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Dark matter search with a dual-phase Xe TPC
• Primary: search for rare nuclear recoils from WIMP dark matter

• Also sensitive to low energy recoils from other exotica
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• Dual-phase time projection chamber with Xe gives precise 3D position, energy,  
electron/nuclear recoil discrimination



LUX-ZEPLIN
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Xe TPC

Liquid scintillator

Nested detectors

Xe skin region

High purity water

LZ TDR arXiv:1703.09144

https://arxiv.org/abs/1703.09144


Xenon TPC
• 1.5 m diameter x 1.5 m height

• 7t active LXe (5.6t fiducial)

• 50 kV cathode HV

• 494x 3” PMTs


• Gas circulation @ 500 slpm (turnover 
full mass in 2.5 days)


• Instrumented Xe skin region, outside 
the field cage
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ergies, allowing identification of multiple scatter events and, as described in the previous Chapter, it provides
discrimination between ER and NR interactions.

Table 3.1.1 lists the key design parameters of the Xenon Detector System needed to meet the LZ scientific
requirements. An important enhancement beyond LUX is the treatment of the Skin layer of LXe located
between the PTFE-clad field cage and the cryostat inner wall, as well as the region beneath the bottom PMT
array. A high-quality dielectric stando� is needed between the high electric field regions of the field cage
and the grounded vessel wall. A few-cm-thick layer of LXe performs this role, with the added advantage
of allowing measurement of any energy deposited in this layer, from which we read out the scintillation
light. Operated as a stand-alone veto, this layer is too thin to have high e�ciency. However, the combination
of this Skin Detector and the liquid scintillator Outer Detector is highly e�cient at tagging internal and
external backgrounds. The e�ciency is further enhanced by the overall minimization of inert materials that
can absorb gamma rays and neutrons: The TPC is constructed of the minimum needed mass of PTFE and
field-shaping rings, and the vessels and PMT support structures are made of titanium. Both PTFE and Ti
have low density and atomic number, and are thus quite transparent to gamma rays. Important design drivers
for the Skin are its optical decoupling from the TPC, and compatibility between the Skin readout and the
TPC HV design.

Another area of major di�erence between the device described here and the previous LUX and ZEPLIN
detectors is the side-entry method to deliver the high-voltage connection to the cathode, and the relatively
short “reverse-field” region (RFR) between the cathode and the lower PMT array. The RFR is especially
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Gd-loaded outer detector

• Capabilities: 

• Tag individual neutrons 

• Characterize LZ radiation environment 

• 17.3 tonnes Gd-loaded liquid scintillator 

• Neutrons thermalize & capture  

• n+Gd → Gd + (4-5x) γ (~8.5 MeV) 

• natGd thermal n-capture σ → 40 kbarn 

• Capture time: 30 μs w/ 0.1% Gd loading 

• 200 keV threshold
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Background sources and mitigation
• Detector materials 

• Radio-assay campaign with gamma-screening, ICPMS, NAA

• Rn emanation 

• Four Rn emanation screening sites

• Target Rn activity: 2 μBq/kg


• Rn daughters and dust on surfaces 
• TPC assembly in Rn-reduced cleanroom

• Dust <500 ng/cm3 on all LXe wetted surfaces

• Rn-daughter plate-out on TPC walls <0.5 mBq/m2


• Xenon contaminants — 85Kr, 39Ar 
• Charcoal chromatography @ SLAC

• Final natKr/Xe 0.015 ppt


• Cosmogenics and externals 
• 4300 m.w.e. underground at Sanford Underground Research Facility in Lead, SD

• Instrumented Xe skin region

• Gd-LS outer detector

• High purity water shield 6

Many sources of BG 
Many methods for BG mitigation



Background suppression
Expected BG NR cts / 1000 days in 5.6t FV in 6-30 keVnr :


Without vetoing: 10.43

With skin and OD vetoes: 1.03
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FIG. 6. Single scatter event distributions for all NR backgrounds in the region of interest relevant to a 40 GeV/c2 WIMP
(approximately 6–30 keV) with no vetoing (left) and after application of both xenon skin and OD vetoes (right). The integrated
counts for the 5.6 tonne fiducial volume (dashed line) are reduced from 12.31 cts/1000 days with no vetoing to 1.03 cts/1000 days
after application of the vetoes.

S1-like signals from Cherenkov light generated in the
PMT quartz windows (e.g. from energetic betas or Comp-
ton electrons from 40K decays internal to the PMTs [71])
were also considered. Such signals can combine with S2-
only events to create fake S1-S2 pairs that populate the
WIMP search region of interest as low-energy NR-like
events. Fortunately, the majority of these Cherenkov sig-
nals can be readily identified based on their timing and
PMT hit patterns, typically possessing a spread in arrival
times of less than 10 ns with the majority of the light de-
tected in the source PMT. These characteristics and the
above S2-only rate lead to a projection of 0.2 events in a
1000 day run.

G. Spatial distribution of NR backgrounds and
e↵ect of the vetoes

The spatial distribution of single scatter NR events
from all significant background sources is shown in Fig. 6
before (left) and after (right) application of the veto de-
tectors. Neither the low-energy 8B and hep events nor the
sharply falling radial wall events are included in Fig. 6.
Without the veto system, the rate of NR events increases
by a factor of around 10, severely impacting the sensitiv-
ity and discovery potential of LZ. A reduction in fiducial
mass to approximately 3.2 tonnes would be necessary to
reduce the NR rate to that achievable with the veto sys-
tem and the full 5.6 tonne fiducial mass.

V. WIMP SENSITIVITY

The LZ projected sensitivity to SI and SD WIMP-
nucleon scattering is calculated for an exposure of

1000 live days and a fiducial mass of 5.6 tonnes. The
sensitivity is defined as the median 90% confidence level
(CL) upper limit on the relevant WIMP-nucleon cross
section that would be obtained in repeated experiments
given the background-only hypothesis. It is evaluated
using the Profile Likelihood Ratio (PLR) method [72]
that provides near-optimal exploitation of the di↵erences
between signal and background, based on the position-
corrected signals S1c and S2c. For these projections no
position information is included in the list of PLR ob-
servables and instead the simple cylindrical fiducial vol-
ume cut described in Sec. III is applied, containing 5.6
tonnes of LXe. A scan over cross section is performed
for each WIMP mass, and the 90% confidence interval
is obtained by performing a frequentist hypothesis test
inversion using the RooStats package [73]. For the limit
projections shown here, a one-sided PLR test statistic for
upper limits is used, cf. equation (14) in [72]; for evalu-
ating discovery potential a test statistic for rejecting the
null hypothesis is used, following equation (12) in [72].

An 11-component background model is built for the
PLR based on the estimates described in Sec. IV and
shown in Table IV. Contributions from detector compo-
nents and environmental backgrounds are summed to-
gether into a single Det. + Env. component. Also shown
in Table IV are systematic uncertainties on the normal-
ization of each background. The uncertainties on the
Det. + Env. component are estimated from the counting
and simulation results, those on the neutrino components
are primarily flux uncertainties, those on the radon con-
tribution come from uncertainty in the branching ratio
of 214Pb and 212Pb to their respective ground states, and
those on 85Kr and 136Xe from uncertainty on the spectral
shapes at low energies. These systematics are treated as
nuisance terms in the PLR calculation, but they do not
have a significant e↵ect on the sensitivity because of the
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FIG. 6. Single scatter event distributions for all NR backgrounds in the region of interest relevant to a 40 GeV/c2 WIMP
(approximately 6–30 keV) with no vetoing (left) and after application of both xenon skin and OD vetoes (right). The integrated
counts for the 5.6 tonne fiducial volume (dashed line) are reduced from 12.31 cts/1000 days with no vetoing to 1.03 cts/1000 days
after application of the vetoes.

S1-like signals from Cherenkov light generated in the
PMT quartz windows (e.g. from energetic betas or Comp-
ton electrons from 40K decays internal to the PMTs [71])
were also considered. Such signals can combine with S2-
only events to create fake S1-S2 pairs that populate the
WIMP search region of interest as low-energy NR-like
events. Fortunately, the majority of these Cherenkov sig-
nals can be readily identified based on their timing and
PMT hit patterns, typically possessing a spread in arrival
times of less than 10 ns with the majority of the light de-
tected in the source PMT. These characteristics and the
above S2-only rate lead to a projection of 0.2 events in a
1000 day run.

G. Spatial distribution of NR backgrounds and
e↵ect of the vetoes

The spatial distribution of single scatter NR events
from all significant background sources is shown in Fig. 6
before (left) and after (right) application of the veto de-
tectors. Neither the low-energy 8B and hep events nor the
sharply falling radial wall events are included in Fig. 6.
Without the veto system, the rate of NR events increases
by a factor of around 10, severely impacting the sensitiv-
ity and discovery potential of LZ. A reduction in fiducial
mass to approximately 3.2 tonnes would be necessary to
reduce the NR rate to that achievable with the veto sys-
tem and the full 5.6 tonne fiducial mass.

V. WIMP SENSITIVITY

The LZ projected sensitivity to SI and SD WIMP-
nucleon scattering is calculated for an exposure of

1000 live days and a fiducial mass of 5.6 tonnes. The
sensitivity is defined as the median 90% confidence level
(CL) upper limit on the relevant WIMP-nucleon cross
section that would be obtained in repeated experiments
given the background-only hypothesis. It is evaluated
using the Profile Likelihood Ratio (PLR) method [72]
that provides near-optimal exploitation of the di↵erences
between signal and background, based on the position-
corrected signals S1c and S2c. For these projections no
position information is included in the list of PLR ob-
servables and instead the simple cylindrical fiducial vol-
ume cut described in Sec. III is applied, containing 5.6
tonnes of LXe. A scan over cross section is performed
for each WIMP mass, and the 90% confidence interval
is obtained by performing a frequentist hypothesis test
inversion using the RooStats package [73]. For the limit
projections shown here, a one-sided PLR test statistic for
upper limits is used, cf. equation (14) in [72]; for evalu-
ating discovery potential a test statistic for rejecting the
null hypothesis is used, following equation (12) in [72].

An 11-component background model is built for the
PLR based on the estimates described in Sec. IV and
shown in Table IV. Contributions from detector compo-
nents and environmental backgrounds are summed to-
gether into a single Det. + Env. component. Also shown
in Table IV are systematic uncertainties on the normal-
ization of each background. The uncertainties on the
Det. + Env. component are estimated from the counting
and simulation results, those on the neutrino components
are primarily flux uncertainties, those on the radon con-
tribution come from uncertainty in the branching ratio
of 214Pb and 212Pb to their respective ground states, and
those on 85Kr and 136Xe from uncertainty on the spectral
shapes at low energies. These systematics are treated as
nuisance terms in the PLR calculation, but they do not
have a significant e↵ect on the sensitivity because of the

No veto Xe skin & OD veto

NR BG equivalent fiducial volume:

Without vetoing: 3.2t


With skin and OD vetoes: 5.6t

D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039

https://arxiv.org/abs/1802.06039


Discrimination
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• Light vs. charge distribution varies for ERs vs. NRs → discrimination


• Build on exquisite high statistics calibrations in LUX


• Model with NEST for sensitivity projection


• Extensive calibrations planned for LZ to map bands in situ 
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c) ER Discrimination

FIG. 37. Calibrations of the detector response in the fidu-
cial volume, and leakage of ER events below the NR mean.
Panel (a) shows the ER (tritium) calibration, while panel (b)
shows the NR calibration (obtained with mono-energetic neu-
trons from a D-D generator). Solid lines show band means,
while dashed lines indicate the ±1.28� contours (blue for ER
and red for NR). Also shown is the S2 threshold applied
in the analysis (dot-dashed magenta line). Panel (c) shows
log10(S2/S1) normalized to the mean of the ER band as a
function of the S1 for the tritium data. The 248 events that
fall below the NR mean are plotted using a di↵erent marker
(vertical cross) for clarity.

To estimate the discrimination as a function of S1, the
leaking events were sliced in 3.3 phd wide bins with the
first slice centered at 3.35 phd and the last at 49.55 phd.
This ensured enough events in each bin to estimate the
leakage fraction –defined as the ratio between the number
of leaking events and the total number of tritium events
observed in each bin– while maintaining consistency with
the slicing used in both the NR and ER calibrations.
The results are shown by black squares in Fig. 38. One
can see that the leakage fraction decreases in the first
few bins but then increases with S1 up to ⇠20 phd, re-
maining constant thereafter. This behavior could not be
observed in past detectors, which saw only the smooth
increase, because it requires a lower threshold (which is

driven by a high g

1

). The green triangles in the same fig-
ure represent the leakage fraction obtained from a pure
Gaussian extrapolation: in this case Gaussian fits to the
ER band slices are used to obtain the band width as a
function of the S1, which is then used to estimate the
number of events that are below the NR band centroid.
For the first bins, this Gaussian estimate under-predicts
observed leakage due to contributions from upward S1
fluctuations of events with mean energy below threshold:
these events contain relatively smaller S2s, and will thus
end up well below the ER band. The greatest consistency
with Gaussianity occurs at high S1. The non-Gaussian or
“anomalous” leakage may be explained as above, and was
expected based on simulation with LUXSim and NEST
in Geant4 (red circles).
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FIG. 38. Leakage (left) and discrimination (1�leakage, right)
vs. S1. Values obtained from a Gaussian extrapolation (blue
and green triangles) are shown alongside those obtained from
counting tritium events. The dashed line corresponds to the
average discrimination of 99.80% in data count. To achieve
good agreement on observed leakage (data count) the g1 and
g2 used in simulations had to be adjusted by 5%, well within
uncertainty. The Monte Carlo neither underestimates nor
overestimates the leakage fraction systematically, alternating
between the two within error, so, for both total leakage and
Gaussian-only, MC (first principles) and data agree fairly well.

The dashed line in Fig. 38 is the weighted average of
the leakage, in which the weights are the number of events
in the WIMP search data for each S1 slice. The statisti-
cal uncertainty takes into account the uncertainty from
the NR calibration and the binomial uncertainty from the
number of the leaking events, while the systematic uncer-
tainty is dominated by the field variations along the drift
time –resulting in changes in the discrimination between
di↵erent z positions in the chamber– with a smaller con-
tribution coming from the variation of the single electron
size between the NR and ER calibrations.

Considering the number of ER events in the WIMP
search run after quality and fiducial cuts are ap-
plied, the expected leakage below the NR mean is
0.7±0.1(stat)±0.3(syst) events.
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Considering the number of ER events in the WIMP
search run after quality and fiducial cuts are ap-
plied, the expected leakage below the NR mean is
0.7±0.1(stat)±0.3(syst) events.
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resented by a di↵erent marker for clarity. The ER band
width is represented by the dashed lines, and is mostly
flat for S1 signals larger than 5 phd with a small broad-
ening below this value. The di↵erence in log

10

(S2/S1)
between the NR and ER means, shown in solid lines in
the di↵erent panels of Fig. 37, has a significant varia-
tion below 20 phd resulting in a large dependency of the
discrimination on S1.
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c) ER Discrimination

FIG. 37. Calibrations of the detector response in the fidu-
cial volume, and leakage of ER events below the NR mean.
Panel (a) shows the ER (tritium) calibration, while panel (b)
shows the NR calibration (obtained with mono-energetic neu-
trons from a D-D generator). Solid lines show band means,
while dashed lines indicate the ±1.28� contours (blue for ER
and red for NR). Also shown is the S2 threshold applied
in the analysis (dot-dashed magenta line). Panel (c) shows
log10(S2/S1) normalized to the mean of the ER band as a
function of the S1 for the tritium data. The 248 events that
fall below the NR mean are plotted using a di↵erent marker
(vertical cross) for clarity.

To estimate the discrimination as a function of S1, the
leaking events were sliced in 3.3 phd wide bins with the
first slice centered at 3.35 phd and the last at 49.55 phd.
This ensured enough events in each bin to estimate the
leakage fraction –defined as the ratio between the number
of leaking events and the total number of tritium events
observed in each bin– while maintaining consistency with
the slicing used in both the NR and ER calibrations.
The results are shown by black squares in Fig. 38. One
can see that the leakage fraction decreases in the first
few bins but then increases with S1 up to ⇠20 phd, re-
maining constant thereafter. This behavior could not be
observed in past detectors, which saw only the smooth
increase, because it requires a lower threshold (which is

driven by a high g

1

). The green triangles in the same fig-
ure represent the leakage fraction obtained from a pure
Gaussian extrapolation: in this case Gaussian fits to the
ER band slices are used to obtain the band width as a
function of the S1, which is then used to estimate the
number of events that are below the NR band centroid.
For the first bins, this Gaussian estimate under-predicts
observed leakage due to contributions from upward S1
fluctuations of events with mean energy below threshold:
these events contain relatively smaller S2s, and will thus
end up well below the ER band. The greatest consistency
with Gaussianity occurs at high S1. The non-Gaussian or
“anomalous” leakage may be explained as above, and was
expected based on simulation with LUXSim and NEST
in Geant4 (red circles).
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FIG. 38. Leakage (left) and discrimination (1�leakage, right)
vs. S1. Values obtained from a Gaussian extrapolation (blue
and green triangles) are shown alongside those obtained from
counting tritium events. The dashed line corresponds to the
average discrimination of 99.80% in data count. To achieve
good agreement on observed leakage (data count) the g1 and
g2 used in simulations had to be adjusted by 5%, well within
uncertainty. The Monte Carlo neither underestimates nor
overestimates the leakage fraction systematically, alternating
between the two within error, so, for both total leakage and
Gaussian-only, MC (first principles) and data agree fairly well.

The dashed line in Fig. 38 is the weighted average of
the leakage, in which the weights are the number of events
in the WIMP search data for each S1 slice. The statisti-
cal uncertainty takes into account the uncertainty from
the NR calibration and the binomial uncertainty from the
number of the leaking events, while the systematic uncer-
tainty is dominated by the field variations along the drift
time –resulting in changes in the discrimination between
di↵erent z positions in the chamber– with a smaller con-
tribution coming from the variation of the single electron
size between the NR and ER calibrations.

Considering the number of ER events in the WIMP
search run after quality and fiducial cuts are ap-
plied, the expected leakage below the NR mean is
0.7±0.1(stat)±0.3(syst) events.

Tritium D-D neutrons 

ER and NR band calibrations from LUX

D.S. Akerib et al (LUX collaboration) 2018 Phys. Rev. D 97, 102008



Expected backgrounds
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5.6 ton fiducial, 1000 live-days 
1.5-6.5 keVee (6-30 keVnr) 

single scatters, anti-coincidence with vetoes

Background Source ER [cts] NR [cts]

Detector components 9 0.07

Dispersed Radionuclides — Rn, Kr, Ar 819 —

Laboratory and Cosmogenics 5 0.06

Surface Contamination and Dust 40 0.39

Physics Backgrounds — 2β decay, neutrinos* 322 0.51

Total 1195 1.03

After 99.5% ER discrimination, 50% NR efficiency 5.97 0.51

* not including 8B and HEP



Sensitivity
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Simulation of a 1000 
day run of LZ

Projected detection 
and exclusion curves

90% CL limit

90% CL minimum of 1.6 x 10-48 cm2 at 40 GeV/c2

3σ 5σProjected:

D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039

https://arxiv.org/abs/1802.06039


• PMT arrays assembled in PALACE

• PMT dark electrical testing

• Shipping housing

• Dust control with HEPA filtered air


• Low airborne Rn, 2-4 Bq/m3

• Witness plates for dust surveillance

TPC: PMTs

11

PALACE



TPC: field cage

12

Assembling  
now



TPC: grids

• (Semi-)automated loom for weaving SS wire meshes

• Video of the weaving process: https://www.youtube.com/watch?v=yNycDcMQkss

• Final LZ grids in production

13

https://www.youtube.com/watch?v=yNycDcMQkss


SLAC test platform
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Phase 1 Phase 2
• Field cage and “extraction region” 

design

• Cryogenics and circulation design

• Instrumentation testbed

• Validate LZ grids

• Gas Xe

• Single electron sensitivity



Cathode HV

• Extensive prototyping at design field (50 kV/cm)

• Tests of cathode cable grading structure in liquid argon; successfully reaches 120 

kV (50 kV required)

• Embedded polyethylene conductive components in HV cable → simple O-ring seal

15



Titanium cryostat

16

• Intensive R&D program identified low activity titanium 
material (Astropart. Phys. 96 (2017) 1-10)


• Arrived at SURF May 14, 2018

https://www.sciencedirect.com/science/article/pii/S0927650517300592?via=ihub


Outer detector

• Acrylic vessels staged underground in water tank

• Gd-LS production equipment being installed at BNL

• All PMTs in hand, testing at IBS (Korea) is nearly done

17



Xe procurement and Kr removal
• 7t Xe in hand

• Chromatography to separate Kr from Xe.


• Demonstration of 0.06 ppt in R&D at SLAC 

• Production system designed to remove to 0.015 ppt (1/10 solar neutrino BG)


• Kr removal at SLAC on track to start by July 2019 and finish by end 2019. 
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Mock data challenges
• Develop and validate all software before first physics data

• Simulate 6 months of LZ data taking, including detector pathologies, through 

realistic waveforms

• Analyzers search for injected signal (possibly none!)
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Simulated waveform

40 μs

Simulated time-varying purity

6 mo



Timeline
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2015 2016 2017 2018 2019 2020

US CD-1 
Mar 2015

US CD-2 
Apr 2016

US CD-3 
Jan 2017

TPC moves 
underground 

Summer 2019

US CD-4 
Operations start 

Apr 2020
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LZ collaboration
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38 institutions, ~250 scientists, engineers, technicians

1)IBS-CUP (Korea)
2)LIP Coimbra (Portugal)
3)MEPhI (Russia)
4)Imperial College London (UK)
5)Royal Holloway University of London (UK)
6)STFC Rutherford Appleton Lab (UK)
7)University College London (UK)
8)University of Bristol (UK)
9)University of Edinburgh (UK)
10)University of Liverpool (UK)
11)University of Oxford (UK)
12)University of Sheffield (UK)
13)Black Hill State University (US)

14)Brandeis University (US)
15)Brookhaven National Lab (US)
16)Brown University (US)
17)Fermi National Accelerator Lab (US)
18)Lawrence Berkeley National Lab (US)
19)Lawrence Livermore National Lab (US)
20)Northwestern University (US)
21)Pennsylvania State University (US)
22)SLAC National Accelerator Lab (US)
23)South Dakota School of Mines and Technology (US)
24)South Dakota Science and Technology Authority (US)
25)Texas A&M University (US)
26)University at Albany (US)

27)University of Alabama (US) 
28)University of California, Berkeley (US)
29)University of California, Davis (US)
30)University of California, Santa Barbara (US)
31)University of Maryland (US)
32)University of Massachusetts (US)
33)University of Michigan (US)
34)University of Rochester (US)
35)University of South Dakota (US)
36)University of Wisconsin – Madison (US)
37)Washington University in St. Louis (US)
38)Yale University (US)


