
22nd Par ticles and Nuclei International Conference — 5th - 10th September 2021

The LUX-ZEPLIN (LZ) Detector
• LZ is a 2-phase (liquid/gas) xenon time projection chamber (TPC) with 7 t of 

active mass, primarily designed to search for keV-scale nuclear recoils from 
WIMP interactions [1]. 

• It is surrounded by two veto detectors — a Gd-loaded liquid scintillator outer 
detector and a xenon skin —, which help to identify and reject interactions 
from radioactive backgrounds with high efficiency [2]. 

• It is installed 1 mile underground at the Sanford Underground Research Facility 
(SURF), and first physics data is expected later this year, in 2021.
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Figure 1: LZ design schematic
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Operation Principle

Background Model Sensitivity Projections

• Interactions in the liquid xenon  
produce prompt scintillation (S1)  
and ionisation electrons. Electrons are  
drifted to the gas region above the liquid  
by an applied field, where they produce  
the secondary signal (S2) via  
electroluminescence.

• Both signals are detected by two arrays,  
with a total of 494 photomultipliers.

• The active region is surrounded by  
highly reflective PTFE panels to maximize  
S1 light collection.

• The deposited energy is reconstructed 
using both the S1 and S2 signals.

• 3D position reconstruction is achieved using the time difference between 
the signals (z) and the S2 light distribution pattern in the top array (x,y).

• The ratio between S1 and S2 allows to discriminate between WIMP-like 
nuclear recoils (NRs) and electron recoils (ERs) from beta particles and 
gamma-ray interactions with >99.5% efficiency. 

• The 4300 m water equivalent overburden reduces the muon flux by ~107.
• Installation inside a water tank, for shielding from environment backgrounds.
• Selection of radio-pure materials for detector construction based on ~2000 

assays with 13 HPGe detectors, ICPMS and neutron activation analysis. Materials 
in contact with xenon screened for radon emanation [3].

• Taking advantage of xenon self-shielding and the veto systems multiple-scatter 
rejection efficiency, an optimal fiducial volume of 5.6 tonnes with much lower 
rate of external backgrounds can be defined in the central region of the TPC [1].

• The background in the fiducial volume is dominated by internal xenon 
contaminants: (222Rn, 220Rn and their daughters; 85Kr), double beta decay in 136Xe 
and neutrino interactions [1].

• Background sources were simulated with the GEANT4-based BACCARAT 
framework and normalised with the assay results, to produce the final 
background model [1,4].

Figure 2: TPC working principle
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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

Figure 3: LZ NR backgrounds before (left) and after (right) applying vetoes. The fiducial 
volume, represented by the dashed lines, can be increased to 5.6 t (80% of active mass). [1]

Monte Carlo simulations and analysis cuts described in
Sec. III to determine background rates in the detector.
Table III presents integrated background ER and NR counts
in the 5.6-tonne fiducial mass for a 1000 live day run using a
reference cut-and-count analysis, both before and after ER
discrimination cuts are applied. For the purposes of tracking
material radioactivity throughout the design and construc-
tion of LZ, the counts in Table III do not use the ROI
described in Sec. III and instead are for a restricted region
relevant to a 40 GeV=c2 WIMP spectrum, equivalent to
approximately 1.5–6.5 keV for ERs and 6–30 keV for NRs.
For continuity with previous studies the values in Table III
are based on the baseline opticalmodel described in theTDR
[23]; when constructing the background model used for the
sensitivity projections in Sec. V, the full ROI and the
projected optical model described in Table II are used.
The expected total from all ER (NR) background sources

is 1131 (1.03) counts in the full 1000 live day exposure.
Applying discrimination against ER at 99.5% for a NR
acceptance of 50% (met for all WIMP masses given the
nominal drift field and light collection efficiency in LZ [23])
suppresses the ER (NR) background to 5.66 (0.52) counts.
Radon presents the largest contribution to the total number of
events. Atmospheric neutrinos are the largest contributor to
NR counts, showing that LZ is approaching the irreducible
neutrino background [52]. Figures 4 and 5 show the spectral
contributions to ER and NR backgrounds, respectively, used
when generating the (S1,S2) PDFs for the sensitivity analysis
described in Sec. V. These figures show rates of unvetoed
single scatter events in the fiducial volume with no energy
region of interest or detector efficiency cuts applied.

A. Trace radioactivity in detector components

The most prevalent isotopes in naturally occurring
radioactive materials (NORMs) are the gamma-emitting

isotopes 40K, 137Cs, and 60Co, as well as 238U, 235U, 232Th,
and their progeny. The TDR [23] describes the facilities
utilized to measure the radioactivity of detector materials,
and LZ is undertaking a campaign involving nearly
2000 radio assays of the materials that form the composite
assemblies, components or subcomponents listed in
Table III. As a result of this comprehensive program and
the power of self-shielding afforded by LXe, trace radio-
activity in detector materials is not expected to be a leading
cause of background to the experiment.

B. Surface contaminants

Radioactivity on detector surfaces arises from the accumu-
lation of 222Rn daughters plated-out during the manufacture
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FIG. 4. ER background spectra in the 5.6-tonne fiducial volume for single scatter events with neither a xenon skin nor an OD veto
signal. No detector efficiency or WIMP-search region of interest cuts on S1c have been applied. The right-hand panel shows a close-up
of the 0–200 keV region of the left-hand panel. Below 30 keV the contribution from elastic scattering of ppþ 7Beþ 13N solar neutrinos
is scaled according to the relativistic random phase approximation (RRPA) calculation in [53].

0 20 40 60 80 100
Nuclear recoil energy [keV]

10

10

10 9

10 8

10 7

10 6

10 5

10 4

10 3

R
at

e
[c

ou
nt

s/
kg

/d
ay

/k
eV

]

8B

Atm

hep

DSN

Det. + Sur. + Env. Total

FIG. 5. NR background spectra in the 5.6-tonne fiducial
volume for single scatter events with neither a xenon skin nor
an OD veto signal. No detector efficiency or WIMP-search region
of interest cuts on S1c have been applied.
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Monte Carlo simulations and analysis cuts described in
Sec. III to determine background rates in the detector.
Table III presents integrated background ER and NR counts
in the 5.6-tonne fiducial mass for a 1000 live day run using a
reference cut-and-count analysis, both before and after ER
discrimination cuts are applied. For the purposes of tracking
material radioactivity throughout the design and construc-
tion of LZ, the counts in Table III do not use the ROI
described in Sec. III and instead are for a restricted region
relevant to a 40 GeV=c2 WIMP spectrum, equivalent to
approximately 1.5–6.5 keV for ERs and 6–30 keV for NRs.
For continuity with previous studies the values in Table III
are based on the baseline opticalmodel described in theTDR
[23]; when constructing the background model used for the
sensitivity projections in Sec. V, the full ROI and the
projected optical model described in Table II are used.
The expected total from all ER (NR) background sources

is 1131 (1.03) counts in the full 1000 live day exposure.
Applying discrimination against ER at 99.5% for a NR
acceptance of 50% (met for all WIMP masses given the
nominal drift field and light collection efficiency in LZ [23])
suppresses the ER (NR) background to 5.66 (0.52) counts.
Radon presents the largest contribution to the total number of
events. Atmospheric neutrinos are the largest contributor to
NR counts, showing that LZ is approaching the irreducible
neutrino background [52]. Figures 4 and 5 show the spectral
contributions to ER and NR backgrounds, respectively, used
when generating the (S1,S2) PDFs for the sensitivity analysis
described in Sec. V. These figures show rates of unvetoed
single scatter events in the fiducial volume with no energy
region of interest or detector efficiency cuts applied.

A. Trace radioactivity in detector components

The most prevalent isotopes in naturally occurring
radioactive materials (NORMs) are the gamma-emitting

isotopes 40K, 137Cs, and 60Co, as well as 238U, 235U, 232Th,
and their progeny. The TDR [23] describes the facilities
utilized to measure the radioactivity of detector materials,
and LZ is undertaking a campaign involving nearly
2000 radio assays of the materials that form the composite
assemblies, components or subcomponents listed in
Table III. As a result of this comprehensive program and
the power of self-shielding afforded by LXe, trace radio-
activity in detector materials is not expected to be a leading
cause of background to the experiment.

B. Surface contaminants

Radioactivity on detector surfaces arises from the accumu-
lation of 222Rn daughters plated-out during the manufacture
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FIG. 4. ER background spectra in the 5.6-tonne fiducial volume for single scatter events with neither a xenon skin nor an OD veto
signal. No detector efficiency or WIMP-search region of interest cuts on S1c have been applied. The right-hand panel shows a close-up
of the 0–200 keV region of the left-hand panel. Below 30 keV the contribution from elastic scattering of ppþ 7Beþ 13N solar neutrinos
is scaled according to the relativistic random phase approximation (RRPA) calculation in [53].
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FIG. 5. NR background spectra in the 5.6-tonne fiducial
volume for single scatter events with neither a xenon skin nor
an OD veto signal. No detector efficiency or WIMP-search region
of interest cuts on S1c have been applied.
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Figure 4: LZ ER and NR spectra of single scatter background events in the 5.6 tonne 
fiducial volume with no coincident veto signal in the xenon skin or the outer detector [1].
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• The background model is used in the estimate of the projected sensitivity of 
LZ to WIMPs, using the unbinned profile likelihood ratio (PLR) method.

• The sensitivity is calculated for a 1000-day run and the 5.6 t fiducial volume, 
and is defined as the median 90% CL upper limit on the WIMP-nucleon cross-
section that would be obtained from a repeated set of background-only 
experiments.

Background Source ERs NRs

Detector Materials and Environment 14 0.13
Surface Contamination and Dust 40 0.39

Dispersed Radionuclides — Rn, Kr, Ar 819 —

Physics Backgrounds — 136Xe 2β decay, neutrinos* 258 0.51

Total (after 99.5% discrimination and 50% NR efficiency) 6.18

Table 1: Summary of single scatter non-vetoed backgrounds in LZ in the 5.6 t fiducial 
volume and in the region of interest for a 40 GeV/c2 WIMP (1.5 - 6.5 keVee, 6 - 30 keVnr ).

* 8B and hep 
not included

U.S. Department of 
Energy Office of Science

Graphic © SLAC, picture overlay N. Angelides

• The model is also used to study other rare events (e.g. 134Xe 2νββ decay) and 
search for new physics (e.g. 136Xe 0νββ decay, axions and ALPs). The size and 
low background environment of LZ allow it to reach world-leading or 
competitive sensitivities in several areas beyond WIMP search.

Figure 6: LZ sensitivity projections in a 1000-day run for (left to right): the half-life of 2νββ decay in 
134Xe [5], the half-life of 0νββ decay in 136Xe [6] and the axio-electric coupling for galactic ALPs [7]. 
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TABLE II. Summary table of the individual back-
ground sources and the relative uncertainties on their
background rates assumed in this analysis.

Background σ/N

238U (Detector) 30%
232Th (Detector) 30%
60Co (Detector) 30%
238U (Cavern) 50%
232Th (Cavern) 30%
214Bi (Cathode) 50%
222Rn (Internal) 50%
137Xe (Internal) 50%
136Xe 2νββ 5%
8B solar ν 5%

resolution function [31] that has been scaled to ensure σ/E =
1% at the Q value.

The 136Xe 0νββ signal is modelled with a uniform posi-
tion distribution and a Gaussian energy distribution centered
at Qββ . The signal efficiency is estimated to be 80% after
simulating signal events with initial kinematics generated
using DECAY0 [53] and applying the selection criteria. The
inefficiency is due to the rejection of multiple scatter signal
events arising from Bremsstrahlung emission.

The signal and background PDFs are combined to form the
unbinned extended likelihood function

L(µs, {µb})

=
[

µsPs(E , r2, z) +
n b∑

i=1

µi
bPi

b(E , r2, z)

]
n b∏

j=1

g
(
aj

b, σ
j

b

)
,

(2)

where the floating parameters are µs, the number of signal
events, and µi

b, the number of events for the ith background
source. The systematic uncertainties σ

j
b on the expected

background rates aj
b are included by treating the background

sources as nuisance parameters with the set of Gaussian
constraint terms g(aj

b, σ
j

b). Table II summarizes the back-
ground sources included as parameters in the likelihood as
well as the relative systematic uncertainties on their rate.
The cavern background uncertainties are taken directly from
the uncertainty of the measured 238U and 232Th activities
[30]. The uncertainties of the detector component background
rates are conservatively set at 30%. The contribution of the
remaining background components to the sensitivity is low
and their uncertainties are negligible in the first approximation
to the final result. The uncertainty for the 222Rn component
is driven by the range of the estimated contamination and
is expected to be conservative. Uncertainties for 136Xe and
8B come from the measured half-life and uncertainties of the
neutrino flux, respectively, making these rather constrained.
Since the 137Xe background and 214Bi cathode background
rates are not known they are assigned a large uncertainty. The
backgrounds considered in this analysis and the associated

FIG. 4. LZ projected sensitivity to 136Xe 0νββ decay as a func-
tion of detector live time. The light green shaded band represents a
± 1σ statistical uncertainty on the sensitivity. The dashed black line
shows the projected sensitivity to 136Xe 0νββ decay for a dedicated
run with 90% 136Xe enrichment. For comparison, the limits set by
EXO-200 [55] (orange full) and KamLAND-Zen [5] (purple full) are
also shown, along with the respective projected sensitivities (dashed).

uncertainties will be measured with high precision once LZ
begins collecting data.

The 90% CL upper limit on the number of signal events
is calculated using the profile likelihood ratio (PLR) method,
utilising the asymptotic one-sided profile likelihood test statis-
tic [54]. It has been verified that Wilk’s theorem is valid and
that the asymptotic approximation is applicable.

The sensitivity analysis takes advantage of the precise
multi-parameter reconstruction of events in the LXe TPC,
namely the energy and three-dimensional position, for en-
hanced sensitivity. As demonstrated by Fig. 2, the self-
shielding LXe of LZ results in a low background inner re-
gion of the TPC where the majority of signal sensitivity is
expected. However, the analysis utilizes an extended fiducial
volume which allows for the fit of the backgrounds close
to the TPC walls and therefore constrains the background
in the inner volume of the TPC. Alongside this, the full
shape of the position distribution can be used to discriminate
between signal-like and background events, which results in
both increased signal exposure and sensitivity compared to a
simple cut-and-count analysis. Similarly, the extended energy
range used in the PDFs strongly constrains the backgrounds
near the Q value. Using an extended phase-space in the profile
likelihood analysis improves the sensitivity result by a factor
of two when compared to a simple cut-and-count analysis.

A. Projection with natural abundance of 136Xe

The 90% CL sensitivity to the 136Xe 0νββ half-life as a
function of detector live time is shown in Fig. 4. A median
sensitivity to a half-life of 1.06 × 1026 y is reached after 1000
live-days.

As the ability to distinguish signal events from the neigh-
boring 214Bi and 208Tl peaks relies heavily on the energy

014602-9
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FIG. 3. Left: sensitivity to the 2⌫2� decay of 134Xe as a function of the live time of the detector (black), along with
the respective statistical uncertainty at 1� (green band). The horizontal lines show the predictions for IBM-2 [7],
assuming gA = 1.269 (continuous blue) and gA = 1 (dashed blue), and QRPA [8] (dotted red). The current best
limit, set by EXO-200 [9], is 8.7⇥1020 years at 90% CL, and therefore lies below the minimum of the vertical axis.
Right: sensitivity to the 0⌫2� decay of 134Xe as a function of the live time of the detector (black), along with the
respective statistical uncertainty at 1� (green band). The horizontal line (blue) shows the current best limit, set by
EXO-200 [9].

only hypothesis were true. The calculations use
the PLR method with the asymptotic two-sided test
statistic [50], that provides a nearly-optimal perfor-
mance and allows the inclusion of systematic uncer-
tainties. The sensitivity is found by performing a fre-
quentist hypothesis test inversion, using the RooSt-
ats package [51]. In addition, an analogous calcula-
tion is carried out to determine the maximum value
of T 2⌫

1/2 that could be observed at three-sigma level,
also using the asymptotic two-sided test statistic.

The PLR developed for this work uses only infor-
mation from the energy spectrum. The total back-
ground spectrum is built by adding the six contribu-
tions discussed in Sec. III and scaling the resulting
spectrum by the live time. The systematic uncer-
tainty in the normalization of these contributions is
accounted for by Gaussian nuisance parameters, fol-
lowing closely the procedure developed in the WIMP
sensitivity study of LZ [24] (see Table I). The uncer-
tainty for the 2⌫2� decay of 136Xe is taken from
the latest measurement of its T 2⌫

1/2 [4], while that for
the solar neutrinos is taken from their flux measure-
ments [52]. The remaining uncertainties are those
estimated for the respective in-situ background mea-
surements that will be carried out in LZ, based on
the performance of such studies in LUX [53, 54].

The sensitivity defined above serves as the figure
of merit to optimize the FV described in Sec. V. This
optimization is carried out separately for each decay
channel of 134Xe by finding the maximum sensitivity
over a range of values of r, zmin and zmax, using a
two-step scanning procedure (see Fig. 2). First, r
is scanned while zmin and zmax are fixed to some

initial values. Second, zmin and zmax are scanned
simultaneously while r is fixed to the value providing
the maximum sensitivity in the previous iteration.
The values resulting from the FV optimization are
r = 68.8 cm, zmin = 5 cm and zmax = 135 cm
for 2⌫2� decay, and r = 65 cm, zmin = 10 cm and
zmax = 130 cm for 0⌫2� decay. The resulting FV
contains 5.44 and 4.59 tonnes of LXe, respectively.
The robustness of each optimization result is checked
by redoing the scan over zmin and zmax for the values
of r adjacent to the optimal one, and confirming that
the sensitivity does not improve.

The sensitivity is found to be 1.7⇥1024 years for
T 2⌫
1/2 and 7.3⇥1024 years for T 0⌫

1/2 after 1000 live days.
Therefore, it will be possible to reach the domain
of the T 2⌫

1/2 predictions from the IBM-2 and QRPA

models (see Fig. 3), while the lower limit for T 0⌫
1/2

will improve by almost two orders of magnitude with
respect to the existing experimental constraints. In
addition, it is found that the three-sigma observa-
tion potential of LZ to T 2⌫

1/2 is 8.7⇥1023 years, for the
optimal values of r, zmin and zmax obtained above.
If the asymptotic one-sided test statistic is used in-
stead, to allow a direct comparison with previous
results [9], the exclusion limits change to 2.2⇥1024

and 9.4⇥1024 years for the 2⌫2� and 0⌫2� decays,
respectively.

Fig. 4 shows the energy spectra of signal and
background, using the optimal values of r, zmin and
zmax, and assuming the sensitivity values of T 2⌫

1/2

and T 0⌫
1/2 for 134Xe. For each analysis a sensitive re-

gion (SR) can be defined as the energy interval that
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FIG. 4: Projected 90% C.L. exclusion sensitivity to (a) electromagnetic neutrino couplings µ⌫ and q⌫ , (b) kinetic
mixing squared, 2 for hidden photons, (c) axio-electric coupling for solar axions , (d) axio-electric coupling for
galactic ALPs, (e) mirror dark matter kinetic mixing, and (f) axial-vector cross-section for leptophilic dark matter.
±1� (green) and +2� (yellow) bands are also shown. For selected models, sensitivity to 3� evidence is also shown.
Results from other experiments and astrophysical constraints are referenced in the text.

Figure 5: Left: simulated distribution of events in the 5.6 t fiducial volume for a 1000-day background only run of 
LZ, along with the 1σ and 2σ contours of the low energy 8B and hep solar neutrino NR backgrounds and a 40 
GeV/c2 WIMP.  Right: LZ projected SI sensitivity to WIMPs, with a minimum of 1.4×10−48 cm2 for a WIMP mass of 
40 GeV/c2. [1]
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