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WIMP direct detection
✤ WIMPs are the leading DM candidates

• Not affected by either the strong or EM forces 
• Mass scale: GeV - TeV 
• Distributed in spherical halos around galaxies 
• Interaction with the nucleus: 

- spin-independent: σ ~ A2 
- spin-dependent: σ ~ J(J+1)
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• Expect low energy recoils(1 -  100 keV)!

• Expect <1 event/kg/year!

• Requires SM backgrounds ~0!
➡ underground operation

WIMPs scatter elastically off nuclei



LUX - 2-phase Xe TPC
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3D Position Reconstruction 
➡ Z from time difference between S1 and S2	


➡ XY reconstructed from light pattern



LUX - 2-phase Xe TPC

!4

3D Position Reconstruction 
➡ Z from time difference between S1 and S2	


➡ XY reconstructed from light pattern

• WIMPs and neutrons interact with nuclei  
short, dense tracks ⇒ smaller S2/S1	



• 𝜸s and e- interact with atomic electrons 
longer, less dense tracks ⇒ higher S2/S1 

• discrimination >99.5% @ 50% NR acceptance

Discrimination principle

Recoil  
median

Electron recoils  
137Cs source

Nuclear recoils  
(AmBe source)

ZEPLIN-III



The LUX detector
✤ Ultra-low background xenon TPC  

- 370 kg of LXe 
- 250 kg in the active volume  
- 118 kg fiducial volume!

✤ Drift length: 50 cm!

✤ Active region defined by 12 PTFE slabs !

✤ 2 PMT arrays with a total of 122 tubes!

✤ Titanium cryostats (<0.2 mBq/kg)!

✤ Installed inside 300 T water tank

Titanium 
Vessels

PTFE reflector panels

PMT holding 
copper plates

Counterweight

Thermosyphon  
LN bath column

Radiation shield

49 cm

59 cm

Cathode grid

Anode grid
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Sanford Lab (@ Homestake mine)

SURF

4850 feet deep (1478 m)
Muon flux reduced by 107 

(4.3 km w.e.)
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Sanford Lab (@ Homestake mine)

SURF

4850 feet deep (1478 m)
Muon flux reduced by 107 

(4.3 km w.e.)

Water tank

Cryostat

Source tubes

Breakout cart
Thermosyphon

Figure 3: Overview of the LUX detector system installed in the Davis
Cavern. Shown are the water tank and the central cryostat. The PMTs of
the muon-veto system are not shown.
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✤ Water Tank: 300 t, 3.5 m shielding!
✤ Cherenkov muon veto!
✤ ~10-9 gamma event rate reduction!
✤ ~10-3 high-E neutrons (>10 MeV) rate red.!
✤ All external backgrounds subdominant



Support systems

S. Fiorucci – Brown University  9 

LUX Design – Supporting Systems 

Circulation and sampling

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

LUX – Supporting Systems
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Xe storage

S. Fiorucci – Brown University  10 

LUX Krypton Removal System 

�85Kr - beta decay – intrinsic background in liquid Xe 
� Research grade Xenon: ~100 ppb Kr => 104 - 105 reduction needed 

�August 2012 - January 2013: Kr removal at dedicated facility 
� Chromatographic separation system 

�Kr concentration reduced from 130 ppb to 3.5 ± 1 ppt, (factor of 35000) 
� 1 ppt is achievable (useful for next-generation detectors) 

arXiv:1103.2714 

Kr removal facility

130 ppb to 3.5 ppt!

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

LUX – Supporting Systems

LUX$Thermosyphon

LN
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head
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into
water
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Thermosyphon
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Cathode HV feedthrough

Xe storage and recoveryXenon gas handling and sampling
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Thermosyphon
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LIP responsibilities
✤ LN system!
• Manages LN transfers from 

storage dewars to SRV, TS, SS!
• Fully automated system!
• Both hardware and software 

designed and built at LIP

✤ Slow control!
• Monitor hundreds of sensors 

(detector and support systems)!
• Controls valves, HV, etc.!
• Interface via mySQL database!
• User interface using php



Calibrating LUX
✤ External sources (via source tubes):!

✤ AmBe and 252Cf for low energy neutrons!
➡ validate NR models and sims, NR efficiencies!

✤ Internal sources (injected)!
✤ Xe self-shielding prevents 𝛄s from reaching inner volume!

✤
83mKr: half-life ~1.8 h; 32.1 + 9.4 keV 𝜷s!

➡ weekly purity & XYZ maps!

✤ Tritiated methane (CH3T): low energy 𝜷s (end point 18 keV)!
➡ high stats, uniform and high purity ➡ ER band, ER acceptance

 SolidWorks Student License
 Academic Use Only

Figure 10: Rendering of the six source tubes surrounding the central LUX
cryostat. The top two sections of each source tube are made of steel; the
bottom section is made of clear acrylic. Clear acrylic water displacers are
installed in front of the active xenon volume to limit source attenuation.

22
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Data taking

✤ LUX moves underground in July 2012!
✤ Detector cool-down January 2013, Xe condensed mid-February 2013!
✤ Kr and AmBe calibrations throughout, CH3T after WIMP search

S. Fiorucci – Brown University  24 

LUX Run 3: Some Statistics 

85.3 live days DM search CH3T 
AmBe 
252Cf 

83mKr, AmBe 
Finalizing run 
parameters 

�Since June 2010: 2200 person.days at surface + 910 person.days UG 

�Detector cool-down January 2013, Xe condensed mid-February 2013 

�95% Data taking efficiency during WIMP search period (minus storms) 

�Waited until after WS data before precision CH3T calibration 

�9

F. Neves is currently the coordinator of detector operations (6 months term) 
A. Lindote is currently the data processing coordinator (6 months term) 
L. deViveiros was on-site science operations coordinator (2.5 months term) 
L. deViveiros was coordinator of the analysis workgroup (6 months term)

LIP responsibilities



Position reconstruction
✤ Crucial for pulse correction and the definition of the fiducial volume!
✤ Drift time (1.5 mm/μs) for Z-position!
✤ Mercury algorithm for the reconstruction in the XY plane!

✤ Obtained by fitting the S2 hit pattern with LRFs from internal calibrations !
✤ Developed by V. Solovov for ZEPLIN-III *!
✤ Adapted and further developed for LUX by C. Silva!
✤ Included in the official data processing chain, and was the only PR method to be used 

in the first science run analysis

5 mm

E2 >> E1

E1

* IEEE Nucl.Sci.Symp.Conf.Rec. 2011 (2011) 1226-1233, arXiv: 1112.1481



Backgrounds in LUX
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Xenon light yield for NR
✤ Scintillation in LXe is quenched for NR (relatively to ER interactions)!
✤ Modelled using NEST (Noble Element Simulation Technique)!

➡ based on canon of existing experimental data.!
✤ Artificial cut-off assumed below 3 keV (no measurements, conservative approach)!
✤ Includes predicted electric field quenching of light signal (to 77-82% of the zero field light yield)

!
NEST: 
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⇒ set hard threshold at 3 keV
Very conservative!

➡ Photon detection efficiency: 14%!
➡ Charge yield: 26 phe/e-
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Calibrations
✤ Tritium provides very high statistics electron recoil calibration (200 events/phe)!

✤ Neutron calibration is consistent with NEST + simulations 4
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(a) Tritium ER Calibration
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(b) AmBe and Cf−252 NR Calibration

FIG. 3. Calibrations of detector response in the 118 kg fiducial
volume. The ER (tritium, panel a) and NR (AmBe and 252Cf,
panel b) calibrations are depicted, with the means (solid line)
and ±1.28� from Gaussian fits to slices in S1 (dashed line).
This choice of band width (indicating 10% band tails) is for
presentation only. Panel a shows fits to the high statistics
tritium data, with fits to simulated NR data shown in panel
b, representing the parameterizations taken forward to the
profile likelihood analysis. The ER plot also shows the NR
band mean and vice versa. Gray contours indicate constant
energies using an S1–S2 combined energy scale (same contours
on each plot). The dot-dashed magenta line delineates the
approximate location of the minimum S2 cut.

calibrations therefore include systematic e↵ects not
applicable to the WIMP signal model, such as multiple-
scattering events (including those where scatters occur
in regions of di↵ering field) or coincident Compton
scatters from AmBe and 252Cf �-rays and (n,�) reactions.
These e↵ects produce the dispersion observed in data,
which is well modeled in our simulations (in both
band mean and width, verifying the simulated energy
resolution), and larger than that expected from WIMP
scattering. Consequently, these data cannot be used
directly to model a signal distribution. For di↵erent
WIMP masses, simulated S1 and S2 distributions are
obtained, accounting for their unique energy spectra.

The ratio of keV
ee

to nuclear recoil energy (keV
nr

)
relies on both S1 and S2, using the conservative technique
presented in [29] (Lindhard with k = 0.11). NR data
are consistent with an energy-dependent, non-monotonic
reduced light yield with respect to zero field [30] with
a minimum of 0.77 and a maximum of 0.82 in the
range 3–25 keV

nr

[23]. This is understood to stem from
additional, anti-correlated portioning into the ionization
channel.

The observed ER background in the range 0.9–
5.3 keV

ee

within the fiducial volume was 3.1 ±
0.2 mDRU

ee

averaged over the WIMP search dataset
(summarized in Table I). Backgrounds from detector
components were controlled through a material screening
program at the Soudan Low-Background Counting

TABLE I. Predicted background rates in the fiducial volume
(0.9–5.3 keVee) [31]. We show contributions from the �-
rays of detector components (including those cosmogenically
activated), the time-weighted contribution of activated
xenon, 222Rn (best estimate 0.2 mDRUee from 222Rn chain
measurements) and 85Kr. The errors shown are both
from simulation statistics and those derived from the rate
measurements of time-dependent backgrounds. 1 mDRUee is
10�3 events/keVee/kg/day.

Source Background rate, mDRUee

�-rays 1.8± 0.2stat ± 0.3sys
127Xe 0.5± 0.02stat ± 0.1sys
214Pb 0.11–0.22 (90% C. L.)
85Kr 0.13± 0.07sys

Total predicted 2.6± 0.2stat ± 0.4sys

Total observed 3.1± 0.2stat

Facility (SOLO) and the LBNL low-background counting
facility [13, 26, 32]. Krypton as a mass fraction of xenon
was reduced from 130 ppb in the purchased xenon to
4 ppt using gas charcoal chromatography [33].

Radiogenic backgrounds were extensively modeled
using LUXSim, with approximately 80% of the low-
energy �-ray background originating from the materials
in the R8778 PMTs and the rest from other construction
materials. This demonstrated consistency between the
observed �-ray energy spectra and position distribu-
tion [31], and the expectations based on the screening
results and the independent assay of the natural Kr
concentration of 3.5 ± 1 ppt (g/g) in the xenon gas [34]
where we assume an isotopic abundance of 85Kr/natKr
⇠ 2 ⇥ 10�11 [31]. Isotopes created through cosmogenic
production were also considered, including measured
levels of 60Co in Cu components. In situ measurements
determined additional intrinsic background levels in
xenon from 214Pb (from the 222Rn decay chain), and
cosmogenically-produced 127Xe (T

1/2

= 36.4 days),
129mXe (T

1/2

= 8.9 days), and 131mXe (T
1/2

=
11.9 days). The rate from 127Xe in the WIMP search
energy window is estimated to decay from 0.87 mDRU

ee

at the start of the WIMP search dataset to 0.28 mDRU
ee

at the end, with late-time background measurements
being consistent with those originating primarily from
the long-lived radioisotopes.

Neutron backgrounds in LUX were constrained by
multiple-scatter analysis, with a conservative 90% upper
C.L. placed on the number of expected neutron single
scatters with S1 between 2 and 30 phe of 0.37 in
the 85.3 live-day dataset, with simulations predicting a
considerably lower value of 0.06 events.

We observed 160 events between 2 and 30 phe (S1)
within the fiducial volume in 85.3 live-days of search
data (shown in Fig. 4), with all observed events being
consistent with the predicted background of electron
recoils. The average discrimination (with 50% NR
acceptance) for S1 from 2-30 phe is 99.6 ± 0.1%, hence
0.64 ± 0.16 events from ER leakage are expected below

�13

NeutronX and multiple scatters in 
calibration, but not WIMP data



Discrimination
✤ Discrimination at 50% NR acceptance is 99.6%
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Golden efficiency
✤ Cumulative efficiency of: finding the S2 pulse, finding the S1 pulse, and finding 

(only) one of each in a given event!

✤ Measured independently using AmBe, Tritium, LED data and full NR 
simulations using a flat spectrum

 o  LUX AmBe Neutron Calibration S1 data (lhs)

— Monte Carlo S1 LUXSim/NEST (lhs)

 gray & red Efficiency from AmBe data

Flat energy source nuclear recoil sims, applied to 
WIMP signal model for PLR
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Event selection and cuts

2

I. SUPPLEMENTARY MATERIAL

This document contains supplementary material in support of [1]. We show details of:

• Figure 1 – the matching of AmBe MC simulations and data in the ionization channel.

• Table I – the number of events in the WIMP search dataset, following the application of each set of cuts.

• Figures 2 and 3 – the observed and expected background energy spectra at high and low energy.

• Figure 4 – the detection e�ciencies as a function of nuclear recoil energy.

• Figure 5 – the discrimination/leakage fraction of ER to NR signals as a function of S1.
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FIG. 1. Comparison of Am-Be data (blue circles) to Monte Carlo simulations (blue line) in terms of the S2 signal for single

nuclear recoil scatter events. This is the complementary plot for Fig. 1 in [1]. The experimental data shows good agreement

with the simulations above ⇠ 20 extracted electrons, at lower energies the data is a↵ected by the S1 detection e�ciency. This

demonstrates that not only the light yield but also the charge yield data is well described by the NEST simulation, used in the

PLR to model signal as a function of WIMP mass.

Cut Events Remaining

all triggers 83,673,413

detector stability 82,918,902

single scatter 6,585,686

S1 energy (2� 30 phe) 26,824

S2 energy (200� 3300 phe) 20,989

single electron background 19,796

fiducial volume 160

TABLE I. Number of events remaining after each analysis cut. All of these cuts are commutative, the order indicating the

order in which the cuts are applied in the analysis. Detector stability cuts remove periods of live-time when the liquid level,

gas pressure, or grid voltages were out of nominal ranges. The single scatter cut keeps only events containing one S1 and one

S2 pulse, representative of expected elastic scattering of WIMPs. S1 and S2 energy cuts keep only those events in the WIMP

search energy range. Additionally, the S2 energy threshold of 200 phe removes single-extracted-electron-type events and events

with unreliable position reconstruction. Periods of live-time with high rates of single electron backgrounds are then removed.

The fiducial volume cut selects only those events with reconstructed radius less than 18 cm, and electron drift time between 38

and 305 µs. The final number of events in the WIMP search profile likelihood is 160. A more detailed description of the cuts

is provided in [1].

�16

✤ Non-blind analysis!

✤ Cuts were minimised to avoid bias!
✤ 85.3 live-days!
✤ 118 kg fiducial volume!
✤ 160 events in fiducial volume

S. Fiorucci – Brown University  44 

LUX WIMP Search, 85.3 live-days, 118 kg 



WIMP search data — discrimination
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Spin-independent limit

mWIMP (GeV/c2)

W
IM

P−
nu

cl
eo

n 
cr

os
s 

se
ct

io
n 

(c
m

2 )

101 102 103

10−45

10−44

10−43

10−42

10−41

10−40

XENON100(2012)-225 live days

LUX (2013)-85 live days: 90% upper limit

→ 10-21 barn! 

Upper limit @ 33 GeV/c2 is 7.6 × 10-46 cm2 !
→ first sub-zeptobarn WIMP detector!
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Phys. Rev. Lett. 112, 091303!

(arXiv:1310.8214)

ZEPLIN-III

CDMS II Ge

Edelweiss II



Low-mass WIMPs excluded
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The near future: LUX 300 day run

✤ 300 day run planned for 2014/15!

✤ Cosmogenic cool-down plus potential improvements (field, calibrations, …)!

✤ Still not background limited: expect a factor of ~5 improvement in sensitivity
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Summary
✤ With 85.3 live-days LUX set world’s best limit on spin-independent scattering:!

➡ 90% UL 7.6 × 10-46 cm2 @ 33 GeV/c2 → first sub-zeptobarn WIMP detector!
➡ Low-mass WIMPs fully excluded by LUX!
➡ Results paper published on PRL, expect more to follow  

(Phys. Rev. Lett. 112, 091303, arXiv:1310.8214)!

✤ LIP team involved in all areas of the experiment!
➡ Hardware: LN system (F. Neves) and Slow Control (V. Solovov)!
➡ Group coordination: Detector operations (F. Neves)  
! ! ! ! !  On-site science operations (L. deViveiros) !

! ! ! ! ! !  Analysis group (L. deViveiros) !
! ! ! ! ! !  Data processing group (A. Lindote)!

➡ Data analysis: Position reconstruction (C. Silva, V. Solovov), Efficiencies (A. Lindote)  
! ! ! Software for the data processing chain (C. Silva, F. Neves, A. Lindote)!

➡ On-site work during installation, commissioning, calibration and data taking: >300 per/y!

✤ LUX at the frontier of dark matter direct detection!
➡ exciting times ahead with the 300 day run!
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