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Weakly Interacting Massive Particles (WIMPs)

✦ Favoured candidates for Cold Dark 
Matter (alternatives: Axions, sterile 
neutrinos, ...)

✦ Interacts only weakly with normal 
matter

✦ Expected to be neutral in most 
scenarios

✦ Non-relativistic freeze-out resulting in 
relic density today of ~1000/m3

✦ Requires physics beyond the standard 
model:
✦ Super-symmetry: LSP neutralino, 10-40 to 10-50 

cm2,  mass range from Mproton→1000×Mproton

✦ Universal Extra Dimensions: Stable KK, 
similar detection properties as neutralino
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DARK MATTER PARTICLE ZOO 

5 H. Araujo 

There are many  
other candidates… 
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Complementarity in detection techniques
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Direct detection of galactic dark matter

✦ Elastic scattering of galactic WIMPs off 
target material in terrestrial detector

✦ Isothermal with density profile ∝ 1/r2

✦ Local density ρ0 = 0.3 GeV/cm3 
✦ WIMP speed ~ 220 km/s expect recoil 

O(10 keV)
✦ Expect ~ 1 event/kg/year
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3.3. Direct detection methods

backgrounds, such as �-rays and � particles, produce electron recoils in the target

through interactions with the electrons of the target atoms.

In the absence of any SUSY particles seen by the LHC, it should be emphasised

that direct searches, such as the ZEPLIN–III dark matter experiment (the main topic

of this thesis), are searching for any WIMP-like dark matter candidate from the galactic

halo, i.e. conducting broadband sweeps of the electroweak parameter space, such that

the experiments are model independent.

The event rate in direct WIMP detection depends both on astrophysical and particle

physics parameters. The Standard Halo Model (SHM) describes an isotropic and

isothermal sphere of dark matter extending much further than the visible baryonic disc,

with a density profile ⇢(r) / r�2 and a mean particle speed of ⇠270 km/s. The SHM

is very much a simplified picture in comparison to complex galaxy dynamics, studied

for example using N-body simulations, in which a density profile with a significant

level of lumpiness is generated, and also suggesting the possibility that the dark matter

haloes may be co-rotating with the galaxy discs to some degree [72]. However, to allow

comparison between di↵erent experiments, it is customary and reasonable to adopt

SHM parameters for cross-section or event rate calculations. The standard values are:

the local dark matter density, ⇢0 = 0.3 GeV/cm3; the local circular speed of the solar

system moving through the halo (it is usually assumed that the rotation curve has

already reached its asymptotic value at the Solar radius), v
c

= 220 km/s; and the local

escape speed of the dark matter particles, v
esc

= 544 km/s [73] (and references therein).

The WIMP-nucleus scattering rate is governed by the astrophysical factors given

above, but is also strongly dependent on the properties of the target nucleus. The

following event rate and cross-section calculations are based predominately on the very

good overviews given in Refs. [73, 74]. The nuclear recoil energy di↵erential event rate

expressed in terms of events/kg/day/keV (also called di↵erential rate or dru) is given

by

dR

dE
R

=
⇢0

m
N

m
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v

min

vf(v)
d�

dE
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(v,E
R
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In Eq. (3.1) m
N

and m
�

are the masses of the nucleus and the WIMP, respectively,
d�
dE

R

is the di↵erential cross-section for the WIMP-nucleus elastic scattering and f(v)

is the WIMP speed distribution in the detector frame. The lower integration limit,

v
min

, is the minimum WIMP speed causing a recoil energy, E
R

, and is described by

kinematics of non-relativistic scattering:
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3.3. Direct detection methods

there is a loss of coherence, which ultimately leads to a suppression in the event rate

for heavy target nuclei. This is accounted for by the nuclear form factor, F (E
R

), a

Fourier transform of the nucleon density, also sometimes parameterised in terms of

the momentum transfer q =
p
2m

N

E
R

. By introducing a zero momentum transfer

cross-section, �0, the form factor can be decoupled and the di↵erential cross-section

expressed as
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The contributions to the SI cross-section arise from scalar and vector couplings to

quarks and takes the form
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where Z and A are the atomic and mass number, respectively, and f
p,n

represent the

e↵ective scalar coupling to the proton and the neutron, respectively. The last term in

Eq. (3.7) describes the vector coupling contributions with B
N

as defined in Eq. (3.8):

B
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Only valence quarks contribute to the coupling, and the parameters ↵V

q=u,d

determine

the vector coupling strength.

For general comparison to theory and other experiments (with di↵erent tar-

get materials) cross-section limits are commonly calculated in the form of the

scalar WIMP-nucleon cross-section, �
n

, related to �SI

0 as given in Eq. (3.9), where

µ
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) is the WIMP-nucleon reduced mass:
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In this case WIMP coupling to neutrons and protons is assumed to be very similar, and

thus f
p

= f
n

. Additionally, when studying Majorana type particles, B
N

vanishes.

The form factor for the SI contributions, F 2
SI

(q), is determined from electron-nucleus

scattering data [76] and may be parameterised as follows:

F 2
SI

(q) =

✓
3j1(qR1)

qR1

◆2

exp[�q2s2] , (3.10)

where j1 is a spherical Bessel function, s'1 fm is the thickness of the nuclear skin and

R1 =
p
R2 � 5s2 with R ' 1.2 A1/2 fm. For zero momentum transfer, the form factor
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013

n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107

n/cm2/s for
all flavors [34]).

quarks: for neutrons it is s

n ,n ⇡ 0.42 · 10�44(E
n

/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is s

n ,Xe ⇠ 2 ·10�39 cm2; for Ar it is an order of magnitude smaller, s

n ,Ar ⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of ⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –
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where Z and A are the atomic and mass number, respectively, and f
p,n

represent the

e↵ective scalar coupling to the proton and the neutron, respectively. The last term in

Eq. (3.7) describes the vector coupling contributions with B
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In this case WIMP coupling to neutrons and protons is assumed to be very similar, and

thus f
p

= f
n

. Additionally, when studying Majorana type particles, B
N

vanishes.

The form factor for the SI contributions, F 2
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013

n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107

n/cm2/s for
all flavors [34]).

quarks: for neutrons it is s

n ,n ⇡ 0.42 · 10�44(E
n

/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is s

n ,Xe ⇠ 2 ·10�39 cm2; for Ar it is an order of magnitude smaller, s

n ,Ar ⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of ⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –

Important factors for detector: large mass, low-radioactivity, 
low-energy threshold, high signal acceptance, ability to 
reject ER backgrounds (discrimination)
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Direct detection: nuclear/electron recoils

✦ Nuclear recoil (NR): WIMPs and neutrons scatter predominantly off nucleus
✦ Electron recoil (ER): Interact predominantly with electrons
✦ Utilize differences to distinguish ER backgrounds - neutrons look identical to WIMPs 

so are irreducible background → shielding
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Variety of detection technologies
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Heat & Ionisation Bolometers
Targets: Ge,Si

CDMS, EDELWEISS
SuperCDMS, EURECA

cryogenic (<50 mK)

Light & Heat Bolometers
Targets: CaWO4, BGO, Al2O3

CRESST, ROSEBUD
cryogenic (<50 mK)

Light & Ionisation Detectors
Targets: Xe, Ar

ArDM, LUX, WARP, DarkSide
Panda-X, XENON, ZEPLIN, LZ

cold (LN2)

H
ph

on
on

s

ionisation
Q

L

scintillationScintillators
Targets: NaI, Xe, Ar

ANAIS, CLEAN, DAMA, 
DEAP3600, KIMS, LIBRA, 
NAIAD, XMASS, ZEPLIN-I

Ionisation Detectors
Targets: Ge, Si, CS2, CdTe

CoGeNT, CDEX, DAMIC, DRIFT, 
DM-TPC, GENIUS, IGEX, 

NEWAGE 

Bolometers
Targets: Ge, Si, Al2O3, TeO2

CRESST-I, CUORE, CUORICINO

Bubbles & Droplets
CF3Br, CF3I, C3F8, C4F10

COUPP, PICASSO, PICO, 
SIMPLE
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The Large Underground Xenon 
(LUX) Experiment
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The world’s largest dual-phase xenon 
time-projection chamber
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LUX: 17 institutions, ~100 scientists
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Richard Gaitskell PI, Professor
Simon Fiorucci Research Associate
Monica Pangilinan Postdoc
Jeremy Chapman Graduate Student
David Malling Graduate Student
James Verbus Graduate Student
Samuel Chung Chan Graduate Student
Dongqing Huang Graduate Student

Brown

Thomas Shutt PI, Professor
Dan Akerib PI, Professor
Karen Gibson Postdoc
Tomasz Biesiadzinski Postdoc
Wing H To Postdoc
Adam Bradley Graduate Student
Patrick Phelps Graduate Student
Chang Lee Graduate Student
Kati Pech Graduate Student

Case Western

Bob Jacobsen PI, Professor
Murdock Gilchriese Senior Scientist
Kevin Lesko Senior Scientist
Carlos Hernandez Faham Postdoc
Victor Gehman Scientist
Mia Ihm Graduate Student

Lawrence Berkeley + UC Berkeley

Adam Bernstein PI, Leader of Adv. Detectors Group
Dennis Carr Mechanical Technician
Kareem Kazkaz Staff Physicist
Peter Sorensen Staff Physicist
John Bower Engineer

Lawrence Livermore

Xinhua Bai PI, Professor
Tyler Liebsch Graduate Student
Doug Tiedt Graduate Student

SD School of Mines

James White † PI, Professor
Robert Webb PI, Professor
Rachel Mannino Graduate Student
Clement Sofka Graduate Student

Texas A&M

Mani Tripathi PI, Professor
Bob Svoboda Professor
Richard Lander Professor
Britt Holbrook Senior Engineer
John Thomson Senior Machinist
Ray Gerhard Electronics Engineer
Aaron Manalaysay Postdoc
Matthew Szydagis Postdoc
Richard Ott Postdoc
Jeremy Mock Graduate Student
James Morad Graduate Student
Nick Walsh Graduate Student
Michael Woods Graduate Student
Sergey Uvarov Graduate Student
Brian  Lenardo Graduate Student

UC Davis

University of Maryland

Carter Hall PI, Professor
Attila Dobi Graduate Student
Richard Knoche Graduate Student
Jon Balajthy Graduate Student

Frank Wolfs PI, Professor
Wojtek Skutski Senior Scientist
Eryk Druszkiewicz Graduate Student
Mongkol Moongweluwan Graduate Student

University of Rochester

Dongming Mei PI, Professor
Chao Zhang Postdoc
Angela Chiller Graduate Student
Chris Chiller Graduate Student
Dana Byram *Now at SDSTA

University of South Dakota

Daniel McKinsey PI, Professor
Peter Parker Professor
Sidney  Cahn Lecturer/Research Scientist
Ethan Bernard Research Scientist
Markus Horn Research Scientist
Blair Edwards Postdoc
Scott Hertel Postdoc
Kevin O’Sullivan Postdoc
Nicole Larsen Graduate Student
Evan Pease Graduate Student
Brian Tennyson Graduate Student
Lucie Tvrznikova Graduate Student
Elizabeth Boulton Graduate Student

Yale

LIP Coimbra
Isabel Lopes PI, Professor
Jose Pinto da Cunha Assistant Professor
Vladimir Solovov Senior Researcher
Luiz de Viveiros Postdoc
Alexander Lindote Postdoc
Francisco Neves Postdoc
Claudio Silva Postdoc

UC Santa Barbara
Harry Nelson PI, Professor
Mike Witherell Professor
Dean White Engineer
Susanne Kyre Engineer
Carmen Carmona Postdoc
Curt Nehrkorn Graduate Student
Scott Haselschwardt Graduate Student

Henrique Araujo PI, Reader
Tim Sumner Professor
Alastair Currie Postdoc
Adam Bailey Graduate Student

Imperial College London

Chamkaur Ghag PI, Lecturer
Lea Reichhart Postdoc
Sally Shaw Graduate Student

University College London

Alex Murphy PI, Reader
Paolo Beltrame Research Fellow
James Dobson Postdoc
Thomas Davison Graduate Student
Maria Francesca Marzioni Graduate Student

University of Edinburgh

David Taylor Project Engineer
Mark Hanhardt Support Scientist

SDSTA

Collaboration Meeting, 
Sanford Lab, Mar 2014
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The Large Underground Xenon (LUX) experiment

✦ Two-phase liquid xenon time projection chamber (250 kg active)
✦ Located on the 4850’ level (4300 mwe) of the Sanford Underground 

Research Facility (SURF)

10

LUX at SURF

Muon flux at 4850’ level reduced 
by 107 relative to the surface

55.2 m−2s−1 → 1×10−5 m−2s−1

18

Muon flux reduced by 107:                     
55.2 m-2s-1 at surface → 1×10-5 m-2s-1
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Why use liquid xenon

11

✦ SI dR/dE goes as A2, broad mass coverage above 5 GeV
✦ SD sensitivity from odd-neutron isotopes (129Xe, 131Xe)
✦ Excellent self-shielding properties
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Figure 1. Predicted integral spectra for WIMP elastic scattering (left) and for coherent neutrino-nucleus
elastic scattering (right) for Xe, Ge, Ar and Ne (in order of decreasing rate at zero threshold). Both plots
assume perfect energy resolution. Dark matter rates are for a 100 GeV/c2 WIMP with 10�45cm2 (10�9 pb)
interaction cross section per nucleon, calculated as per [21] with the halo parameters shown; the markers
indicate typical WIMP-search thresholds for each technology. CNS rates are calculated at 10 m from a
3 GWth nuclear reactor (4 ·1013

n/cm2/s) and at the same distance from the ISIS neutron spallation source
(thanks to E. Santos), where 3 neutrino flavors result from pion and muon decay at rest (1 ·107

n/cm2/s for
all flavors [34]).

quarks: for neutrons it is s

n ,n ⇡ 0.42 · 10�44(E
n

/MeV)2 cm2, whereas for protons it is a factor
of ⇠200 smaller. Therefore, the effect of coherence over the whole nucleus is an enhancement
factor of N2. For example, for 10 MeV neutrinos, the cross section for scattering on a Xe nucleus
is s

n ,Xe ⇠ 2 ·10�39 cm2; for Ar it is an order of magnitude smaller, s

n ,Ar ⇠ 2 ·10�40 cm2. Although
these values are even smaller than those expected for WIMPs, significantly higher fluxes can be ob-
tained with neutrinos from artificial sources (⇠1013 cm�2s�1 at a distance of ⇠10 m from a nuclear
reactor, to give one example). Calculated rates as a function of threshold for two neutrino sources
are shown in Figure 1 (right). In addition, ‘on/off’ experiments are also possible in this instance,
which is a significant advantage for controlling systematic uncertainties. Therefore, detectors with
a mass of the order of kilograms can, in principle, provide a reasonable rate. However, one must
not neglect the fact that, contrary to WIMP searches, where only a few events with correct signa-
ture could constitute a discovery in a nearly background-free experiment conducted underground,
a neutrino experiment in a surface laboratory must accumulate enough recoil signals to produce
a statistically significant distribution in energy (or in the number of ionization electrons, as only
few-electron signals can be expected for MeV neutrinos [24, 36, 37]).

The low scattering rate makes the background issue of extreme importance. Background re-
duction (passive shielding, low radioactivity environment and radio-clean construction) and its
active discrimination in the experimental setup are essential. In the case of direct dark matter
searches in underground laboratories, two kinds of background can be distinguished: one resulting
in electron recoils and the other leading to production of nuclear (atomic) recoils in the sensitive

– 6 –
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Two-phase liquid xenon TPC

12

✦ S1: prompt scintillation 
signal
✦ light yield ~60 ph/keV (ER, 0 

field)
✦ NR threshold ~5 keV

✦ S2: delayed ionisation signal
✦ Electroluminescence in vapour 

phase
✦ Nuclear recoil threshold < 1 

keV

✦ S1+S2: 
✦ ER/NR discrimination (>99.5% 

rejection)
✦ mm 3D vertex resolution

      → make use of self shielding 



Slide J. Dobson ⎯  LUX ⎯ DMUK 8th Dec.14

The active region of LUX

13

PTFE 
reflector 
panels

Top
grids

Bottom
grids

Bottom PMT array

Top PMT array

61
.6

 c
m

Gamma 
shield

Gamma 
shield

Field
rings

Figure 7: Rendering of the LUX TPC, supported from the top flange of
the inner cryostat.

3.3. Grids, fields, and light reflecting cage

The LUX Time-Projection Chamber (TPC) is a dodecagonal structure enclosing an

active region with approximately 300 kg of liquid xenon. The active region is viewed

from above and below by arrays of 61 PMTs, as illustrated in Fig. 7. Monte Carlo

optimization of background rejection and fiducial volume resulted in a design with a

drift distance of 49 cm, a diameter of 50 cm, and a buffer distance of 5 cm between the

cathode and the bottom PMT array. The inner walls of the TPC consist of twelve poly-

tetrafluoroethylene (PTFE) reflector panels that cover forty-eight copper field rings,

supported by Ultra High Molecular Weight Polyethylene (UHMW) panels. All PTFE

components are made from ultrahigh purity grade materials and all copper components

are C101 OFHC grade. The field cage includes five grids, supported by PTFE struc-

tures, that maximize light collection and minimize the leakage of scintillation light

from xenon outside the TPC into the viewing region. The entire structure is supported

12

LUX - A TPC at heart

z

r

-180 V/cm drift field

-3 kV/cm extraction

-6 kV/cm electroluminescence

Read out light signals, corresponding to both initial 
scintillation (S1) and electroluminescence (S2)

24

✤ Primary scintillation: PDE of 14%

✤ S2 single electron extraction efficiency: 65% 

✤ Single extracted electron: 26 phe/e-Hamamatsu R8778 PMTs (61 top, 61 bottom)
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Three pronged approach for ultra low background
✦ shielding from rock overburden + water tank  
✦ high purity Xe + low background detector 

components
✦ LXe self-shielding + 3D position info
→ 3.1 ± 0.2 mDRU in 118 kg FV for Run 3

14
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118 kg: 
r <18 cm
z=7-47 cm

Astropart.Phys., 62:33–46, 2014.
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S. Fiorucci – Brown University  34 

LUX Run 3 – Background Levels 

r<18 cm 
z=7-47 cm 

Background Component Source 10-3 x evts/keVee/kg/day 

Gamma-rays 
Internal Components 

including PMTS (80%), 
Cryostat, Teflon 

1.8 ± 0.2stat ± 0.3sys  

127Xe (36.4 day half-life) Cosmogenic 
0.87 -> 0.28 during run  0.5 ± 0.02stat ± 0.1sys 

214Pb 222Rn 0.11-0.22(90% CL) 

85Kr Reduced from  
130 ppb to 3.5 ± 1 ppt 0.13 ± 0.07sys 

Predicted Total 2.6 ± 0.2stat ± 0.4sys 

Observed Total 3.1 ± 0.2stat  

ER < 5 keVee in 118 kg 
Log10 (DRUee) 

Last 44 days 

Dedicated publication is coming 
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An example LUX event: 1.5 keV gamma

15
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Run 3: 85.3 live-days of data (Apr. →  Aug. 13)

16
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Run 3: 85.3 live-days of data (Apr. →  Aug. 13)
✦ World-leading limit for SI WIMP-nucleon elastic scattering: 

    7.6 × 10-46 cm2 @ 33 GeV/c2

    → first sub-zeptobarn  WIMP detector

    excluded existing low-mass WIMP signals    

17

Phys.Rev.Lett., 112:091303, 2014
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Figure 2 – Left : 90% CL spin-independent WIMP exclusion limits shown the LUX 85.3 live-day result (solid blue)
and the 300-day projection (dashed blue). Right : Close-up view of exclusion plot in the low-mass regime showing
the tension between the LUX result and previous hints of low-mass WIMP signals.

shown in the left panel (b) in Fig. 1. The mean (red solid) and ±1.28� (red dashed) NR band
parametrization was derived from the NEST simulation model [4].

The WIMP search analysis cuts for this unblind analysis were kept minimal, with a focus
on maintaining a high acceptance. Single-scatter interactions (one S1 and one S2) in the
liquid xenon with areas between 2-30 phe for the x,y,z corrected S1 signal were selected, which
approximately corresponds to 3-25 keVnr or about 0.9-5.3 keVee, where the subscripts represent
the energy scales for NR and ER, respectively.b The upper bound of 30 phe was chosen to
avoid contamination from the 5 keV x-ray from 127Xe. The fiducial volume was defined as the
inner 18 cm in radius and a drift time between 38-305 µs (roughly 7-47 cm above the bottom
PMT array). The fiducial mass enclosed by the aforementioned bounds was calculated to be
118.3 ± 6.5 kg from the tritium calibration. An analysis threshold of 200 phe (⇠8 extracted
electrons) was used to exclude small S2 signals with poor x,y position reconstruction. The S2
finding e�ciency at 200 phe is >99%. The overall WIMP detection e�ciencies after all cuts
were roughly 17% at 3 keVnr, 50% at 4.3 keVnr and > 95% above 7.5 keVnr.

A total of 160 events passed the selection criteria, which are shown inside the purple shaded
region in the right panel of Fig. 1. A Profile Likelihood Ratio (PLR) analysis utilized the
distribution of measured background and expected signal as a function of radius, depth, S1 and
S2 parameter spaces in order to attempt to reject the null (background-only) hypothesis. For
further details about the PLR limit, see [2] and [5]. The PLR result could not reject this null
hypothesis with a p-value of 0.35, and 90% confidence spin-independent WIMP exclusion limits
were placed as a function of WIMP-nucleon cross-section and WIMP mass as shown in Fig. 2.
The WIMP exclusion limits set by LUX provide a significant improvement in sensitivity over
existing limits. In particular, the LUX low-mass WIMP sensitivity shown in the right panel of
Fig. 2 improves on the previous best limit set by XENON100 by more than a factor of 20 above
6 GeV/c2. These low-mass limits do not support the near-threshold signal hints seen by DAMA
[6], CoGeNT [7] and CDMS-II Si [8].

The WIMP exclusion limit in LUX was derived using a conservative xenon response to NR
at low energies, which placed an unphysical cuto↵ in the signal yields for electrons and photons
below 3 keVnr, the lowest calibration point available at the time of the limit calculation. New
measurements from a DD neutron generator show available signal below this imposed cuto↵
(measured down to 0.7 keVnr for the ionization channel) [9].

bFor the same energy, a NR produces less signal than an ER due to the fact that the former has a large energy
loss fraction in the form of heat, which produces no photons or electrons.

Figure 2: Right: The LUX 90% C.L. on the spin-independent WIMP-nucleon cross section

(solid blue) and a projected limit of the upcoming 300 live-days run (dashed blue). The

shaded region indicates ±1� variation from repeated trials, where trials fluctuating below the

expected number of background events are forced from zero to 2.3 (blue shaded). Also shown

are results from XENON-100 [8, 9], ZEPLIN-III [10], CDMS-II [11] and Edelweiss-II [12]. Left:

Close-up view at lower WIMP masses together with regions measured by other experiments,

e.g. CoGeNT [13] (red), CDMS-II Si [14] (green and ’x’), CRESST-II [15] (yellow) and

DAMA/LIBRA [16, 17] (grey). Please refer to the online-version for color figures.

frequent calibrations, to monitor the electron drift attenuation length, the light79

yield and to establish 3D position reconstruction corrections, were performed80

using 83mKr with mono-energetic energy depositions at 9.4 keV and 32.1 keV.81

For NR, external AmBe and 252Cf sources were used for calibration. The equiv-82

alent detector response to NR is shown in the lower left panel of Fig. 1. Also83

shown in Fig. 1 are the mean and ±1.28� ER and NR band parameterizations84

derived from the comprehensive NEST simulation model [20].85

An unblind analysis with only minimal cuts on the WIMP search data was per-86

formed to maintain a high acceptance. Besides detector stability cuts, including87

xenon pressure, applied voltage and liquid level, only single scatter interactions88

with one S1 and one S2 in the liquid xenon volume were considered. Energy cuts89

for the 3D position corrected S1 signal were done by the pulse area (2-30 phe),90

corresponding to energies of 3-25 keVnr or 0.9-5.3 keVeeusing traditional energy91

estimators as described in Ref. [21] for nuclear and electron recoils respectively.92

6
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Other recent DM exp. results 
✦ Panda-X (two-phase Xe)
✦ DarkSide (single-phase Xe)
✦ AMS-02 positron fraction
✦ Fermi galactic center excess

18
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e↵

from Ref. [17] (red dashed). Recent
world results are plotted for comparison: XENON100 first results [17] (black dashed), XENON100 225 day results [19] (black
solid), LUX first results [20] (blue), CDEX 2014 results [12] (magenta), SuperCDMS results [14] (orange solid), DAMA/LIBRA
results [4] (green), CoGENT results [6] (cyan), CDMS II-Si results [7] (orange dashed), and CRESST-II 2012 results [8] (brown).
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-

Φe− ¼ Ce−E−γe− þ CsE−γse−E=Es ; ð2Þ

(with E in GeV). A fit of this model to the data with their
total errors (the quadratic sum of the statistical and
systematic errors) in the energy range from 1 to
500 GeV yields a χ2=d:f: ¼ 36.4=58 and the cutoff
parameter 1=Es ¼ 1.84% 0.58 TeV−1 with the other
parameters having similar values to those in [2],
Ceþ=Ce− ¼ 0.091% 0.001, Cs=Ce− ¼ 0.0061% 0.0009,
γe− − γeþ ¼ −0.56% 0.03, and γe− − γs ¼ 0.72% 0.04.
(The same model with no exponential cutoff parameter,
i.e., 1=Es set to 0, is excluded at the 99.9% C.L. when fit to
the data.) The resulting fit is shown in Fig. 4(b) as a solid
curve together with the 68% C.L. range of the fit param-
eters. No fine structures are observed in the data. In our
previous Letter, we reported that solar modulation has no
observable effect on our measured positron fraction, and
this continues to be the case.
An analysis of the arrival directions of positrons and

electrons was presented in [2]. The same analysis was
performed including the additional data. The positron to
electron ratio remains consistent with isotropy; the upper
limit on the amplitude of the dipole anisotropy is δ ≤ 0.030
at the 95% C. L. for energies above 16 GeV.
Following the publication of our first Letter [2], there

have been many interesting interpretations [3] with two
popular classes. In the first, the excess of eþ comes from
pulsars. In this case, after flattening out with energy, the
positron fraction will begin to slowly decrease and a dipole
anisotropy should be observed. In the second, the shape of
the positron fraction is due to dark matter collisions. In this
case, after flattening out, the fraction will decrease rapidly
with energy due to the finite and specific mass of the dark
matter particle, and no dipole anisotropy will be observed.
Over its lifetime, AMS will reach a dipole anisotropy
sensitivity of δ≃ 0.01 at the 95% C.L.

The new measurement shows a previously unobserved
behavior of the positron fraction. The origin of this
behavior can only be ascertained by continuing to collect
data up to the TeV region and by measuring the antiproton
to proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the 10.9 × 106 primary positron and

electron events collected by AMS on the ISS show that,
above ∼200 GeV, the positron fraction no longer exhibits
an increase with energy. This is a major change in the
behavior of the positron fraction.
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Marc Kastner, Ernest Moniz, Edmund Bertschinger, and
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NNSF, MOST, NLAA, and the provincial governments
of Shandong, Jiangsu, and Guangdong, China; CNRS,
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FIG. 4 (color). (a) The slope of the positron fraction vs energy
over the entire energy range (the values of the slope below 4 GeV
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Calibrating LUX
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Recap LUX Run 3: analysis strategy

20

✦ Profile Likelihood Ratio used 
as test statistic to compare 
data with predicted signal + 
background in 4 parameter 
space:

S1, log10(S2/S1), r, z  Use an extended likelihood

Observables: x = (S1, log10(S2/S1), r, z)

Parameter of interest: Ns

Nuisance parameters: NCompt, NXe-127, NRn/Kr-85

Energy
Discriminant between ER/NR

Discriminant against 
external/internal radiation

39Gaussian constrain to within 30% of the predicted rates

WIMP signal PDF: 
- WIMP dE/dR for given mass
- efficiency from validated NR sims 
- Ns is parameter of interest

Backgrounds as nuisance 
parameters:
     - detector efficiencies included
     - 30% uncertainty on overall rate 

(d
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An array of calibration techniques

21

Searching for Dark Matter 

with the LUX experiment 

PANIC2014 ! 25th Aug. 2014
Jim Dobson for the LUX collaboration  
(j.dobson@ed.ac.uk)

heat 
exchangers 
(inside 
vacuum 
vessel)

circulation 
pump

hot zirconium 
getter

Simplified representation 
of circulation system:

Tubes for external 
sources: AmBe and 252Cf  83mKr 

CH3T

Neutron 
calibration tube
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ER: 83mKr

✦ Internal high stats source ERs:
✦ half-life ~1.8 hours, 32.1 + 9.4 keV betas
✦ Used for:

✦ Electron lifetime drift length measurements
✦ Position reconstruction and S1 light 

corrections

22

S. Fiorucci – Brown University  27 2
7 

LUX Calibrations – 83mKr 

83Rb produces 83mKr when it decays; this krypton gas can then be flushed into the 

LUX gas system to calibrate the detector as a function of position. 

Provides reliable, efficient, homogeneous calibration of both S1 and S2 signals, 

which then decays away in a few hours, restoring low-background operation. 

83mKr source (83Rb coated on charcoal, 
within xenon gas plumbing) 

 Bonus: tomography of Xe flow 

83Rb coated charcoal plummed 
into gas system  → 83mKr
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ER: Tritiated methane 

✦ CH3T injected into gas system
✦ Beta decay with T1/2 = 12.6 y
✦ <E> = 5.9 keV, end point 18.6 keV

✦ High stats homogeneous source of low energy ER:
✦  Used to define ER band and low energy threshold

23
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NR: 241AmBe and 252Cf

24

✦ Used for NR efficiency, to validate NR simulations (NEST + GEANT4 → data processing) 
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Multiple studies of efficiency drop off at low-energy 

25
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Recap LUX Run 3: light and charge yields
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✦ Yields at vertex based on Noble Element Simulation Technique (NEST), 
M. Szydagis, JINST 6, P10002 (2011)

✦ Anchored to experimental data
✦ Lack of data for NR response below 3 keV:

!
NEST: 

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

Conservative Light and Charge Yields Assumed for LUX 2014 PRL

"20

• 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

UCLA DM2014 - February 28, 2014

Light yield: Charge yield: 
(electrons/keV):

For first WIMP search result LUX used 
conservative cut-off below 3 keVnr
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NR: Deuterium-Deuterium neutron gun
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James Verbus - Brown University UCLA DM2014 - February 28, 2014James Verbus - Brown University

Adelphi DD108 Neutron Generator Installed Outside LUX Water Tank - Fall 2013

"7

• Neutron generator/beam pipe assembly aligned 
15.5 cm below liquid level in LUX active region 
to maximize usable single / double scatters!

• Beam leveled to ~1 degree!

• 105.5 live hours of neutron tube data used for 
analysis 

Single Scatter (S1, 1xS2s > 100 phe)

Preliminary
LUX
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NR: absolute charge yield from multiple scatters

✦ Absolute charge yield measured to 
below 1 keV

✦ Sensitivity for recoils below Run 3 
cut-off 

28

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)

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)

Run 3 WIMP result 3 keVnr 
conservative cut off 
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NR: relative scintillation efficiency from single-scatters
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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

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

✦ NEST + detector simulation to simulate 
single-scatter spectra

✦ Fit for Leff in slices of S2 using χ2 
minimisation between data and simulated 
S1-spectra

✦ Energy scale from charge yield 
measurement

Full details:
http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
(forthcoming paper in preparation)

Run 3 WIMP result 3 keVnr 
conservative cut off 

http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
http://www.pa.ucla.edu/sites/default/files/webform/20140228_jverbus_ucla2014.pdf
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What does this mean for low-mass WIMP sensitivity

Decreasing cutoff from 3 keV to 1 
keV means we expect 1000 * more 
signal @ 6 GeV
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FIG. 4. WIMP detection e�ciency as a function of nuclear recoil energy for events with a corrected S1 between 2 and 30 phe

and a S2 signal greater than 200 phe (black +). This e�ciency is used directly in the profile likelihood analysis. In addition, we

show the e�ciency for individually detecting an S2 (red squares) or S1 (blue circles) signal, respectively, without the application

of any analysis thresholds. The detection e�ciency for single scatter events (again applying no threshold cuts), shown by the

green triangles, clearly demonstrate the dominant impact of the S1-only e�ciency.
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recoil population (red squares). An upper limit is shown for S1 bins without events. The blue dashed line indicates the total

leakage fraction, 0.004, in the S1 range 2-30 phe. The leakage fraction is not used directly in the estimation of the WIMP

signal.
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nuclear recoil acceptance (as calculated from flat-in-energy NR simulations), measured with the high-statistics tritium data.

We show the leakage from counting events in the dataset (black circles) and from projections of Gaussian fits to the electron

recoil population (red squares). An upper limit is shown for S1 bins without events. The blue dashed line indicates the total

leakage fraction, 0.004, in the S1 range 2-30 phe. The leakage fraction is not used directly in the estimation of the WIMP

signal.

efficiency used 
by PLR

→ 17 % @ 3 keVnr 

→ 50 % @ 4.3 keVnr 
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Potential for sensitivity 
down to < 1 keV 

Calculation courtesy 
of Aaron Manalaysay
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Summary and outlook

✦ With 3 months of data LUX’s set world leading limit for SI WIMP-nucleon 
scattering

✦ Wide variety of calibrations used to validate detector response
✦ Low-energy neutron calibration post Run 3 provided direct measurement 

of NR energy scale in LUX 
✦ Expect re-analysis of first WIMP-search data with reduced threshold

✦ Many opportunities beyond SI:
✦ SD, inelastic-DM, non-standard interactions, solar axions and ALPs

✦ Currently preparing for 300-day run, ~ ×5 improvement in sensitivity 
expected 
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