in LXe for 122 keV electron recoils (ER), 56.5 keVr nuclear
recoils (NR) and 5.5 MeV alphas, relative to the yield with
no drift field (27).

2. Fano-limit of Energy Resolution

In 1947, Fano (118) demonstrated that the standard
deviation, δ, in the fluctuation of electron-ion pairs pro-
duced by an ionizing particle when all its energy is ab-
sorbed in a stopping material, is not given by Poisson
statistics, but by the following formula:

δ2 = 〈(N − Ni)
2〉 = F × Ni (4)

where F is a constant less than 1, known as the Fano
factor, and depends on the stopping material. When
F = 1, the distribution is Poisson-like. The calculation
of the Fano factor for LXe and other liquid rare gases was

FIG. 7 Predicted electronic stopping power, dE/dx, for differ-
ent particles in LXe, based on various references. The circles
refer to the particle energies discussed in (27).

TABLE III Calculated Fano factor F and FW in
gaseous state and liquid states. a(Alkhazov,1972);
b(Policaropo,1974); c(de Lima,1982); d(Doke,1976)

Material Ar Kr Xe
Gas
F 0.16a 0.17b 0.15c

FW (eV) 4.22 4.11 3.30
Liquid
F 0.116d 0.070d 0.059d

FW (eV) 2.74 1.29 0.92

carried out by Doke (98), in the optical approximation.
With the known Fano factor and W -value, the ultimate
energy resolution of a LXe detector is given by:

∆E(keV) = 2.35
√

F W (eV) E(MeV) (5)

where ∆E is the energy resolution, expressed as full
width at half maximum (FWHM: keV), and E is the
energy of the ionizing radiation, in MeV. This energy
resolution is often called the Fano-limit of the energy
resolution. Table III shows F and FW for electrons or
gamma-rays in LAr, LKr and LXe (8; 97; 161; 200).

The Fano-limit of the resolution of LXe, which is
comparable to that measured with a Ge- or Si-detector
(96; 196), has however not yet been achieved. In fact, the
best energy resolution measured with a LXe ionization
chamber is even worse than the Poisson limit, with the
value of 30 keV for 207Bi 554 keV gamma-rays, measured
at the highest field of 17 kV/cm (98; 235). Recently, a
similar value was measured (27) at a field of 1kV/cm,
using the summed signals of ionization and scintillation
measured simultaneously.

Leff at zero field
1304.1427

Light/Charge field quenching

PRL 97, 081302 (2006)

Qy at zero field

More results SOON
R&D detectors with 3D positioning
NeRiX@Columbia ⇒ Leff , Qy @E-field

@U-M ⇒ Leff , Qy @E-field

Field quenching at low-E NEEDED!

NEST predicts small field quenching

3keVr (1104.2587)

4keVr

E.Pantic (TeVPa/IDP 14’) pantic@ucdavis.edu UC Davis 24/36

24/36



LXe response to NR in situ

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Leff Measured in LUX Using Absolute Energy Scale

"15

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1 sigma)!Preliminary
LUX

3*10-1

3*10-2

Single Scatter (S1, 1xS2s > 50 phe)

!
Blue Crosses - LUX Measured Leff; 
reported at 181 V/cm (absolute 
energy scale) 
Green Crosses - Manzur 2010; 0 V/cm 
(absolute energy scale)!
Purple Band - Horn Combined Zeplin III 
FSR/SSR; 3.6 kV/cm, rescaled to 0 V/
cm (energy scale from best fit MC)!
Orange Crosses - Plante 2011; 0 V/cm 
(absolute energy scale)!
Black Dashed Line - Szydagis et al. 
(NEST) Predicted Scintillation Yield at 
181 V/cm

• LUX Leff values currently reported at 181 
V/cm as opposed to the traditional zero 
field value.!

• X error bars representative of error on 
mean of population in bin!

• Energy scale defined using LUX measured 
Qy!

• Method can be extended below existing 2 
keVnra point

James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Systematic error of 7% from 
threshold correction for (lowest 
energy) 0.7-1.0 keV

nra
 bin!

• Red systematic error bar shows 
common scaling factor uncertainty. 
Dominated by uncertainty in 
electron extraction efficiency.!

• Current analysis cut-off at 0.7 
keVnra; measurement will be 
extended lower in energy by 
including smaller scattering angles in 
future analysis !
!

!
Blue Crosses - LUX Measured Qy; 181 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale)!
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)!
Orange Lines - Sorensen IDM 2010; 0.73 
kV/cm (energy scale from best fit  MC)!
Black Dashed Line - Szydagis et al. (NEST) 
Predicted Ionization Yield at 181 V/cm

"11

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1-sigma)!

Reconstructed Ionization Yield with !
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 50 phe)

XENON100: 2D MC-data matching (no scaling) 1304.1427

Leff @0V/cm

Leff @181V/cm

LUX: NEST MC-data matching

Qy @181V/cm

Qy @0V/cm

Double scatter with DD gun!

3keVr

2keVr (J.Verbus talk)

3keVr

(0.7-1)keVr
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LAr response to NR via neutron tagging/end-point
Tagged neutron beam in SCENE (new results see 1406.4825)
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Leff @E-field 1406.4825

Light/Charge field quenching
n-beam end point@LLNL

1402.2037

NEW Qy @ E-field

Field quenching larger at low-E!

DS-50@200 V
cm

to optimize NR LY.

Question of field quench in LXe?

S2/S1 rejection ↗ with Field.

NR S1 ↘ with Field.

16.7keVr

16.7keVr
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LAr response to NR - investigate directionality
Tagged neutron beam in SCENE (new results see 1406.4825)
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Strong field quenching!

Directional effect on recombination?
via Columnar recombination
expect effect '35keVr

setup modified to test it

∃ weak effect@57.2keVr

More precise measurement needed!
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Light and charge yield in LUX see talk of

Use S1 light signal to determine recoil energy

set hard threshold at 3 keVnr
Photon detection efficiency: 0.14

Charge yield: 26 phe/e-
16
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⇒ Very conservative!

Use S1 light signal to determine recoil energy

set hard threshold at 3 keVnr
Photon detection efficiency: 0.14

Charge yield: 26 phe/e-
16
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⇒ Very conservative!

James Verbus - Brown University Lake Louise Winter Institute - February 19th, 2014

Conservative Light and Charge Yields Assumed for LUX 2014 PRL

!24

• Modeled Using Noble Element Simulation Technique (NEST)"
• Szydagis et al.,  arxiv:1106.1613"

• NEST based on canon of existing experimental data."
• Artificial cutoff in light and charge yields assumed below 3 keVnr, to be conservative."
• Includes predicted electric field quenching of light signal, to 77-82% of the zero field light yield"
"
• Conservative threshold used in LUX 2014 PRL Dark Matter Result arXiv:1310.8214v2 

Artificial 3 keVnr !
Ionization Cut-off !

(same as with scintillation)

pertains to S1 pertains to S2

See Talk by 
James Verbus
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0000000

Use S1 light signal to determine recoil energy

set hard threshold at 3 keVnr
Photon detection efficiency: 0.14

Charge yield: 26 phe/e-
16
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⇒ Very conservative!

events from dead zone

Energy scale based on S1 + S2 and modeled using NEST.
Respective Leff Snr and Qy (model NOT fit) in agreement with data

Conservative threshold used in LUX 2014 Result arXiv:1310.8214
Analysis ongoing with data and model driven estimates,
including new measurements of Leff Snr and Qy in situ.
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Energy threshold for S1+S2 analysis
≥2PE threshold in S1 to avoid PMT dark counts in LXe.
≥ O(10)PE in S1 for PSD in LAr.
≥1 e− threshold in S2 to avoid single electron background.
S2 is amplified, the limiting factor is S1 LY.

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

Xe Physics in LUX
•Fundamental Xe physics. Lindhard-Hitachi + Thomas-
Imel Model for recombination 

•=> # of photons and electrons from primary site 
happen to be ~equal in range 0.1-10 keVnr 
"

•LUX Parameters: 
•For S1 and S2 the signal in phe and the % resolution 
are dominated by the difference in collection/
amplification factors 

•S1: 14% of photons -> phe 
•S2: ~50% of electrons (*) -> electron in gas, where 25 
phe/gas electron are generated 

•(*) Assumes 85% drift efficiency typical of DD dataset 
and 64% extraction efficiency from liquid to gas 
"
"

•Note observed Charge Yield in Xe LUX  is actually 
~10-30% higher than NEST prediction. S1 is likely 
0-20% lower than NEST prediction 
" 10−1 100 101

10−1

100

101

102

keVnr

#

NEST − Average Population Numbers − LUX (181 V/cm)

 

 
photon (prim. #)
S1 (phe)
S1 (std phe)
elec. (prim. #)
S2 (phe)
S2 (std phe)

~50% electron->gas"
25 phe/gas electron

<S2>

σS2

σS1

<S1>

14% photon->phe

!31

See Talk by 
Matthew Szydagis

Gaitskell, 2014"
based on NEST (Szydagis), 2012

# of Photons or Electrons from primary interaction site

31 140226_DM2014_Gaitskell_Review_v05 - February 28, 2014

LYzerofield (122keV) | Threshold

LUX 8.8 PE
keVee

⇒ 3keVnr (2PE)

PandaX∼6.4 PE
keVee

⇒ soon

Xe100 3.8 PE
keVee

⇒ 6.6keVnr (3PE)

DS-50∼8 PE
keVee

⇒ 35keVnr (70PE)

ArDM>2 PE
keVee

⇒ soon

S2 ONLY analysis
promising for subKeV threshold
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Most sensitive ”standard” WIMP search - LUX
Observation consistent with background only hypothesis (PL).
ER background understood. New run with lower ER background.
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Current limits
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CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)
CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

LUX (2013)

 DAMIC           (2012)

CDM
Slite (2013)

   10 Neutrino Events   100 Neutrino Events

   1 Neutrino Event
   3 Neutrino Events   30 Neutrino Events

3 Neutrino Events1 Neutrino Event

30 Neutrino Events10 Neutrino Events

100 Neutrino Events

1310.8214

First results in 2014: DS-50, DEAP, CLEAN, PandaX, ArDM

New results 2014-15: XE100, LUX, XMASS
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Low mass WIMP S2-only studies to come
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James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Ionization Yield Absolutely Measured below 1 keVnra in LUX

• Systematic error of 7% from 
threshold correction for (lowest 
energy) 0.7-1.0 keV

nra
 bin!

• Red systematic error bar shows 
common scaling factor uncertainty. 
Dominated by uncertainty in 
electron extraction efficiency.!

• Current analysis cut-off at 0.7 
keVnra; measurement will be 
extended lower in energy by 
including smaller scattering angles in 
future analysis !
!

!
Blue Crosses - LUX Measured Qy; 181 V/
cm (absolute energy scale) 
Green Crosses - Manzur 2010; 1 kV/cm 
(absolute energy scale)!
Purple Band - Z3 Horn Combined FSR/SSR; 
3.6 kV/cm (energy scale from best fit MC)!
Orange Lines - Sorensen IDM 2010; 0.73 
kV/cm (energy scale from best fit  MC)!
Black Dashed Line - Szydagis et al. (NEST) 
Predicted Ionization Yield at 181 V/cm

"11

LUX 2014 PRL Conservative!
Threshold Cut-Off 

Flat Sys. 
Error on Blue 
Points 

(1-sigma)!

Reconstructed Ionization Yield with !
Associated Statistical Uncertainty

Preliminary
LUX

Double Scatter (S1, 2xS2s > 50 phe)
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Efficiency to single e−X

Photoionization of impurities

dominant in FV

from 1311.1088
see 1311.1088

Yield at low-E X

Further purification of liquid
to reduce 1,2,3 e−background
optimize threshold

Minimize delayed e− extraction

with ∼100% extraction

FV with S2 width

1011.6439, 1104.3088
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Energy scale for DM coupling to electrons
Electronic recoil scale with field quenching.
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Manalaysay (2010)

Aprile (2006)
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1303.6891

LY(ER) at zero field in LXe Field quenching at 450V/cm

1310.8214v2

NEST validation ⇑ predictions ⇒

More measurements in LXe, LAr
Qy (ER) at E-field soon
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Noble liquid detectors - Future
XENON1T

3.3t

&1t

construction
PandaX Ib

0.5t

&0.3

∃ III phase
XENONnT
under select.

7t

&3t
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∃ III phase

25/10t
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&1t

LZ
under select.

7t

&5t

DS-G2

5t

∼3t

under selec.

DEAP-50t

150t

∼50t

R&D

Darwin

20t

R&D LXe/LAr
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Noble liquids - sensitivity to WIMPs (”vanilla” SI interaction)
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NEUTRINO COHERENT SCATTERING
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(Violet&oval)&Magne7c&DM&
(Blue&oval)&Extra&dimensions&&
(Red&circle)&SUSY&MSSM&
&&&&&MSSM:&Pure&Higgsino&&
&&&&&MSSM:&A&funnel&
&&&&&MSSM:&BinoEstop&coannihila7on&
&&&&&MSSM:&BinoEsquark&coannihila7on&
&

8B
Neutrinos

Atmospheric and DSNB Neutrinos

CDMS II Ge  (2009)

Xenon100 (2012)

CRESST

CoGeNT
(2012)

CDMS Si
(2013)

EDELWEISS (2011)

DAMA SIMPLE (2012)

ZEPLIN-III (2012)COUPP (2012)

SuperCDMS Soudan Low Threshold
SuperCDMS Soudan CDMS-lite

XENON 10 S2 (2013)
CDMS-II Ge Low Threshold (2011)

SuperCDMS Soudan

Xenon1T

LZ

LUX

DarkSide G2

DarkSide 50

DEAP3600

PICO250-CF3I

PICO
250-C3F8

SNOLAB

SuperCDMS

1307.5458

1310.8327

S2-only for low-mass WIMPs
LHe for low-mass WIMPs: 1302.0534

Progress below ν line require precise knowledge of ν background,

use of annual modulation or directional detection, target complementarity
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Noble liquids - sensitivity to WIMPs (”vanilla” SI interaction)
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Progress below ν line require precise knowledge of ν background,

use of annual modulation or directional detection, target complementarity

Mass, Radio-purity↗
Multiple handles for bck.

rejection and calibrations

Standard WIMP
⇓

Efficiency↗
Uncertainties↘
⇓

Generic

low-mass

WIMP
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