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LZ collaboration
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Dual-phase liquid xenon TPC

• Looking for very low-energy nuclear recoils 
from WIMP dark matter


• Particle scattering on Xe produces prompt 
scintillation (S1) and ionization electrons


• Electrons drift up into gas phase to 
produce electroluminescence S2


• Full 3D reconstruction from S1-S2 time 
delay (z) and hit pattern (xy)


• S2/S1 ratio for discrimination between 
electron recoils (ERs) and nuclear recoils 
(NR)
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LUX-ZEPLIN
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Dual-phase Xe TPC

Gd-loaded liquid scintillator

Nested detectors

LXe skin region

High purity water

LZ TDR arXiv:1703.09144

https://arxiv.org/abs/1703.09144
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Sanford Underground Research Facility

• Located in Lead, SD (USA) in the Black Hills

• LZ located at the 4850 level (~1.5 km underground)

• 4300 m.w.e. overburden

• Muon flux reduced by O(107)
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SECTION VIEW 
OF LXE TPC

HV CONNECTION TO CATHODE

GAS PHASE AND 
ELECTROLUMINESCENCE REGION

TPC field cage

Top PMT array

Bottom PMT array

Reverse-field region

Side Skin PMTs

Side skin PMT 
mounting plate

Cathode grid

Gate

Anode LXe surface

Weir trough

Skin PMT

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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Xenon TPC
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7 tonne active LXe 
5.6 tonne fiducial 

(1.5 m diameter x 1.5 m height)

50 kV cathode HV

494 PMTs

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

4x grid electrodes
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Outer Detector and Skin Region
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See talk by B. Penning 
“The LZ Outer Detector” 
DM16 Thu afternoon

The OD 

• 17 tonnes Gd-loaded liquid 
scintillator in acrylic vessels 

• 120 8” PMTs mounted in the 
water tank 

• Anti-coincidence detector for 
γ-rays and neutrons 

• Observe ~8.5 MeV γ-rays 
from thermal neutron capture 

• Draw on experience from 
Daya Bay

The Skin 

• 2 tonnes of LXe surrounding the TPC 

• 1” and 2” PMTs at the top and 
bottom of the skin region 

• Lined with PTFE to maximize light 
collection efficiency 

• Anti-coincidence detector for γ-rays

• Tag individual neutrons and γ-rays 
• Characterize BGs in situ 

→Enables discovery potential
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Background suppression
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D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039
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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
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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

Xe skin & OD veto

10.43

3.2

1.03

5.6

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

NR BG equivalent fiducial volume:

Combined veto system allows 
to define a fiducial volume at 
80% of active volume.

https://arxiv.org/abs/1802.06039
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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


• 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

9

Many sources of BG 
Many methods for BG mitigation

See talk by A. Kamaha 
“Material Assay and Cleanliness for the  
LUX-ZEPLIN Experiment” 
DM4 Mon afternoon
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Expected backgrounds
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5.6 tonne fiducial volume, 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 D.S. Akerib et al (LZ collaboration) 2018 arXiv:1802.06039
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Background Energy Spectrum in inner 1T

● DRU spectrum in inner 1T 
fiducial volume

Note: the 60Co, 238U, 232Th spectra 
from detector materials are 
combined into ‘Detector’ to reduce 
clutter, but are separate PDFs in 
the likelihood

14

LZ Preliminary

Plot for 
approval

Changes: thinner lines, moved labels, 
aspect ratio

Background Energy Spectrum in inner 1T

● DRU spectrum in inner 1T 
fiducial volume

Note: the 60Co, 238U, 232Th spectra 
from detector materials are 
combined into ‘Detector’ to reduce 
clutter, but are separate PDFs in 
the likelihood

14

LZ Preliminary

Plot for 
approval

Changes: thinner lines, moved labels, 
aspect ratio

https://arxiv.org/abs/1802.06039
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Expected backgrounds
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See talk by A. Cottle 
“Backgrounds and Simulations for the LUX-ZEPLIN Experiment” 

DM4 Mon afternoon

https://arxiv.org/abs/1802.06039
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Expected backgrounds
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Simulation of a 1000 day run of LZ
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https://arxiv.org/abs/1802.06039
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Projected sensitivity
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90% CL minimum of 1.6 x 10-48 cm2 at 40 GeV/c2

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

https://arxiv.org/abs/1802.06039
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volume, or 6.9 ⇥ 10�6 events/kg 136Xe/year in a ±1�510

ROI. 8B solar neutrinos similarly result in a rate of 0.01
events/tonne/year, corresponding to 0.03 events in the
ROI over 1,000 days of live time and in the inner 967 kg
fiducial volume, considering a neutrino flux of 5.79 ⇥ 106

cm�2 s�1 [43].515

G. Summary of Backgrounds

Figure 3 shows the number of simulated background
events in the ROI versus z and radius squared. The
backgrounds are higher at the top than at the bottom
of the active volume, as the bottom PMTs are shielded520

by the xenon in the reverse field region. The innermost
region of the detector has a much lower background due
to the self shielding of LXe. However, a fiducial cut can
result in a loss of total exposure. A fiducial volume choice
makes a trade-o↵ between total mass and background re-525

duction. The outer volume of active xenon will provide
a very sensitive measure of the true radioactivity of the
detector components. The fiducial volume presented in
Figure 3 was optimized using a cut and count analysis
and is just a snapshot of the full background model in530

the most sensitive region of the detector. A larger vol-
ume is used for the sensitivity analysis, as discussed in
Section IV.
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FIG. 2. Background energy spectrum in the inner 967 kg fidu-
cial volume. The 60Co, 238U-late chain and 232Th-late chain
backgrounds from the detector components are combined into
a single curve but are treated independently in the sensitivity
analysis. The spectra are smeared using the energy resolution
function of LUX [44], scaled to be 1.0% at Q�� .

IV. SENSITIVITY PROJECTION

The sensitivity to 0⌫�� decay is defined as the median535

90% confidence level (CL) upper limit on the number of

FIG. 3. Background event rate in the active region and in the
±1� energy ROI as a function of r2 and z. The dashed rect-
angle represents the 967 kg fiducial volume where LZ is most
sensitive to the 0⌫�� decay. The self-shielding of LXe pro-
vides a low background environment at the innermost regions
of the detector.

signal events that would be obtained from a repeated set
of background-only experiments, assuming 1,000 days of
detector live time and a LXe mass of 5.6 tonnes, cor-
responding to a 1,360 kg·years exposure of 136Xe. To540

estimate the background contribution for such an ex-
posure, a multidimensional background model is con-
structed that accounts for each of the sources discussed
in section III. Each background is described by the three
observables: energy (2000 < E < 2700 keV), depth545

(2 < z < 132.6 cm) and radial position (0 < r < 68.8
cm). These are combined to model the background with
a probability density function (PDF) P (E, r

2
, z). For

the detector component, cavern and internal radon back-
grounds, the PDFs are empirically determined from en-550

ergy deposit simulations and are approximated by de-
composing into factorised energy and position distribu-
tions P (E, r

2
, z) = P (E)P (r2

, z), which has been veri-
fied as a suitable approximation in the given ranges of
the observables. The following cuts are applied to the555

simulations to reject background events:

• Fiducial Volume (FV): events that occur close to
the TPC walls and grids are rejected with a fiducial
cut. The fiducial volume is defined as 4 cm from
the TPC walls, 2 cm above the cathode grid and560

13 cm below the gate grid, which defines a region
containing 5.6 tonnes of LXe. This cut removes
backgrounds which may originate from the grids or
TPC walls such as the �-emitting charged 222Rn
daughters.565

• Single Scatter: 136Xe 0⌫��-decay events in LXe
are almost point-like and therefore are expected
to produce a single-scatter S2 pulse, whereas the
dominant �-ray background predominantly results

Physics sensitivity beyond WIMPs

14

136Xe Q value at 2458 keV

Nominal 1% energy resolution at Q value

T1/2 (90% C.L.) > 1 x 1026 years in 1000 live days, 
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LZ sensitivity (1000 live-days, 5.6 ton fiducial mass) 
excludes gAe > 5.9x10-14 (90% CL) 

across the range 1-40 keV/c2 in ALP mass

Axion-like particles

Expected sensitivity for 1000 live-days, 
5.6 tonne fiducial mass

0νββ decayBackground Energy Spectrum in inner 1T

● DRU spectrum in inner 1T 
fiducial volume

Note: the 60Co, 238U, 232Th spectra 
from detector materials are 
combined into ‘Detector’ to reduce 
clutter, but are separate PDFs in 
the likelihood
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LZ Preliminary

Plot for 
approval

Changes: thinner lines, moved labels, 
aspect ratio
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Recent Highlights from Construction
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TPC: PMT arrays
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Bottom array Top array

253 (top) + 241 (bottom)  
3” Hamamatsu R11410-22 PMTs

Photo credit: Matt Kapust, SDSTA
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TPC: Field cage
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TPC: grids

• Semi-automated loom for weaving SS wire meshes

• Gate grid treated to reduce electron emission rate

18

See talk by K. Stifter 
“Development and performance of high voltage  
electrodes for the LZ experiment” 
DM16 Thu afternoon
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TPC integration
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Full TPC
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Insertion into inner cryostat vessel

Photo credit: Matt Kapust, SDSTA
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Skin detector
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Bottom side skin Bottom dome skin

Top skin
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Timeline
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TPC moves 
underground
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Summary

• LZ is at an advanced stage of assembly


• The LZ Xe TPC has been assembled at SURF and inserted into its inner 
cryostat vessel. Transport to underground expected within weeks.


• All other systems progressing well


• Start of operations in 2020


• First physics in 2021, probing new WIMP parameter space


• Sensitivity to other physics, including 0vββ, 8B solar neutrinos, and solar 
axions
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Backup
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Titanium cryostat
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Xe procurement and Kr removal

• 10 tonnes of Xe in hand


• Charcoal chromatography to 
separate Kr from Xe.


• Demonstration of 0.06 ppt in 
R&D at SLAC 


• Commissioning runs of 
production system in progress

26



A. Fan (SLAC) TAUP2019 LZ Status

Outer detector scintillator

Acrylic vessels being staged underground in water tank

27


